


Frontiers in Earth Sciences

Series Editors: 
J. P. Brun · O. Oncken · H. Weissert · C. Dullo



Olivier Lacombe 
Jérôme Lavé
François Roure
Jaume Vergés
(Editors)

Thrust Belts 
and Foreland 
Basins
From Fold Kinematics
to Hydrocarbon Systems

With 290 color fi gures 

123



ISSN 1863-4621
ISBN-13  978-3-540-69425-0 Springer Berlin Heidelberg New York

Library of Congress Control Number:  2007923866

This work is subject to copyright. All rights are reserved, whether the whole or part of the material 
is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfi lm or in any other way, and storage in data banks. Duplication of 
this publication or parts thereof is permitted only under the provisions of the German Copyright 
Law of September 9, 1965, in its current version, and permission for use must always be obtained 
from Springer-Verlag. Violations are liable to prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media 
springer.com

© Springer-Verlag Berlin Heidelberg 2007

The use of general descriptive names, registered names, trademarks, etc. in this publication does 
not imply, even in the absence of a specifi c statement, that such names are exempt from the rel-
evant protective laws and regulations and therefore free for general use.

Typesetting: Stasch Verlagsservice, Bayreuth
Cover design: deblik, Berlin
Production: Almas Schimmel

Printed on acid-free paper 30/3141/as  5 4 3 2 1 0

Olivier Lacombe
Laboratoire de Tectonique
Université Pierre et Marie Curie
Aile 45–46, Niveau 2, Case 129
4 Place Jussieu 
75252 Paris 
France

François Roure
Institut Français du Pétrole
1–4 Avenue de Bois-Préau 
92852 Rueil-Malmaison 
France

Jérôme Lavé
Laboratoire de Géodynamique 
des Chaînes Alpines
Université J. Fourier
Maison de Géosciences
1381 rue de la piscine 
38400 St-Martin-d‘Hères 
France

Jaume Vergés
Institut Ciencies de la Tierra
Jaume Almera
Cons. Sup. Invest. Cientifi cas
Calle Lluís Solé i Sabarís s/n 
08028 Barcelona 
Spain



Preface

Th rust belts and foreland basins record the main phases of orogenic evolution. 
Th ey are shaped by the coupled infl uence of deep (fl exure, plate rheology and ki-
nematics) and surfi cial (erosion, sedimentation) geological processes, at diff erent 
time scales. Th rust belts and foreland basins constitute important targets for scien-
tists interested in both fundamental and applied (fl uids, hydrocarbons) aspects. 

In the framework of a new cycle of workshops of the ILP task force on “Sedimen-
tary Basins”, a three-day meeting on “Th rust Belts and Foreland Basins” was orga-
nized in December 2005 on behalf of the Société Géologique de France and the So-
ciedad Geológica de España, hosted by the Institut Français du Pétrole near Paris. 
Th e main purpose of the meeting was to off er the opportunity for Earth scientists 
from diff erent disciplines, i.e. geologists, geophysicists and geochemists, to present 
and share their diff erent knowledge on the processes governing the evolution of 
orogenic belts and adjacent forelands. A special emphasis had been given to make 
a “bridge” between the most recent advances in surface processes, geochemistry, 
provenance studies, fi eld studies, analogue and numerical modelling, high resolu-
tion seismicity, and hydrocarbon prospect in forelands basins. Th e conference was 
successful in bringing together scientists from academia and industry from nearly 
20 countries. New contributions using the geologic information recorded in thrust 
belts and foreland basins as well as stimulating key notes provided fertile ground 
for discussion, focusing on the orogenic evolution of adjacent mountain belts, on 
the stratigraphic records resulting from the coupled infl uence of deep and surfi cial 
geological processes, on exploration strategies for hydrocarbons in foothills areas, 
and on recent methodological and technical advances that have renewed our view 
on these important targets in both their fundamental and applied aspects. 

Th e present volume addresses most of these topics. It comprises 25 key papers 
presented at the conference. Th e content of the volume refl ects the diversity of the 
presentations and the success of the workshop, and is likely to promote new con-
tacts between interdisciplinary Earth scientists. Volume architecture brings the 
reader from geodynamic considerations to general and specifi c issues of thrust 
belt description and hydrocarbon systems exploration through seismic imaging, 
fl uid fl ow studies, and structural modelling. Given the focused attention that Za-
gros/Makran and Carpathian thrust belts received during the meeting and volume 
elaboration, contributions specifi c to these two important areas were put separate-
ly. Th e varied methodologies implemented when studying these two thrust belts 
examples, and the contrasted answers they bring, stress the importance of con-
fronting independant approaches. Th ese case studies also provide to any research-
er interested by thrust belts a synthetic view on the modern techniques and recent 
advances developed for studying these major geological targets.

Olivier Lacombe, Jérôme Lavé, François Roure 
and Jaume Vergés



Aft er the „Th rust belts and foreland basins“ conference held near Paris in Decem-
ber 2005, many manuscripts were submitted for consideration in this volume. Th e 
following colleagues are sincerely thanked for their time and eff ort in increasing 
the scientifi c value of the volume by thoroughly reviewing one or more manu-
scripts within sometimes very short delays.
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Chapter 1
Coupled Lithosphere-Surface 
Processes in Collision Context

Chapter 2
On Some Geometric Prism 
Asymmetries

I

Part I of the volume comprises two chapters which deal with several large-scale 
and fi rst-order features of thrust belts and foreland basins.
Burov (Chapter 1) investigates the interactions between the surface and sub-

surface processes by means of thermo-mechanical modelling. One main point is 
that advection of material at the Earth’s surface and horizontal fl ow in the low-
er crust might be coupled so as to permit mountain growth in response to hori-
zontal shortening. Th is mechanism is investigated on the basis of semi-analytical 
and numerical experiments in which the rheological layering of the lithosphere 
and surface processes are modelled. Th ese ideas are tested on well-studied cases 
such us the Western Alps, the Tien Shan and the Himalaya. Some implications 
about the role of climate on continental tectonics and on the geomorphology of 
mountain ranges are derived.

In their paper, Lenci and Doglioni (Chapter 2) address the overall asymmetry 
of thrust belts by analyzing various convergent margins in terms of geographic 
polarity of the margin, age and composition of the subducting plate. Th ey argue 
that the asymmetry between orogens or accretionary wedges is to the fi rst-order 
global and related to geographically opposed (i.e., W- to E-NE directed) subduc-
tion zones, while local/regional stratigraphic-rheological characteristics which 
may vary along strike, such as the décollement depth, exert only second-order 
controls on each orogen

Part I
Surficial and Deep Processes in Thrust Belts



Chapter 1 1

Coupled Lithosphere-Surface Processes 
in Collision Context 

Evgueni Burov

Abstract. From the mechanical point of view, a mountain 
range that exceeds a certain critical height (of about 3 km in 
altitude, depending on rheology and width) should fl atten 
and collapse within few My as a result of gravitational spread-
ing of its ductile crustal root. Even if the crustal root does not 
collapse, the mountain range would be levelled by gravity 
sliding and other surface processes that, in case of static to-
pography, lead to its exponential decay with a characteristic 
time constant on the order of 2.5 My. However, in nature, 
mountains grow and stay as localized tectonic features over 
geologically important periods of time (> 10 My). To explain 
the paradox of long-term persistence and localized growth of 
the mountain belts, a number of workers have emphasized 
the importance of dynamic feedbacks between surface pro-
cesses and tectonic evolution. Indeed, surface processes 
modify the topography and redistribute tectonically signifi -
cant volumes of sedimentary material, which acts as vertical 
loading over large horizontal distances. This results in dynam-
ic loading and unloading of the underlying crust and mantle 
lithosphere, whereas topographic contrasts are required to 
set up erosion and sedimentation processes. Tectonics there-
fore could be a forcing factor of surface processes and vice 
versa. One can suggest that the feedbacks between tectonic 
and surface processes are realized via two interdependent 
mechanisms:

1. Slope, curvature and height dependence of the erosion/
deposition rates

2.  Surface load-dependent subsurface processes such as iso-
static rebound and lateral ductile fl ow in the lower or in-
termediate crustal channel. 

Loading/unloading of the surface due to surface processes re-
sults in lateral pressure gradients, that, together with low vis-
cosity of the ductile crust, may permit rapid relocation of the 
matter both in horizontal and vertical direction (upward/
downward fl ow in the ductile crust). In this paper, we over-
view a number of coupled models of surface and tectonic 
processes, with a particular focus on 3 representative cases:

1. Slow convergence and erosion rates (Western Alpes)
2. Intermediate rates (Tien Shan, Central Asia)
3. Fast convergence and erosion rates rates (Himalaya, Cen-

tral Asia).

1 Introduction

Continental mountain belts, such as, for example, 
Tien Shan (Central Asia, Figure 1a), are character-
ized by highly localized topography elevations persis-
tently growing over tens of millions of years. Th e fact 
that gravitational potential energy per unit surface 
0.5ρgh2 scales as h2 implies that a thrust belt should 
grow more easily in width than in height (Molnar and 
Lyon-Caen, 1988, h is the mean topography elevation 
above sea level, ρ is density and g is acceleration due 
to gravity). A portion of continental crust submitted 
to quasi-static horizontal shortening should tend to 
thicken homogeneously. Th is can be put another way 
around by considering that a range results from thrust-
ing on faults that cut through the upper crust and root 
into the lower crust. Uplift  of the range implies an in-
crease in the vertical stress acting on the fault. Th is 
acts to oppose further frictional sliding on the fault, 
inhibiting further thrusting. A new fault will then 
form farther away from the range front leading to wid-
ening of the range. In addition, erosion and sedimen-
tation at the surface, together with fl ow in the lower 
crust, should favor smoothing of topographic irregu-
larities. At the pressure and temperature conditions of 
the lower crust, most crustal rocks are thought to fl ow 
easily at very low deviatoric stresses (e.g., Brace and 
Kohlstedt, 1980; Wang et al., 1994, Fig. 2a). Th e devia-
toric stresses associated with slopes of the topography 
and of the Moho (e.g., Fleitout and Froidevaux, 1982) 
should therefore be relaxed by viscoplastic fl ow in the 
ductile lower crust inducing decay of topographic ir-
regularities (Kusznir and Matthews, 1988; Gratton, 
1989; Bird, 1991, Fig. 1b). 

Th e growth and maintenance of topographic fea-
tures at the surface of continents might be taken to in-
dicate that the strength of the crust exceeds the devia-
toric stresses associated with slopes of the topography 
and of the Moho. Yet, as mentioned above, laborato-
ry experiments indicate that at the pressure and tem-
perature conditions of the lower crust, most crustal 
rocks should fl ow easily. Irregularities of the topog-
raphy and of the Moho boundary should therefore be 
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relaxed by viscoplastic fl ow in the ductile lower crust 
and decay with time (Kusznir and Matthews, 1988; 
Gratton, 1989; Bird, 1991). Consider, for example, the 
Tien Shan range, which is, except for the Himalayas, 
the largest and most active intracontinental range in 
the world (Fig. 1a). Tien Shan (translated as “Heaven-
ly Mountains”) is 300–400 km wide in its central area, 
with a mean elevation of about 3500 m and local peaks 
of up to 7500 m, in a zone of relatively thick and tec-
tonized crust (Moho depths from 50 to 70 km) (e.g., 
Avouac et al., 1993). Th e Tien Shan is a continuously 
growing range, that has started to rise 10–15 My ago. 
A simple dimensional analysis (Gratton, 1989) as well 
as numerical simulations (Bird, 1991; Avouac and Bu-
rov, 1996; Burov and Watts, 2006) show that the to-
pography of such a range should, instead of growing, 
be reduced by half in a few My (Fig. 1b). Th is estimate 
is based on the assumption of ductile rheology of the 

Fig. 1a.  Actively growing intercontinental belts and plateaux: an example showing a schematic map of India-Eurasia collision with 
its main features such as the Himalayan mountain belt, Tibetan plateau, Tarim basin, Pamir and Tien Shan mountain belt. Insert 
shows a digital elevation map of the same area. Th e topography peaks to 8800 m in the Himalayas (Everest) and 7500 m in Tien 
Shan (Pobeda Peak). Modifi ed aft er (Avouac and Tapponier, 1993)

Fig. 1b. Erosional and gravity collapse of a mountain range (e.g., 
Gratton, 1989; Bird, 1991). In the conceptual model shown here, 
there is no balance between surface and subsurface processes. 
Even if such range was created somehow, it will not persist, as 
its root and topography will be fl attened in about 2 My in the 
absence of some compensating mechanisms. Tectonic conver-
gence may not solely compensate this fl attening; it may only 
grant an overall thickening of the crust; some additional local-
izing mechanisms are needed to concentrate thickening in a 
narrow range.

a

b
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lower crust, which is supported for this area by multi-
ple data starting from seismic data (Vinnik and Saip-
bekova, 1984; Makeyeva, 1992; Roecker et al., 1993; 
Vinnik et al., 2006) and ending by gravity-fl exur-
al analysis (Burov et al., 1990, 1993; Avouac and Bu-
rov, 1996). Only the short topographic wavelengths, 
typically less than a few tens of kilometers that can be 
supported by the strength of the upper crust would be 
maintained over geological periods of time, yet pro-
vided that they are not wiped out by erosion, which is 
faster on short wavelength features. In addition, sur-
face processes might be thought to contribute to an 
even more rapid smoothing of the topography. Sim-
ilarly, in the absence of strong rheological heteroge-
neities or of strain localization processes, a portion of 
a continental crust submitted to horizontal shorten-
ing should tend to thicken homogeneously, so that no 
mountain should form. Th e growth and maintenance 
of an intracontinental mountain range over long peri-
ods of time must therefore involve dynamical process-
es allowing for long-term localization of lithospheric 
strain below the mountain.

Several mechanisms have been advocated to ex-
plain localization of major thrust faults and, by its 
proxy, stability of mountain belts. Intrinsic strain 
soft ening properties of rocks could sustain local-
ized thrust faulting at the crustal scale. Alternative-
ly, a range could result from shear stresses at base of 

the crust induced by lithospheric under-thrusting or 
by mantle dynamics (e.g., Beaumont et al., 1994; Ellis 
et al., 1995). Such a mechanism may be suggested for 
mountains associated with subduction zones or with 
hotspots (Vogt, 1991), but seems inappropriate to ex-
plain most intracontinental mountains. In the case 
of, for example, the Tien Shan belt, a particular man-
tle dynamics has been inferred from gravity model-
ling (Burov et al., 1990, 1993) and seismic anisotropy 
(Makeyeva, 1992; Roecker et al., 1993), but we contend 
that it might not be the key factor. Our point is instead 
that coupling between surface processes and fl ow in 
the lower crust could provide an alternative and more 
general explanation (Avouac and Burov, 1996; Burov 
and Cloetingh, 1997). 

To explain the paradox of long-term mountain per-
sistence and localized growth, a number of workers 
have emphasized the importance of dynamic feed-
backs between surface processes and tectonic evolu-
tion (e.g., Molnar and England, 1990; Masek et al., 
1994a; Avouac and Burov, 1996; Molnar, 2001). In-
deed, surface processes modify the topography and 
redistribute tectonically signifi cant volumes of sedi-
mentary material (vertical, or normal loads) over large 
horizontal distances. Th is may result in dynamic load-
ing and unloading of the underlying crust and man-
tle lithosphere, whereas topographic contrasts are re-
quired to set up erosion and sedimentation processes. 

Fig. 2. a) Typical rheology profi les for continental lithosphere 
indicate the possibility for lower-crustal fl ow: (1) geotherms 
that yield YSEs shown in the middle and on the right; (2) yield 
stress envelope (YSE) for quartz-rich upper and lower crust and 
olivine mantle; (3) yield stress envelope (YSE) for quartz-rich 
upper crust , diabase lower crust, olivine mantle.  EET – equiv-
alent elastic thickness of the lithosphere computed for each of 
YSEs. b) Solution to the problem stated in Fig. 1b: a conceptual 
model of continental collision in which strong feedback be-
tween surface processes, isostatic reaction and subsurface 
crustal fl ow results in accelerated growth of topography in the 
area of strongest subsurface uplift 

b

a
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Tectonics therefore could be a forcing factor of surface 
processes.

In this paper, we fi rst review the existing models of 
surface processes and the thermo-mechanical prop-
erties of the lithosphere that condition its response 
to surface and tectonic loading-unloading. We then 
review our own and other previous modelling stud-
ies that show that surface and tectonic processes are 
not independent processes and can interact. We show 
in particular that advection of material at the Earth‘s 
surface and horizontal fl ow in the crust might be cou-
pled so as to permit mountain growth in response to 
horizontal shortening. Th is mechanism is then val-
idated and investigated on the basis of semi-analyti-
cal and numerical experiments in which the rheolog-
ical layering of the lithosphere and surface processes 
are modelled. We then fi nd that, depending of the ero-
sion rate compared to horizontal shortening, fl ow in 
the lower crust can be “outward“ (from under the high 
topography) or “inward“ (toward the crustal root of a 
high topography). When inward fl ow occurs, a moun-
tain range can actually grow and no other mechanism 
is required to explain localized uplift . Some implica-
tions about the role of climate on continental tecton-
ics and on the geomorphology of mountain ranges are 
then derived.

We suggest an additional feedback mechanism by 
lateral crustal fl ow (Fig. 2b). According to this mecha-
nism, erosional removal of material from topograph-
ic heights (dynamic unloading) and its deposition in 
the foreland basins (dynamic loading) should result in 
horizontal ductile crustal fl ow that may oppose grav-
itational spreading of the crustal roots and may even-
tually drive a net infl ux of material towards the orog-
eny. We fi nally test our ideas on three representative 
and well-studied cases:

1. Slow convergence and erosion rates (Western 
Alpes), 

2. Intermediate rates (Tien Shan, Central Asia), and 
3. Fast convergence and erosion rates rates (Himalaya, 

Central Asia). 

2 Interplays Between Surface
 and Tectonic Processes

2.1 Tectonic Forcing on Surface Processes

Surface topography elevations are required to set up 
erosion and sedimentation processes. Tectonics is 
therefore a forcing factor of surface processes. Fol-
lowing Ahnert (1970), and Pinet and Souriau (1988), 
Summerfi eld and Hulton (1994) have compiled rates 
of denudation at the scale of major river basins. Th ese 
studies indicate that denudation is primarily infl u-

enced by basin topography so that rates of denudation 
appear to be systematically high in areas of active tec-
tonic uplift . Common values of mean denudation rates 
in such areas would be of the order of a few 0.1 mm/y 
to about 1mm/y at the scale of large drainage basins. 
Such rates are generally consistent with estimates de-
rived from balancing sediment volumes over geolog-
ical periods of time (Leeder, 1991; Summerfi eld and 
Hulton, 1994). Th ermochronologic studies indicate, 
however, local values as great as 1 mm/y (see Leeder, 
1991 and Molnar and England, 1990, for critical re-
views). Th e discrepancy between local and basin av-
eraged estimates is due to the fact that tectonic uplift  
is probably distributed in brief pulses over localized 
domains within a drainage basin (Copeland and Har-
rison, 1990). In the absence of any tectonic feedback, 
common values of denudation rates should lead to the 
disappearance of a major mountain belt like the Alpes 
or Tien Shan in a few million years. Pinet and Souriau 
(1988) demonstrated that denudation leads to an expo-
nential decay of the topography of a range with a char-
acteristic time constant of the order of 2.5 m.y.

2.2 Coupling Between Denudation 
 and Tectonic Uplift due to Isostasy

Many recent models have investigated coupling be-
tween the isostatic reaction and surface processes (e.g., 
Kooi and Beaumont, 1994; Snyder et al., 2000; Basile 
and Allemand, 2002; Garcia-Castellanos, 2002; Garcia-
Castellanos et al., 2002; 2003; Simpson and Schluneg-
ger, 2003; Persson et al., 2004; Casteltort and Simp-
son, 2006). Redistribution of surface loads by erosion 
and sedimentation must induce tectonic deformation 
to maintain isostatic balance. Vertical uplift  is expect-
ed to partly compensate unloading in the area sub-
jected to denudation while subsidence should occur in 
response to loading by sedimentation. Th is feedback 
mechanism may lead to some coupling between denu-
dation and tectonic uplift  (e.g., Ahnert, 1970). A fi rst 
consequence is that the time needed to erode a topo-
graphic relief must take into account removal of the 
topographic relief and of the crustal root. If local isos-
tasy is assumed and if horizontal strains are neglect-
ed, denudation is dynamically compensated by uplift  
and the characteristic time of decay of the topography 
would then be of the order of 10 m.y. (Leeder, 1991). In 
addition, it has been argued that a positive feedback 
may arise (Molnar and England, 1990; Masek et al., 
1994b). If the slopes of valleys steepen during river in-
cision, isostatic readjustment following denudation in 
a mountain range may result in a net uplift  of the high-
er summits in spite of the average lowering of reliefs. 
Alternatively regional compensation due to the elas-
ticity of the lithosphere might lead to the uplift  of the 
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eroded edge of a plateau. Erosion might therefore in-
duce some uplift  of topographic summits leading in 
turn to enhanced erosion. Th e uplift  of the Himalayan 
belt during the last few million years may have resulted 
from such a coupling rather than from thrusting at the 
Himalayan front (Burbank, 1992; Burbank and Verg-
es, 1994). Note however that, while the peaks might 
reach higher elevations following isostatic adjustment, 
the net eff ect of erosion is crustal thinning. Th us, these 
models cannot explain the growth of mountains over 
long time periods. 

Th e strongest feedback between erosion and isostat-
ic reaction would be obtained for local isostasy. It will 
be mitigated in case of more regional compensation 
and become negligible for lithospheres whose equiv-
alent elastic thickness exceeds 60 km. Th is is another 
reason to support the idea that more effi  cient mecha-
nisms should also take place in collisional settings.

2.3 Coupling Between Surface Processes 
 and Horizontal Strains

As mentioned in the introduction, small lateral vari-
ations of the crustal thickness should drive horizon-
tal fl ow in the lower crust. Some studies have already 
pointed out to the importance of such a process in con-
tinental tectonics (e.g., Lobkovsky, 1988; Lobkovsky 
and Kerchman, 1991; Burov and Cloetingh, 1997). For 
example, Kruse et al. (1991) have shown that horizon-
tal fl ow in the lower crust has regulated isostatic equi-
librium during extension in the Basin and Range. Th e 
lower crust would have been extruded from under the 
high topography during that process. Following West-
away (1994) we will call this sense of fl ow “outward“. 
On the other hand, Gregory and Chase (1994) inferred 
“inward“ fl ow, toward the crustal root, during the 
Laramide orogeny of the Frontal Range, Colorado. Th e 
characteristic time associated with fl ow in the lower 
crust induced by the topography of a range a few thou-
sands of meters high, a few hundreds of km wide, is in 
the order of a few m.y. Th e characteristic times of ero-
sional decay of the topography of a range and of later-
al collapse of a crustal root are thus of the same order 
of magnitude. Since both processes are driven by top-
ographic slopes, some coupling may arise. Although 
it is not oft en pointed out, it has long been recognized 
that this kind of process might play a major role in ele-
vation changes within continents (see Westaway, 1994 
for an review of historical development of these ideas). 
Westaway (1994) made a case for such a coupling, with 
inward fl ow, in the context of extensional tectonics in 
western Turkey. He proposed that sediment loading in 
the sedimentary basins would have driven fl ow toward 
the uplift ed area. Th is kind of process was fi rst mod-
elled by King and Ellis (1990), who modelled crustal 

extension using a thin elastic plate (upper crust) over-
lying an inviscid fl uid (lower crust).

We propose that this kind of coupling might also 
appear in a compressional context. Let us consider a 
portion of a lithosphere, loaded with some initial range 
topography in regional isostatic balance, and submit-
ted to horizontal compression. Horizontal stress gra-
dients, resulting from the slopes of the topography 
and of the Moho, must drive horizontal fl ow. Th e lith-
osphere in the region of the range is weakened, since 
the crust is thick and hot, and because bending of the 
lithosphere beneath the mountain load tends to reduce 
its strength (Burov and Diament, 1992; 1995; Ranalli, 
1995). Higher strain rates in the area below the range 
should therefore be expected. A low viscosity channel 
in the lower crust beneath the high topography might 
therefore allow lateral fl ow. In the absence of horizon-
tal shortening and erosion, the lower crust below the 
range would be extruded laterally as discussed by Bird 
(1991). If erosion takes place, a regime may be estab-
lished in which horizontal shortening would be pref-
erentially accommodated by crustal thickening in the 
area below the range:

a) Surface processes remove material from the range 
and feed the adjacent fl exural basins inducing iso-
static imbalance. 

b) Th is imbalance produces a temporary excess of 
normal stress below the foreland basins and defi cit 
below the range favoring fl ow in the lower crust to-
wards the crustal root. Th e range uplift s and the ba-
sins subside.

Ultimately this coupled regime might lead to some dy-
namic equilibrium in which the amount of material 
removed by erosion would balance the material sup-
plied to the range by subsurface deformation. 

Apart of the direct mechanical eff ect of erosion/sed-
imentation (loading-unloading) on the lithosphere, it 
also has very important thermal, and, by proxy, me-
chanical consequences, because the removal and ac-
cumulation of sedimentary matter modifi es surface 
heat fl ux and thermal conditions in the upper crust 
(e.g., England and Richardson, 1977). Accumulation 
of sediments in the forelands leads to (1) cooling of the 
accretion wedge at a short term, in case of rapid ad-
vection/fi lling (initial stages of collision when the con-
vergence rate is highest); (2) heating of the accretion 
wedge at a long term in case of slow advection (when 
collision rate slows down), due to heat screening (sed-
iments have low thermal conductivity) and the abun-
dance of heat producing radiogenic elements in the 
sedimentary matter. Furthermore, penetration of the 
mechanically weak sediment in the subduction chan-
nel should serve as lubrifi cation and may enhance the 
conditions for subduction processes. 
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2.4 Coupling of Surface Processes 
 and Tectonic Input/Reaction
 in Full Scale Mechanical Models: Major Stages 

A number of earlier modelling studies (e.g., Beaumont, 
1981; Beaumont et al., 1992; 1995; Willet, 1999) have 
investigated various relationships between erosion and 
tectonic processes. However, tectonic reaction was not 
fully accounted for, as most of these models that have 
exploited semi-kinematic formulations for the crust or 
the mantle lithosphere. One of the fi rst full-scale para-
metric semi-analytical models was developed by Av-
ouac and Burov (1996) in order to validate the coupled 
regime between surface and subsurface processes. For 
this purpose this model accounted for:

1. Surface processes.
2. Th e eff ect of topographic loads and variations of 

crustal thickness on the mechanical behavior of the 
lithosphere.

3. Ductile fl ow in the lower crust.
4. Depth-and-strain dependent rheology of the litho-

sphere.

In the following sections we fi rst discuss the compo-
nents needed to build a coupled tectonic model of oro-
genic building:

1. Th e existing models of surface processes. 
2. Th e rheology data needed for proper account of the 

mechanical response of the lithosphere. 
3. Th ermal models of the lithosphere needed for prop-

er account of thermally dependent ductile rheolo-
gy.

We then describe the design and major results of the 
coupled semi-analytical model of Avouac and Burov 
(1996). Th is semi-analytical model has a number of 
limitations in terms of model geometry and its inabil-
ity to account for some key deformation modes such 
as formation of major thrust faults. For this reason, in 
the fi nal sections of this study, we go further by in-
troducing an unconstrained fully coupled numerical 
thermo-mechanical model of continental collision/
subduction similar to that used by Burov et al., (2001); 
and Toussaint et al. (2004a,b). Th is model takes into 
account more realistic (than in the previous studies) 
geometry of the convergent plates, accounts for large 
strains and brittle-elastic-ductile rheology including 
localized brittle (faulting) and ductile deformation.

3 Surface Processes Modelling: 
 Principles and Numerical Implementation

3.1  Basic Models of Surface Processes

A growing amount of fi eld and experimental stud-
ies have investigated and validated various forms of 
long-and-short range erosion and sedimentary trans-
port laws and models (Ahnert, 1970; Beaumont, 1981; 
Beaumont et al., 1992;2000; Burbank, 1992; Burbank 
and Verge, 1994; Ashmore, 1982; Mizutani, 1998; Lavé 
and Avouac, 2001; Lague et al., 2000, 2003; Davy and 
Grave, 2000; Lague et al, 2000; Molnar, 2001; Grave 
and Davy, 2001; Densmore et al., 1997;1998; Pinet and 
Souriau, 1988).

Short-range erosion. A simple two-dimensional law 
may be used to simulate erosion and sedimentation 
at the scale of a mountain range. Th e evolution of a 
landscape results from the combination of weather-
ing processes that prepare solid rock for erosion, and 
transportation by hillslope and stream processes (see 
Carson and Kirkby, 1972 for a review). Although many 
factors, depending on the lithologies and on climate 
(e.g., Fournier, 1960; Nash, 1980), may control this 
evolution, quite simple mathematical models describ-
ing the geometrical evolution of the morphology at the 
small scale have been proposed and tested successfully 
(e.g., Kirkby, 1971; Smith and Bretherton, 1972; Chor-
ley et al., 1984; 1986; Luke, 1972; 1974; Kirkby et al., 
1993). For example, the two-dimensional evolution of 
a scarp-like landform can be modelled assuming that 
the rate of downslope transport of debris, q, is pro-
portional to the local slope, —h (Culling, 1960; 1965; 
Hanks et al., 1984; Avouac, 1993; Kooi and Beaumont, 
1994; 1996; Braun and Sambridge, 1997). 

q = –k—h (1)

where k is the mass diff usivity coeffi  cient, expressed in 
units of area per time [e.g., m2/y]. Assuming conserva-
tion of matter along a 2-D section and no tectonic de-
formation, h must obey:

dh/dt = –—q (2)

With constant k, Eqs. (1) and (2) lead to the linear dif-
fusion equation:

dh/dt = k—2h (3)

Th is model of surface processes holds only for partic-
ular conditions. Th e regolith must form more rapid-
ly than it is removed by surface transport and slopes 
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must not exceed the frictional angle of the material. 
Even for scarps formed in loose alluvium some com-
plications arise when high scarps are considered. 
Scarps with height typically in excess of about 10 me-
ters in arid climatic zones, tend to have systematical-
ly sharper curvatures at crest than at base (e.g., An-
drews and Bucknam, 1987). Gravity-driven erosion 
processes such as hillslope landsliding impose strong 
limitations on the applicability of the diff usion equa-
tion since the processes are rather slope- then curva-
ture-dependent, which basically requires to introduce 
slope-and-height dependent terms in the equation (3). 
At the larger scale, hillslope and stream processes in-
teract and the sediment transport then depends non-
linearly on the slope and on other factors such as the 
slope gradient, the area drained above the point, the 
distance from the water divide, so that the simple 2-D 
linear diff usion does not apply in general (e.g., Goss-
man, 1976). In spite of these limitations, we have cho-
sen to stick to a linear diff usion law to model erosion 
in the upland. Th is model does not accurately mim-
ic the spatial distribution of denudation in the moun-
tain range but it leads to a sediment yield at the moun-
tain front that is roughly proportional to the mean 
elevation of the basin relative to that point (a rough 
approximation to the sediment yield resulting from a 
change of elevation h over a horizontal distance d is 
k×h/d) and therefore accounts for the apparent corre-
lation between elevation and denudation rates (Ahn-
ert; 1970, Pinet and Souriau, 1988; Summerfi eld and 
Hulton, 1994). We did not apply the diff usion model 
to the whole system, however. We felt that we should 
take into account the major discontinuity in surface 
processes that occurs at the mountain front. As a river 
emerges into the adjacent basin its gradient is sharp-
ly reduced and deposition occurs. Th e streams shift  
from side to side and build up alluvial fans and tend 
to form a broad gently sloping pediment at the base of 
the mountain range. In addition, a lateral drainage of-
ten develops along the foothills of mountain ranges. 
Th e Ganges along the Himalayan foothills, the Para-
na along the Andes, or the Tarim along the Tien Shan 
are good examples. Altogether the formation of the 
pediment and lateral drainage tend to maintain gentle 
slopes in the foreland. Th ere is therefore a sharp con-
trast between river incision that maintains a rugged 
topography with steep slopes in the mountain range 
and widespread deposition of alluvium in the fore-
land. Th is discontinuity of processes must be consid-
ered to model the sharp break-in-slope at the moun-
tain front that is generally observed on topographic 
profi les across mountain belts. In order to simulate 
this major change in surface processes, sedimentation 
in the lowland is modelled assuming fl at deposition by 
fl uvial network: we assume that conservation of mat-
ter along the section and the sediment at the moun-

tain front is distributed in order to maintain a fl at hor-
izontal topography in the foreland. We arbitrarily set 
the change from diff usional erosion to sedimentation 
(“fl at deposition“) at a diff erential elevation of 500 m, 
which is, however, representative for the transition 
from highlands to forelands. 

We considered values for k varying between 102 to 
104 m2/y that yield denudation rates of the order of 
a few 0.01 mm/y to 1 mm/y for a 200–400 km-wide 
range with a few thousand meters of relief. In order to 
test the sensitivity of our model on the assumed ero-
sion law we also considered non linear erosion laws of 
the form: 

dh/dt = k*(x,h,—h)—2h (4a)

where k*(x,h,—h)= k(x)(—h)n (e.g., Gossman, 1976; An-
drews and Bucknam, 1987). We will refer to the cas-
es with n = 1, 2 as fi rst-and second-order diff usion, 
respectively. In these cases we did not introduce the 
change in regime at the mountain front since the non-
linear eff ects already tend to form relatively smooth 
pediments. It should be noted that Eq. (4) diff ers from 
the one obtained assuming a non linear diff usion co-
effi  cient in Eq. (1). In that case conservation of mass 
would lead to an additional term —k*—h : 

dh/dt = k *(x,h,—h) —2h +—k*(x,h,—h)—h (4b)

However, Eq. 4a is a phemenological one and may re-
fl ect the possibility of material loss from the system. 
It is also noteworthy that the existing nonlinear ero-
sion laws are not limited to Eq. 4a (e.g., Newman, 1983; 
Newman et al., 1990), which only presents the simplest 
way to account for dependence of erodibility on the 
morphology.

Long-range surface processes. Th e long-range sur-
face processes are associated with fl uvial transport, 
i.e., with river incision, slope geometry, character of 
sediment matter, and conditions for deposition (Flint, 
1973; 1974; Sheperd and Schumm, 1974; Hirano, 1975; 
Schumm et al., 1987; Seidl and Dietrich, 1992; Govers 
1992a,b; Hairsine and Rose, 1992; Sklar and Dietrich, 
1998;2001; Howard et al., 1994; Howard, 1998; Smith, 
1998; Davy and Crave, 2000; Snyder et al., 2000; Sny-
der, 2001; Hancock and Willgoose, 2001; Simpson, 
2004). Th e characteristic laws for this range are dif-
ferent as these mechanisms are dependent on the inci-
sion and transport capacity of the fl uvial network, lo-
cal slope, and type of sediment. Deep steep rivers can 
carry sediment longer distances as it can be caught in 
turbulent fl ow layer. Shallow rivers would deposit sed-
iment rapidly resulting in rapid river blockage and fre-
quent change of the direction of the fl uvial network. 
Th ere is also a strong dependence of transport capaci-
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ty on the grain size and climate episodicity (e.g., Davy 
and Crave, 2000). Th e long-range fl uvial models were 
used with success by Kooi and Beamount (1994; 1996), 
Garcia-Castellanos (2002), Garcia-Castellanos et al. 
(2002; 2003), Persson et al. (2004). Th e cumulative ma-
terial fl ow, qfe, due to the fl uvial transport can be pre-
sented, in most simple form, as:

qfe = –Kr qr dh/dl (4c)

where qr is the river discharge, Kr is nondimensional 
transport coeffi  cient and dh/dl is the slope in the di-
rection of the river drainage with l being the distance 
along the transporting channel. Th e diff usion equa-
tion (4a), except if it is not strongly nonlinear, provides 
symmetrical, basically over-smoothed shapes whereas 
the fl uvial transport equation (4c) may result in real-
istic asymmetric behaviors, because, locally, the direc-
tion of each bifurcation of the fl uvial network is aff ect-
ed by negligibly small factors, even though the overall 
direction of the fl ow is controlled by the regional slope 
of topography (Fig. 3). Any important change in the 
regional slope of topography, such as at the transition 
from tectonically built steep highlands to fl at sedimen-
tary built forelands, may result, at some moment, in a 
drastic change of the direction of the fl uvial network, 
which may choose a principally new stream direction 
orthogonal to the highland network (as it is the case 
for the Ganges river, for example). Th is happens when 
the sedimentary basin is fi lled to a point that the incli-
nation of its surface in the direction of tectonic conver-

gence becomes less important than that in some oth-
er direction (basically in the direction of the boundary 
between the steep highlands and fl at lowlands). 

Although river networks in mountain ranges owe 
their existence to the competing eff ects of tectonic up-
lift  and climate-controlled erosion, it was also argued 
that some universal geometric properties of river net-
works may be relatively independent of both tecton-
ics and climate (Casteltort and Simpson, 2006). Th ese 
authors have proposed that the geometry of river net-
works is established on the lowland margins of in-
cipient uplift s, and is quenched into the erosion zone 
as the mountain belts widen with time. In that mod-
el, the geometry of river networks simply refl ects the 
downward coalescence of alluvial rivers on undissect-
ed surfaces outside of mountain belts, and is therefore 
independent of erosion processes. Yet, the amount of 
the transported matter, incision rates, and other major 
dynamic parameters of the network are defi nitely tec-
tonic-and-climate dependent.

3.2 Alternative Models of Surface Processes

Th e diff usion equation refl ects an integrated eff ect 
of various processes acting at micro-and macroscale: 
chemical and physical erosion and weathering, grav-
ity hillslope sliding etc. Some of these processes, for 
example, chemical erosion, are well described by the 
diff usion equation, since it refl ects the physics of prop-
agation of chemical interactions. On the other hand, 
gravity-driven processes are not diff usive. Th ese pro-
cesses are primarily slope dependent and thus do not 
fi t well within the linear diff usion model (Densmore 
et al.,1997; 1998; Hasbargen and Paola, 2000; Roer-
ing et al., 2001; Schorghofer and Rothman, 2002; Pel-
letier, 2004). Indeed, it has been noted that the dif-
fusion equation tends to over-smooth the predicted 
topography and fails to reproduce the usually sharp 
transitions from tectonically modifi ed uplift ed land-
scape to typically fl at deposition surfaces in the fore-
land basins. To remedy this problem, either enhanced 
split (bi-mode) erosion models that discriminate be-
tween diff usion and gravity driven processes (e.g., 
Simpson and Schlunegger, 2003) or alternative sto-
chastic (based on methods of artifi cial intellect such 
as cellular automates) and analogue models were pro-
posed (Crave et al., 2000; Davy and Crave, 2000; Crave 
and Davy, 2001; Bonnet and Crave, 2003). Crave et al. 
(2001) or Tucker and Bras (1998; 2000), for example, 
used stochastic methods based on cellular automats 
that “learn” how to reproduce erosion/sedimentation 
from pre-imposed logical rules that establish relations 
between a given grid cell and its neighbors, as a func-
tion of the local slope, height, precipitation, regolith 
type and other conditions. If the rules and their rela-

Fig. 3. Example of a typical numerical morphology model with 
surface erosion and sedimentation based on linear diff usion 
erosion equation and fl uvial transport equation (Poisson, et al., 
1996). Diff usion equation, except if it is not strongly non-linear, 
provides symmetrical shapes whereas fl uvial transport equa-
tion may result in asymmetric behaviour because, locally, the 
direction of each bi-furcation of the fl uvial network may be af-
fected by negligibly small factors, even though the overall di-
rection of the fl ow is controlled by the regional slope of topog-
raphy



Chapter 1  ·  Coupled Lithosphere-Surface Processes in Collision Context 11

tions are well established, they may form the “vocab-
ulary” and “grammar” (= “language”) for description 
of topography evolution. Th is approach may eventual-
ly produce more realistic landscapes than the common 
diff usion-fl uvial transport models. However, for each 
new application, it requires one to justify the local 
applicability of the previously established rules. An-
alogue (physical) erosion models were used to study 
erosional response to tectonic forcing (e.g., Lague et 
al., 2003). Th ese models may produce naturally look-
ing landscapes, yet their applicability is rather limited 
since it is highly diffi  cult to control, scale and interpret 
their parameters. 

Linear and nonlinear diff usion short-range mod-
els combined with fl uvial transport long-range mod-
els (Fig. 3) remain to be most widely used for tecton-
ic-scale modelling. In particular, diff usion and fl uvial 
transport equations can be generalized (Simpson and 
Schlunegger, 2003) as following:

 (5)

where c is sediment discharge, α is eff ective rainfall, 
q is surface fl uid discharge, and k + cqn has a sense 
of a variable nonlinear diff usion coeffi  cient that incor-
porates both the eff ects of diff usion-driven (k-term: 
chemical and physical erosion, weathering) process-
es and gravity-driven, i.e. fl uvial, processes (cqn term: 
slope-dependent fl ow, sliding, creep etc). Th e respec-
tive role of dispersive processes and hillslope creep 
processes is characterized by dimensionless De num-
ber (L is characteristic length scale).

4 Structure and Rheology of the Lithosphere

4.1 Rheology

Many studies of the interplay between erosion and tec-
tonics have been conducted assuming either local isos-
tasy (Ahnert, 1970; Leeder, 1991) or thin plate fl exural 
behavior of the lithosphere (Beaumont, 1981; Flemings 
and Jordan, 1989;1990; Beaumont et al., 1992; Masek 
et al., 1994a,b; Garcia-Castellanos, 2002; Garcia-Cas-
tellanos et al., 2002; Garcia-Castellanos et al., 2003). 
Some authors have considered the possibility for duc-
tile fl ow in the lower crust and treated the lower crust 
as an inviscid fl uid overlaid by a thin elastic plate 
(King et al., 1988; King and Ellis, 1990; Avouac and 

Burov, 1996; Burov and Cloetingh, 1997; Burov et al., 
2001). Th e eff ect of variations in the surface loading 
and in the crustal thickness on the mechanical behav-
ior of the lithosphere have been oft en neglected, except 
several studies (e.g., Beaumont et al., 1992, 2000; Av-
ouac and Burov, 1996; Burov and Cloetingh, 1997; Bu-
rov et al., 2001; Toussaint et al., 2004a,b). Th e coupled 
erosion-tectonics regime described in the previous 
sections assumes that strain localization below a tec-
tonic load, range or basin, results from weakening of 
the lithosphere due to crustal thickening and bending 
stresses. In order to account for this process one can 
treat the lithosphere neither as a one-layer elastic or 
visco-elastic plate with vertically integrated properties 
overlying an inviscid asthenosphere, or as a thin vis-
cous sheet (e.g., England and McKenzie, 1983; Vilotte 
et al., 1982). We thus have to consider the lithologi-
cal and mechanical rheological layering of the litho-
sphere. For the model demonstrated here, three litho-
logical layers were defi ned: the upper crust, the lower 
crust, and the mantle (Fig. 2a). Each layer has specif-
ic properties (density, mechanical, and thermal con-
stants) that are given in Table 1. We assume no com-
positional changes due to deformation or cooling. Th e 
lithological boundary between the upper and lower 
crust lies at a fi xed depth of 20 km. Th e bottom of the 
mantle lithosphere is limited by the 1330°C isotherm 
at a depth of about 250 km. At small diff erential stress-
es the rocks behave elastically. In terms of principal 
components, the relationship between the stress ten-
sor, σ, and the strain tensor, ε, can be written:

σj = 2µeεj + λ(ε1 + ε2 + ε3) (6)

where j =1, 2, 3. λ and µe are Lamé‘s constants relat-
ed to Young‘s modulus (E) and Poissons‘s ratio ν as 
λ = E ν((1 + ν)(1 – 2ν))–1; µe = E/2(1 + ν). Typical values 
for E and ν are 6.5–8×1010 N/m2 and 0.25, respectively 
(e.g., Turcotte and Schubert, 1982).

Weakening by brittle failure or ductile fl ow occurs 
when elastic stresses reach some threshold value that 
determines the condition for failure or signifi cant duc-
tile deformation. Above this threshold rocks no longer 
behave elastically, and unrecoverable strain may grow 
without increase of stress. Th e conditions of brittle 
failure are independent of rock type and temperature, 
but strongly controlled by pressure (Byerlee, 1978):

σ3 = (σ1–σ3)/3.9 at σ3 < 120 MPa;

σ3 = (σ1–σ3)/2.1 – 100 MPa at σ3 ≥ 120 MPa
 (7)

where σ1, σ2, σ3 are principal stresses [MPa]. Th is law 
corresponds to Mohr-Coulomb plastic behavior.

Ductile fl ow in the lithosphere essentially re-
sults from dislocation creep (e.g., Kusznir, 1991). Th is 
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Table 1a. Defi nition of variables

Variable Values and units Defi nition Comments

τxx, τxy, τyy, Pa, MPa shear stress components

σxx, σxy, σyy Pa, MPa full stress components σ = τ – P Ι, σxy = τxy etc. 

P Pa, MPa pressure

v m/s, mm/y total velocity vector

u m/s, mm/y horizontal velocity x component of v

ν m/s, mm/y vertical velocity y component of v

µ Pa s eff ective viscosity 1019  to 1025 Pa s

k m2 / y coeffi  cient of erosion ~ mass diff usivity

dh m, km topographic uplift or subsidence

du m, km tectonic uplift do not mix with u

de m, km erosion or sedimentation

ψ m2/s stream function υ = ∂ψ / ∂y, ν = ∂ψ / ∂y

ξ s–1 vorticity function  ∂υ / δy – ∂ν /  ∂x = Δψ

ε strain

ε· s–1 average strain rate ε· = (½ ε· ij ε
·

ij ) ½

q m2/s integrated fl ux ductile crust

qe (m2/s) / m erosional fl ux per unit length

E 8×1010 N/m2 Young‘s modulus in the semi-analytical model

ν 0.25 Poisson‘s ratio in the semi-analytical model

λ, µe N/m2 Lamé‘s constants

A* Pa–n s–1 material constant power law

n 3 to 5 stress exponent power law

H* kJ mol–1 activation enthalpy power law

R 8.314 J/mol K gas constant power law

T C°, K temperature

γ (y) Pa/m, MPa/km depth gradient of yield stress γ(y) ∝ dσ(ε)/dy,

w m, km plate defl ection ~ defl ection of mantle lithosphere

Te, T
~

e (x, w, w‘, w“, t) m, km eff ective elastic thickness ~ instant integrated strength

Tec m, km eff ective elastic thickness of the 
crust

Te ≈ (T3
ec + T3

em)1/3

Tec ≤ hc1

Tem m, km eff ective elastic thickness of man-
tle lithosphere

Te ≈ (T3
ec + T3

em)1/3

Tem ≤ hc2 – T c

M
~

x N m / m fl exural moment per unit length

T
~

x N longitudinal force

Q
~

x N / m shearing force per unit length

p+ Pa, N/m2 surface load

p– Pa / m restoring stress per unit length

h (x, t) m, km surface topography

h
~

 (x, t) m, km upper boundary of ductile chan-
nel

hc, Tc m, km Moho depth Moho boundary

hc2 m, km lower boundary of ductile crust-
al cannel 

hc2 ≤ Tc
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Variable Values and units Defi nition Comments

hc1 (x, t, w) m, km maximal mechanical thickness of 
the upper crust

here, 10–20 km depending 
on stress

Δhc2 (x, t, w, u, ν) m, km thickness of crustal channel

yij m, km depths to lithological and me-
chanical interfaces

i is number of a detached
layer
j is number of the
mechanical sub-layer

ρc1 2650 kg/m3 density of upper crust

ρc2 2900 kg/m3 density of lower crust

ρm 3330 kg/m3 density of mantle

α degrees inclination of upper  boundary 
of channel

α ~ ∂h
~ / ∂x

β degrees inclination of lower boundary of 
channel

β ~ ∂w / ∂x

g 9.8 m/s2 acceleration due to gravity

T °C temperature

ta m.y. thermal age ≤ geological age

a 250 km thermal thickness of the litho-
sphere

Tm 1330 °C T at depth a

χ m2s–1 thermal diff usivity χ = k/ρCp

χc1 8.3×10–7 m2s–1 thermal diff usivity upper crust

χc2 6.7×10–7 m2s–1 thermal diff usivity lower crust

χm 8.75×10–7 m2s–1 thermal diff usivity mantle

kc1 2.5 Wm–1°K–1 thermal conductivity upper crust

kc2 2 Wm–1°K–11 thermal conductivity lower crust

km 3.5 Wm–1°K–1 thermal conductivity mantle

hr 10 km  decay scale of radiogenic heat 
production

upper crust

Hs 9.5×10–10 W kg–1 surface radiogenic heat pro-duc-
tion rate per unit mass

upper crust

Hc2 C–1
c2 1.7×10–13°K s–1 radiogenic heat   lower crust

ρCp J (m3K)–1 density × specifi c heat

Table 1a. Continued

mechanism is thermally activated and results in rela-
tionship between strain rate and stress which can be 
written:

ε· = A* exp(–H*/RT) (σ1– σ3)n (8)

Th e material constants adopted for the creep law of 
lithospheric minerals are given in  1b. Th e ratio of the 
stress to strain rate defi nes an eff ective non-Newto-
nian viscosity:

 (9)

where  

is the eff ective strain rate and A* = ½A·3(n+1)/2 is the 
material constant, H is the activation enthalpy, R is the 
gas constant, n is the power law exponent. Although 
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ductile deformation occurs even under low diff eren-
tial stresses, a ductile yield strength can be defi ned. 
If boundary conditions are given in terms of rate of 
displacement, a “basic“ strain rate can be derived 
and represents the average strain rate in the medium 
(10–15 s–1 – 5×10–15 s–1). Th is “basic“ strain rate corre-
sponds to a stress threshold defi ned from Eq. (8). Ow-
ing to the nonlinearity of rheology described by Eq. 
(8) the ductile deformation will process very slowly so 
that most of the imposed deformation will be absorbed 
elastically if the stress is slightly less than the yield lev-
el. For example, for olivine, strain rate decreases by 
a factor of 1000 if the stress lies 10–15% below the 
“threshold“ level. Th is behavior diff ers from that of a 
Newtonian fl uid where decrease in stress would lead to 
a directly proportional decrease of the strain rate. On 
the opposite, the stress level cannot exceed signifi cant-
ly this threshold since it would require a strain rate 
much higher that the one that is imposed from bound-

ary conditions. Th is threshold thus defi nes a ductile 
yield strength. A temperature of about 250–300°C 
must be exceeded for ductile deformation of quartz, 
whereas for olivine it should be 600–700°C (e.g., Brace 
and Kohlstedt, 1980; Carter and Tsenn, 1987; Kohlsted 
et al., 1995). It results in the yield stress envelope (YSE) 
being controlled by the conditions for brittle failure in 
the shallow crust and upper mantle, and by the con-
dition for ductile failure in the deep crust and deep 
upper mantle. Combining rheological laws, Eqs. (6) to 
(9), form a piece-wise continuous yield-stress envelope 
(YSE) in Δσ-y space (Figure 2a, defi ned as a contour  σ f 
= σ f (x, y, t, ε·) such that:

σ f = sign(ε) min(|σb(x, y, t, ε·, sign(ε))|,
|σ d(x, y, t, ε·)|)

 (10)

where σb(x, y, t, ε·, sign(ε)), σ d(x, y, t, ε·) are the “brit-
tle“ and “ductile“ yield stresses from Eqs. (6) and (7).  
sign(ε)=1 if ε ≥ 0 and –1 if ε < 0. Th e diff erential stress 
σ(x,y) at a point is taken to be equal to the minimum 
of σ e and σ f, computed as a function of the local strain 
ε = ε(x, y, t, ε·):

σ(ε) = sign(ε) min(|σ f|, |σ e(ε)|) (11)

where σ e(ε) is the elastic diff erential stress accord-
ing to Eq. (5). If σ e exceeds σ f, the material is consid-
ered as ductile or brittle, depending on which rheol-
ogy limits the yield strength. Due to asymmetry of 
the Byerlee‘s law (7), the yield stress depends on the 
mode of deformation, sign(ε) (for extension sign(ε)=1; 
for compression sign(ε)=–1). Equation (11) implies that 
the lithosphere remains elastic if imposed stress does 
not exceed the yield stress. Most of the upper crust 
remains elastic or brittle-elastic (depth interval be-
tween approx. 5 and 15–20 km). Th e crust is mostly 
ductile below 15–20 km. Depending on the geotherm 
and strain rates, fi rst 30 to 70 km of the mantle lith-
osphere remains elastic. Th is formulation refl ects the 
fact that the lithosphere gets weaker when submitted 
to increasing horizontal forces or fl exural stresses and 
when the crust gets thicker.

 

4.2  Thermal Model

A thermal model is required to defi ne the rheological 
profi le of the lithosphere and to fully account for the 
eff ect of crustal thickening on the rheology of the lith-
osphere. In this paper, the initial geotherm is comput-
ed according to a half-space heat transfer model (for 
details see Burov et al., 1993 and Burov and Diament, 
1995). For the following evolution, heat transfer equa-
tions are solved separately for the upper crust, lower 

Parameter Value

Lamé elastic constants λ = G 30 GPa (in numerical models)

Friction angle 
(Mohr-Coulomb criterion)

30°

Cohesion 
(Mohr-Coulomb criterion)

20 Mpa

Specifi c upper and weak lower-crust properties

ρ (upper crust) 2800 kg m–3

ρ (lower crust) 2900 kg m–3

n 2.4

A 6.7 × 10–6 MPa–n·s–1

Q 1.56 × 105 kJ·mol–1

Specifi c strong lower-crust properties

ρ 2980 kg m–3

n 3.4

A 2 × 10–4 MPa–n·s–1

Q 2.6 × 105 kJ·mol–1

Specifi c mantle properties

ρ (lithosphere) 3330 kg m–3

ρ (oceanic slab) 3350 kg m–3

ρ (asthenosphere) 3310 kg m–3

n 3

A 1 × 104 MPa–n·s–1

Q 5.2 × 105 kJ·mol–1

Note: Compilation by Burov et al. [2001]. Q, n, A are parameters of the 
ductile fl ow law  (activation energy, material constant, and power ex-
ponent,  respectively). See also [Brace and Kohlstedt, 1980; Kirby, 1983; 
Kirby and Kronenberg, 1987; Kohlsted et al., 1995; Byerlee, 1978; Carter 
and Tsenn, 1987; Tsenn and Carter, 1987]

Table 1b. Summary of rheology parameters used in model cal-
culations
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crust, and mantle with conditions of temperature and 
heat fl ux continuity across the interfaces. Th ese equa-
tions have the form:

T· + uTx’ + νTy’ – χ fΔT = Hd + Hr + νΩ (12)

where primes mean spatial diff erentiation by respec-
tive coordinate. Th e thermal diff usivity parameter χ f 
equals to χc1, χc2, χm depending on the lithological lay-
er (see Table 1). Hr = χc1kc1–1ρcHsexp(–yhr–1) is the ra-
diogenic heat. Hr equals to constant heat generation 
Hc2Cc2

–1 in the lower crust and to zero in the mantle. 
Hd refers to heat generation due to mechanical dissi-
pation (e.g., frictional heating). Th e adiabatic temper-
ature gradient in the asthenosphere, Ω, is 0.3°C/km 
(Turcotte and Schubert, 1982). 

Th e boundary and initial conditions are: T(x,0,ta) = 
0°C (temperature at the upper surface = const at time 
ta, where ta is the thermal age); T(x,a,t) = Tm = 1350°C 
(a ≈ 250 km is the depth to the thermal bottom, or 

thermal thickness of the lithosphere); T(x,y,0) = Tm 
(homogeneous temperature distribution at the be-
ginning). ta is defi ned as the age of the last large-scale 
thermal event determined from geological data. 

5 Implementation of Coupled Models 

5.1 Semi-Analytical Model

In this section we describe the numerical procedure 
used in the semi-analytical model by Avouac and Bu-
rov (1996) and Burov and Cloetingh (1997). 

In this model, we distinguish between competent 
and weak layers (Fig. 4, top). Th e competent layers are 
those which contribute signifi cantly to the fl exural 
strength of the lithosphere. Th is encompasses not only 
the elastic domains but also high stress (>5% of the 
lithostatic pressure) brittle and ductile domains (e.g., 
Burov and Diament, 1992; 1995). Only the competent 

Fig. 4. Model Setups. Top: 
Setup of a simplifi ed semi-
nalytical collision model with 
erosion-tectonic coupling 
(Avouac and Burov, 1996). In-
eastic fl exural model is used to 
for competent parts of crust 
and mantle, channel fl ow 
model is used for ductile 
domains. Both models are 
coupled via boundary 
conditions. Th e boundaries 
between competent and ductile 
domains are not predefi ned but 
are computed as function of 
bending stress that conrols 
brittle-ductile yielding in the 
lithosphere. Diff usion erosion 
and fl at deposition are imposed 
at surface. In these experi-
ments, initial topography and 
isostatic crustal root geometry 
correspond  to that of a 3 km 
high and 200 km wide 
Gaussian mount.Bottom. Setup 
of fully coupled thermo-
mechanical collision-
subduction model (Burov et al., 
2001; Toussaint et al., 2004b). 
In this model, topography is 
not predefi ned and deforma-
tion is solved from full set of 
equilibrium equations. Th e 
assumed rheology is brittle-
elastic-ductile, with quartz-rich 
crust and olivine-rich mantle 
(Table  1)
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layers are considered in the computation of the fl exur-
al response of the lithosphere. Th e geometry and thick-
ness of the mechanical layers depend on the lithological 
layering and on the stress fi eld. Since both evolve dur-
ing the numerical experiment, the mechanical struc-
ture is re-computed at each numerical step. Vertical de-
fl ections (w) of the competent portions of the crust and 
mantle lithosphere due to change in the stress applied 
at their boundaries are treated as instantaneous defl ec-
tions of fl exible layers [Appendix A]. Deformation of 
the ductile crust, driven by the defl ection of the com-
petent layers that bound the low viscosity lower crustal 
channel, is modelled as a fl ow of a non-Newtonian fl uid 
in a channel of variable thickness. No horizontal fl ow 
at the axis of symmetry of the range (x = 0) is allowed. 
Away from the mountain range, where the channel has 
a nearly constant thickness, the fl ow is computed ac-
cording to the thin channel approximation [Appendix 
B]. Since the conditions for this approximation are not 
satisfi ed in the thickened region, we use a semi-analyt-
ical solution for the ascending fl ow fed by remote chan-
nel source [Appendix C]. Th e distance al at which the 
channel fl ow approximation is replaced by a formula-
tion for the ascending fl ow, equals to 1 to 2 thicknesses 
of the channel, depending on the integrated strength of 
the upper crust [Appendixes B and C]. Since the com-
mon brittle-elastic-dutile rheology profi les imply de-
coupling between the mantle and crust [Fig. 2a], in 

particular where the crust is thick, deformation of the 
crust is expected to be relatively insensitive to what 
happens in the mantle. Shortening of the mantle lith-
osphere is therefore neglected. Naturally, this assump-
tion will not directly apply if partial coupling of man-
tle and crustal lithosphere occurs (e.g., Ter Voorde et 
al., 1998; Gaspar-Escribano et al., 2003). For this rea-
son, in the next sections, we present a less constrained 
fully numerical model, in which the conditions on the 
crust-mantle interface are not pre-described. 

Th e various equations defi ne the mechanical struc-
ture of the lithosphere, fl exure of the competent layers, 
ductile fl ow in the ductile crust, erosion and sedimen-
tation at the surface are solved at each numerical itera-
tion as depicted in the following fl ow-chart:

see Box 1, Eq. 13

B.C. and I.C. refer to boundary and initial conditions, 
respectively. Notation (k) implies that related value is 
used on k-th numerical step. Notation (k–1) implies 
that the value is taken as a predictor from the previous 
time step, etc. All variables are defi ned in Table 1. Th e 
following continuity conditions are satisfi ed at the in-
terfaces between the competent layers and the ductile 
crustal channel: 

  
see Box 1, Eq. 14

continuity of vertical velocity

continuity of normal stress

continuity of horizontal velocity

continuity of the tangential stress

kinematic condition 

(14)

(13)

Box 1. 
Eq. 13 + 14Input Output
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Superscripts “+” and “–” refer to the values on the up-
per and lower interfaces of the corresponding layers, 
respectively. Th e subscripts c1, c2, and m refer to the 
strong crust (“upper“), ductile crust (“lower“) and 
mantle lithosphere, respectively. Power-law rheolo-
gy results in self-lubrication and concentration of the 
fl ow in the narrow zones of highest temperature, that 
is near the Moho. For this reason, there is little diff er-
ence between the assumption of no-slip and free slip 
boundary for the bottom of the ductile crust. 

Th e spatial resolution used for calculations is 
dx = 2 km, dy = 0.5 km. Th e requirement of stabil-
ity of integration of the diff usion equations (3), (4) 
(dt < 0.5dx2/k) implies a maximum time step of 
< 2000 years for k = 103 m2/y and of 20 years for 
k = 105 m2/y. It is less than the relaxation time for the 
lowest viscosity value (~ 50 years for = 1019 Pas). We 
thus chose a time step of 20 years in all semi-analyti-
cal computations. 

5.2 Unconstrained Fully Coupled
 Numerical Model

To fully demonstrate the importance of interactions 
between the surface processes, ductile crustal fl ow and 
major thrust faults, and also to verify earlier ideas on 
evolution of collision belts, we used fully coupled (me-
chanical behavior - surface processes - heat transport) 
numerical models, which combine brittle-elastic-duc-
tile rheology and account for large strains, fault lo-
calization, and erosion/sedimentation mechanisms 
(Fig. 4, bottom). 

We have extended the Paro(a)voz code (Polyakov et 
al., 1993, Appendix D) based on the FLAC (Fast Lan-
grangian Analysis of Continua) algorithm (Cundall, 
1989). Th is “2.5 D” explicit time-marching, large-
strain Lagrangian algorithm locally solves Newtonian 
equations of motion in continuum mechanics approx-
imation and updates them in large-strain mode. Th e 
particular advantage of this code refers to the fact that 
it operates with full stress approximation which allows 
for simple and accurate computation of total pressure, 
P, as a trace of the full stress tensor. Th e solution of 
these equations is coupled with those of constitutive 
and heat-transfer equations. Parovoz v9 is thus a fully 
thermally coupled code that also handles explicit elas-
tic-ductile-plastic rheologies, free-surface boundary 
conditions, full metamorphic changes, and surface 
processes (erosion and sedimentation). Th e Lagrang-
ian numerical mesh, which periodically becomes dis-
torted and thus needs remeshing, is doubled by a dens-
er passive marker grid allowing to interpolate grid 

values, specifi cally stresses, with minimal losses dur-
ing remeshing.

We test continental collision assuming acommon-
ly referred initial scenario (Fig. 4, bottom), in which 
(1) the rapidly subducting oceanic slab fi rst entrains a 
very small part of a cold continental “slab” (there is no 
continental subduction at the beginning), and (2) the 
initial convergence rate equals to or is smaller than the 
rate of the preceding oceanic subduction (two-sided 
initial closing rate of 2×6 mm/y during 50 My for Al-
pine collision test (Burov et al., 2001) or 2×3 cm/y dur-
ing the fi rst 5–10 My for the India-Asia collision test 
(Toussaint et al., 2004b). Th e rate chosen for the In-
dia-Asia collision test is smaller than the average his-
torical convergence rate between India and Asia (2×4 
to 2×5 cm/y during the fi rst 10 My. (Patriat and Ach-
ache, 1984).

For continental collision models, we use common-
ly inferred crustal structure and rheology parame-
ters derived from rock mechanics (Table 1; Burov et 
al., 2001). Th e thermo-mechanical part of the mod-
el that computes, among other parameters, the upper 
free surface, is coupled with the surface process mod-
el based on the diff usion equation (4a). On each type 
step the geometry of the free surface is updated with 
account for erosion and deposition. Th e surface areas 
aff ected by sediment deposition change their materi-
al properties according to those prescribed for sedi-
mentary matter (Table 1). In the experiments shown 
below, we used linear diff usion with a diff usion coef-
fi cient that has been varied from 0 to 2000 m2/y (Bu-
rov et al., 2001). Th e initial geotherm was derived from 
the common half-space model (e.g., Parsons and Sclat-
er, 1977) as discussed in the section “Th ermal mode” 
and Appendix D.

Th e universal controlling variable parameter of all 
continental experiments is the initial geotherm (Fig. 
2a), or thermotectonic age (Turcotte and Schubert, 
1982), identifi ed with the Moho temperature Tm. Th e 
geotherm or age defi nes major mechanical properties 
of the system, e.g., the rheological strength profi le (Fig. 
2a). By varying the geotherm, we can account for the 
whole possible range of lithospheres, from very old, 
cold, and strong plates to very young, hot, and weak 
ones. Th e second major variable parameter is the com-
position of the lower crust, which, together with the 
geotherm, controls the degree of crust-mantle cou-
pling. We considered both weak (quartz dominat-
ed) and strong (diabase) lower-crustal rheology and 
also weak (wet olivine) mantle rheology (Table 1). Al-
though we mainly applied a convergence rate of 2 × 
3 cm/y, we also tested smaller convergence rates (two 
times smaller, four times smaller, etc.). 
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6 Experiments

6.1 Semi-Analytical Model

Avouac and Burov (1996) have conducted series of ex-
periments, in which a 2-D section of a continental lith-
osphere, loaded with some initial range (resembling 
an averaged cross-section of Tien Shan), is submit-
ted to horizontal shortening (Fig. 4, top) in pure shear 
mode. Our goal was to validate the idea of the coupled 
(erosion-tectonics) regime and to check whether it can 
allow for stable localized mountain growth. Here we 
were only addressing the problem of the growth and 
maintenance of a mountain range once it has reached 
some mature geometry.

We thus consider a 2000-km-long lithospher-
ic plate initially loaded by a topographic irregulari-
ty. Here we do not pose the question how this topog-
raphy was formed, but in later sections we show fully 
numerical experiments, in which the mountain range 
grows from initially fl at surface. We chose a 300–400-
km-wide “Gaussian“ mountain (a Gaussian curve with 
variance 100 km, that is about 200 km wide). Th e mod-
el range has a maximum elevation of 3000 m and is 
initially regionally compensated. Th e thermal profi le 
used to compute the rheological profi le corresponds 
approximately to the age of 400 My. Th e initial geom-
etry of the Moho was computed from the fl exural re-

sponse of the competent cores of the crust and upper 
mantle and neglecting viscous fl ow in the lower crust 
(Burov et al., 1990). In this computation, the possibil-
ity of the internal deformation of the mountain range 
or of its crustal root was neglected. Th e model is then 
submitted to horizontal shortening at rates from about 
1 mm/y to several cm/y. Th ese rates largely span the 
range of most natural large-scale examples of active 
intracontinental mountain range. Each experiment 
modelled 15–20 My of evolution with time steps of 20 
years. Th e geometries of the diff erent interfaces (to-
pography, upper-crust-lower crust, Moho, basement-
sediment in the foreland) were computed for each time 
step. We also computed the rate of uplift  of the topog-
raphy, dh/dt, the rate of tectonic uplift  or subsidence, 
du/dt, the rate of denudation or sedimentation, de/dt, 
(Fig. 5), stress, strain and velocity fi eld. Th e relief of 
the range, Δh, was defi ned as the diff erence between 
the elevation at the crest h(0) and in the lowlands at 
500 km from the range axis, h(500).

In the case where there are no initial topographic 
or rheological irregularities, the medium has homo-
geneous properties and therefore thickens homoge-
neously (Fig. 5b). Th ere are no horizontal or vertical 
gradients of strain so that no mountain can form. If 
the medium is initially loaded with a mountain range, 
the fl exural stresses (300–700 MPa; Fig. 5a) can be 3–7 
times higher than the excess pressure associated with 
the weight of the range itself (~100 MPa). Horizontal 

Fig. 5a. Example of normalized stress distribution in a semi-analytical experiment in which stable growth of the mountain belt was 
achieved (total shortening rate 44 mm/y; strain rate 0.7×10–15 sec–1  erosion coeffi  cient 7500 m2/y

a



Chapter 1  ·  Coupled Lithosphere-Surface Processes in Collision Context 19

shortening of the lithosphere tend therefore to be ab-
sorbed preferentially by strain localized in the weak 
zone beneath the range. In all experiments the system 
evolves very rapidly during the fi rst 1–2 million years 
because the initial geometry is out of dynamic equi-
librium. Aft er the initial reorganization, some kind of 
dynamic equilibrium is reached, in which the viscous 
forces due to fl ow in the lower crust also participate in 
the support of the surface load.

6.1.1 Case 1: No Surface Processes: “Subsurface Collapse“

In the absence of surface processes the lower crust is 
extruded from under the high topography (Fig. 5b). 
Th e crustal root and the topography spread out later-
ally. Horizontal shortening leads to general thicken-
ing of the medium but the tectonic uplift  below the 
range is smaller than below the lowlands so that the 
relief of the range, Δh, decays with time. Th e system 
thus evolves towards a regime of homogeneous defor-
mation with a uniformly thick crust. In the particular 
case of a 400-km-wide and 3-km-high range it takes 
about 15 My for the topography to be reduced by a 
factor of 2. If the medium is submitted to horizontal 
shortening, the decay of the topography is even more 
rapid due to in-elastic yielding. Th ese experiments ac-
tually show that assuming a common rheology of the 
crust without intrinsic strain soft ening and with no 
particular assumptions for mantle dynamics, a range 
should collapse in the long term, as a result of subsur-
face deformation, even the lithosphere undergoes in-
tensive horizontal shortening. We dubbed “subsurface 
collapse“ this regime in which the range decays by lat-
eral extrusion of the lower crustal root.

6.1.2 Case 2: No Shortening: “Erosional Collapse“

If erosion is intense (with values of k of the order of 
104 m2/y) while shortening is slow, the topography of 
the range vanishes rapidly. In this case, isostatic read-
justment compensates for only a fraction of denuda-
tion and the elevation in the lowland increases as a re-
sult of overall crustal thickening (Fig. 5b). Although the 
gravitational collapse of the crustal root also contrib-
utes to the decay of the range, we dubbed this regime 
“erosional”, or “surface” collapse. Th e time constant 
associated with the decay of the relief in this regime 
depends on the mass diff usivity. For k = 104  m2/y, de-
nudation rates are of the order of 1 mm/y at the begin-
ning of the experiment and the initial topography was 
halved in the fi rst 5 My. For k = 103 m2/y the range to-
pography is halved aft er about 15 My. Once the crust 
and Moho topographies have been smoothed by sur-
face processes and subsurface deformation, the system 

evolves towards the regime of homogeneous thicken-
ing.

6.1.3 Case 3: Dynamically Coupled 
 Shortening and Erosion: “Mountain Growth“

In this set of experiments, we started from the con-
ditions leading to the “subsurface collapse“ (signifi -
cant shortening rates), and then gradually increased 
the intensity of erosion. In the experiments where ero-
sion was not suffi  ciently active, the range was unable 
to grow and decayed due to subsurface collapse. Yet, 
at some critical value of k, a regime of dynamical cou-
pling was reached, in which the relief of the range was 
growing in a stable and localized manner (Fig. 5b, bot-
tom). Similarly, in the other set of experiments, we 
started from the state of the “erosional collapse“, kept 
the rate of erosion constant, and gradually increased 
the rate of shortening. At low shortening rates, ero-
sion could still erase the topography faster then it was 
growing, but at some critical value of the shortening 
rate, a coupled regime was reached (Figs. 5a, 5b). In the 
coupled regime, the lower crust was fl owing towards 
the crustal root (inward fl ow) and the resulting mate-
rial in-fl ux exceeded the amount of material removed 
from the range by surface processes. Tectonic uplift  
below the range then could exceed denudation (Fig. 5) 
so that the elevation of the crest was increasing with 
time. We dubbed this regime “mountain growth“. Th e 
distribution of deformation in this regime remains 
heterogeneous in the long term. High strains in the 
lower and upper crust are localized below the range 
allowing for crustal thickening (Fig. 5a). Th e crust in 
the lowland also thickens owing to sedimentation but 
at a smaller rate than beneath the range. Figure 5b 
shows that the rate of growth of the elevation at the 
crest, dh/dt (x=0), varies as a function of time allowing 
for mountain growth. It can be seen that “mountain 
growth“ is not monotonous and seems to be very sen-
sitive, in terms of surface denudation and uplift  rate, 
to small changes in parameters. However, it was also 
found that the coupled regime can be self-maintain-
ing in a quite broad parameter range, i.e., erosion au-
tomatically accelerates or decelerates to compensate 
eventual variations in the tectonic uplift  rate (Fig. 5c). 
Figure 5c shows that the feedback between the surface 
and subsurface processes can maintain the moun-
tain growth regime even for large deviations of ks and 
∂εxx/∂t from the equilibrium state. Th ese deviations 
may cause temporary oscillations in the mountain 
growth rate (curves 2 and 3 in Figure 5c) that are pro-
gressively damped as the system fi nds a new stable re-
gime. Th ese experiments suggest that orogenic sys-
tems may be quite resistant to climatic changes or 
variations in tectonic rates, yet they may very rapidly 
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Fig. 5b. Results of representative semi-analytical experiments: 
topography and crustal root evolution within fi rst 10 My, shown 
with interval of 1 My. Top, right: Gravity, or subsurface, col-
lapse of topography and crustal root (total  shortening rate 
2×6.3 mm/y; strain rate 10–16 s–1 erosion coeffi  cient 
10000 m2/y). Top, left : erosional collapse (total shortening rate 
2× 0.006.3 mm/y; strain rate 10–19 s–1 erosion coeffi  cient 10000 
m2/y). Bottom, left : Stable localised growth of the topography 
in case of coupling between tectonic and surface processes ob-
served for total shortening rate 44 mm/y; strain rate 
0.7×10–15 s–1  erosion coeffi  cient 7500 m2/y. Bottom, right: dis-
tribution of residual surface uplift  rate, dh, tectonic uplift  rate, 
du, and erosion-deposition  rate de for the case of localised 
growth shown at bottom, left . Note that topography growth in 
a localized manner for at least 10 My and the perfect anti-sym-
metry between the uplift  and erosion  rate that may yield very 
stable steady surface uplift  rate

Fig. 5d. Infl uence of erosion law on steady-state topography 
shapes: 0 a, 1 b, and 2nd c order diff usion applied for the settings 
of the “mountain growth” experiment of Fig. 5b (bottom). Th e 
asymmetry in c arrives from smallwhite noise  (1%) that was in-
troduced in the initial topography to test the robustness of the 
fi nal topographies. In case of highly non-linear erosion, the 
symmetry of the system is extremely sensitive even to small 
perturbations

Fig. 5c. Tests of stability of the coupled “mountain growth” re-
gime. Shown are the topography uplift  rate at the axis (x = 0) of 
the range, for various deviations of the coeffi  cient of erosion, k , 
and of the horizontal tectonic strain rates, ∂εxx/∂t, from the val-
ues of the most stable reference case “1”, which corresponds to 
the mountain growth experiment from Fig. 5b (bottom). Feed-
back between the surface and subsurface processes maintains 
the mountain growth regime even for large deviations of ks  
and ∂εxx/∂t (curves 2,3) from the equilibrium state (1). Cases 4 
and 5 refer to very strong misbalance between the denudation 
and tectonic uplift  rates, for which the system starts to collapse. 
Th ese experiments suggest that the orogenic systems may be 
quite resistant to climatic changes or variations in tectonic 
rates, yet they rapidly collapse if the limits of the stability are 
exceeded

c

d

collapse if the limits of the stability range are exceeded 
(curves 3,4 in Fig. 5c). We did not further explore the 
dynamical behavior of the system in the coupled re-
gime but we suspect a possibility of chaotic behaviors, 
hinted, for example, by complex oscillations in case 
3 (Fig. 5c). Such chaotic behaviours are specifi c for 
feedback-controlled systems in case of delays or oth-
er changes in the feedback loop. Th is may refer, for ex-
ample, to the delays in the reaction of the crustal fl ow 

to the changes in the surface loads; to a partial loss 
of the sedimentary matter from the system (long-dis-
tance fl uvial network or out of plain transport); to cli-
matic changes etc.

Figure 6 shows the range of values for the mass 
diff usivity and for the shortening rate that can allow 
for the dynamical coupling and thus for mountain 
growth. As a convention, a given experiment is de-
fi ned to be in the “mountain growth“ regime if the re-
lief of the range increases at 5 My, which means that el-
evation at the crest (x = 0) increases more rapidly than 
the elevation in the lowland (x = 500 km):

dh/dt (x=0km) > dh/dt (x=500km) at t=5My (15)

As discussed above, higher strain rates lead to reduc-
tion of the eff ective viscosity (µeff ) of the non-Newto-
nian lower crust so that a more rapid erosion is needed 
to allow the feedback eff ect due to surface processes. 
Indeed, µeff  is proportional to ε·1/(n-1). Taking into ac-
count that n varies between 3 and 4, this provides a 
half-order decrease of the viscosity at one-order in-
crease of the strain rate from 10–15 to 10–14 s–1. Conse-
quently, the erosion rate must be several times higher 
or slower to compensate 1 order increase or decrease 
in the tectonic strain rate.
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6.1.4 Coupled Regime and Graded Geometries

In the coupled regime the topography of the range can 
be seen to develop into a nearly parabolic graded ge-
ometry (Fig. 5b). Th is graded form is attained aft er 2–
3 My and refl ects some dynamic equilibrium with the 
topographic rate of uplift  being nearly constant over 
the range. Rates of denudation and of tectonic uplift  
can be seen to be also relatively constant over the range 
domain. Geometries for which the denudation rate is 
constant over the range are nearly parabolic since they 
are defi ned by 

de/dt = kd2h/dx2 = const. (16)

Integration of this expression yields a parabolic ex-
pression for h = x2(de/dt)/2k+C1x+C0, with C1 and C0 
being constants to be defi ned from particular bound-
ary conditions. Th e graded geometries obtained in the 
experiments slightly deviate from parabolic curves be-
cause they do not exactly correspond to uniform de-

nudation over the range (h is also function of du/dt, 
etc.). Th is simple consideration does however suggest 
that the overall shape of graded geometries is primar-
ily controlled by the erosion law. We then made com-
putations assuming nonlinear diff usion laws, in order 
to test whether the setting of the coupled regime might 
depend on the erosion law. We considered nonlinear 
erosion laws, in which the increase of transport ca-
pacity downslope is modelled by a 1st order or 2nd or-
der nonlinear diff usion (Eq. 4). For a given shortening 
rate, experiments that yield similar erosion rates over 
the range lead to the same evolution (“erosional col-
lapse“, “subsurface collapse“, or “mountain growth“) 
whatever is the erosion law. It thus appears that the 
emergence of the coupled regime does not depend on 
a particular erosion law but rather on the intensity of 
erosion relative to the eff ective viscosity of the lower 
crust. By contrast, the graded geometries obtained in 
the mountain growth regime strongly depend on the 
erosion law (Fig. 5d). Th e fi rst order diff usion law leads 
to more realistic, than parabolic, “triangular” ranges 
whereas the 2nd order diff usion leads to plateau-like 

Fig. 6a. a) Summary of semi-analytical experiments: 3 major 
styles of topography evolution in terms of coupling between 
surface and sub-surface processes. b) Semi-analytical experi-
ments: Modes of evolution of mountain ranges as a function of 
the coeffi  cient of erosion (mass diff usivity) and tectonic strain 
rate, established for semi-analytical experiments with spatial 
resolution of 2 km x 2 km. Note that the coeffi  cients of erosion 
are scale dependent, they may vary with varying resolution (or 
roughness) of the surface topography. Squares correspond to 
the experiments were erosional (surface) collapse was observed, 
triangles – experiments were subsurface collapse was observed, 
stars – experiments were localized stable growth of topography 
was observed

a

b
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geometries. It appears that the graded geometry of a 
range may refl ect the macroscopic characteristics of 
erosion. It might therefore be possible to infer empir-
ical macroscopic laws of erosion from the topograph-
ic profi les across mountain belts provided that they are 
in a graded form.

6.1.5 Sensitivity to the Rheology 
 and Structure of the Lower Crust

Th e above shown experiments have been conduct-
ed assuming a quartz rheology for the entire crust 
(= weak lower crust), which is particularly favorable 
for channel fl ow in the lower crust. We also conduct-
ed additional experiments assuming more basic low-
er crustal compositions (diabase, quartz-diorite). It 
appears that even with a relatively strong lower crust 
the coupled regime allowing for mountain growth can 
settle (Avouac and Burov, 1996). Th e eff ect of a less vis-
cous lower crust is that the domain of values of the 
shortening rates and mass diff usivity for which the 
coupled regime can settle is simply shift ed: at a giv-
en shortening rate lower rates of erosion are required 
to allow for the growth of the initial mountain. Th e 
domain defi ning the “mountain growth“ regime in 
Fig. 6 is thus shift ed towards smaller mass diff usivities 
when a stronger lower crust is considered. Th e grad-
ed shape obtained in this regime does not diff er from 
that obtained with a quartz rheology. However, if the 
lower crust was strong enough to be fully coupled to 
the upper mantle, the dynamic equilibrium needed for 
mountain growth would not be established. Estimates 
of the yield strength of the lower crust near the Moho 
boundary for thermal ages from 0 to 2000 My. and for 
Moho depths from 0 to 80 km, made by Burov and Di-
ament (1995), suggest that in most cases a crust thick-
er than about 40–50 km implies a low viscosity chan-
nel in the lower crust. However, if the lithosphere is 
very old or thin (> 1000 My), the coupled regime be-
tween erosion and horizontal fl ow in the lower crust 
will not develop.

6.1.6 Comparison with Observations

We compared our semi-analytical models with the 
Tien Shan range (Fig. 1a) because in this area, the rates 
of deformation and erosion have been well estimated 
from previous studies (Avouac et al., 1993: Metivier 
and Gaudemer, 1997), and because this range has a rel-
atively simple 2-D geometry. Th e Tien Shan is the larg-
est and most active mountain range in central Asia. 
It extends for nearly 2500 km between the Kyzil Kum 
and Gobi deserts, with some peaks rising to more 
than 7000 m. Th e high level of seismicity (Molnar and 

Deng, 1984) and deformation of Holocene alluvial for-
mations (Avouac et al., 1993) would indicate a rate of 
shortening of the order of 1 cm/y. In fact, the shorten-
ing rate is thought to increase from a few mm/y east of 
90°E to about 2 cm/y west of 76°E (Avouac et al., 1993). 
Clockwise rotation of the Tarim Basin (at the south of 
Tien Shan) with respect to Dzungaria and Kazakhstan 
(at the north) would be responsible for this westward 
increase of shortening rate as well as of the increase 
of the width of the range (Chen et al., 1991; Avouac 
et al., 1993). Th e gravity studies by Burov (1990) and 
Burov et al. (1990) also suggest westward decrease of 
the integrated strength of the lithosphere. Th e west-
ward increase of the topographic load and strain rate 
could be responsible for this mechanical weakening. 
Th e geological record suggests a rather smooth mor-
phology with no great elevation diff erences and low el-
evations in the Early Tertiary and that the range was 
reactivated in the middle Tertiary, probably as a result 
of the India-Asia collision (e.g., Tapponnier and Mol-
nar, 1979; Molnar and Tapponnier, 1981; Hendrix et 
al., 1992; 1994). Fission track ages from detrital apa-
tite from the northern and southern Tien Shan would 
place the reactivation at about 20 My (Hendrix et al., 
1994; Sobel and Dumitru, 1995). Such an age is consis-
tent with the middle Miocene infl ux of clastic materi-
al and more rapid subsidence in the forelands (Hen-
drix et al., 1992; Métivier and Gaudemer, 1997) and 
with a regional Oligocene unconformity (Windley et 
al., 1990). Th e present diff erence of elevation of about 
3000 m between the range and the lowlands would 
therefore indicate a mean rate of uplift  of the topogra-
phy, during the Cenozoic orogeny, of the order of 0.1–
0.2 mm/y. Th e foreland basins have collected most of 
the material removed by erosion in the mountain. Sed-
imentary isopachs indicate that 1.5±0.5 × 106 km3 of 
material would have been eroded during the Cenozo-
ic orogeny (Métivier and Gaudemer, 1997), implying 
erosion rates of 0.2–0.5 mm/y on average. Th e tectonic 
uplift  would thus have been of 0.3–0.7 mm/y on aver-
age. On the assumption that the range is approximate-
ly in local isostatic equilibrium (Burov et al., 1990; 
Ma, 1987), crustal thickening below the range has ab-
sorbed 1.2 to 4 ×106 km3 (Métivier and Gaudemer, 
1997). Crustal thickening would thus have accommo-
dated 50 to 75% of the crustal shortening during the 
Cenozoic orogeny, with the remaining 25 to 50% hav-
ing been fed back to the lowlands by surface process-
es. If we now place approximately the Tien Shan on the 
plot in Fig. 5 the 1 to 2 cm/y shortening corresponds 
to a basic strain rate of εxx = 1.5–3 ×10–16 s–1 and the 
0.2–0.5 mm/y denudation rate implies a mass diff u-
sivity of a few 103 to 104 m2/y. Th ese values actually 
place the Tien Shan in the “mountain growth“ regime 
(Figs. 5b, 6). We therefore conclude that the localized 
growth of a range like the Tien Shan indeed could re-
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sult from the coupling between surface processes and 
horizontal strains. We do not dispute the possibility 
for a complex mantle dynamics beneath the Tien Shan 
as has been inferred by various geophysical investi-
gations (Vinnik and Saipbekova, 1984; Vinnik et al., 
2006; Makeyeva et al., 1992; Roecker et al., 1993), but 
we contend that this mantle dynamics has not neces-
sarily been the major driving mechanism of the Ceno-
zoic Tien Shan orogeny. 

6.2 Numerical Experiments

Fully numerical thermo-mechanical models were used 
to test more realistic scenarios of continental conver-

gence (Fig. 4 bottom), in which one of the continental 
plates under-thrusts the other (simple shear mode, or 
continental “subduction”), the raising topography un-
dergoes internal deformations, and the major thrust 
faults play an active role in localization of the defor-
mation and in the evolution of the range. Also, in the 
numerical experiments, there is no pre-defi ned initial 
topography, which forms and evolves in time as a re-
sult of deformation and coupling between tectonic de-
formation and erosion processes. We show the tests for 
two contrasting cases: slow convergence and slow ero-
sion (Western Alps, 6 mm/y, k = 500–1000 m2/y) and 
very fast convergence and fast erosion (India - Himala-
ya collision, 6 cm/y during the fi rst stage of continent-
continent subduction, up to 15 cm/y at the preceding 

 Fig. 7. Coupled numerical model of Alpine collision, with surface topography controlled by dynamic erosion. Th is model demon-
strates that erosion-tectonics feedback help the mountain belt to remain as a localized growing feature for about 30 My. Note that 
fi nal gravity collapse at 50 My results from erosion-tectonic misbalance aft er important amounts of shortening. Bottom, left : ma-
terial phase fi eld evolution at 7.7 My. Bottom, right: shear stress fi eld. Th e numerical code (Parovoz) solves Newtonian force bal-
ance equations (large strain mode) coupled with brittle-ductile-elastic constitutive equations for main material phases, heat trans-
fer equations and surface process equations. Colour code:  purple – sediment/subduction channel; salad green – upper crust; 
yellow – lower crust; blue – lithosphere mantle; green – asthenosphere
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stage of oceanic subduction, k = 3000–10000 m2/y). 
Th e particular interest of testing the model for the 
conditions of the India-Himalaya-Tibet collision re-
fers to the fact that this zone of both intensive con-
vergence (Patriat and Achache, 1984) and erosion (e.g., 
Hurtrez et al., 1999) belongs to the same geodynamic 
framework of India-Eurasia collision as the Tien Shan 
range considered in the semi-analytical experiments 
discussed in the previous sections (Fig. 1a). 

For the Alps, characterized by slow convergence and 
erosion rates (around 6 mm/y (Schmidt et al., 1997), 
k=500–1000 m2/y according to Fig. 6), we have stud-
ied a scenario in which the lower plate has already sub-
ducted to a 100-km depth below the upper plate (Burov 
et al., 2001). Th is assumption was needed to enable the 
continental subduction since, in the Alps, low conver-
gence rates make model initialization of the subduc-
tion process very diffi  cult without a perfect knowledge 

of the initial confi guration (Toussaint et al., 2004a). 
Th e numerical experiments (Fig. 7) confi rm the idea 
that surface processes (k=500 m2/y), which selective-
ly remove the most rapidly growing topography, result 
in dynamic tectonically-coupled unloading of the lith-
osphere below the thrust belt, whereas the deposition 
of the eroded matter in the foreland basins results in 
additional subsidence. As a result, a strong feedback 
between tectonic and surface processes can be estab-
lished and regulate the processes of mountain build-
ing during a very long period of time (in the exper-
iments, 50 My): the erosion-sedimentation prevents 
the mountain from reaching gravitationally unstable 
geometries. Th e “Alpine” experiments demonstrate 
that the feedback between surface and tectonic pro-
cesses may allow the mountains to survive over very 
large time spans (50 My). Th is feedback favors local-
ized crustal shortening and stabilizes topography and 

Fig. 8a. Coupled numerical models of India-Eurasia type of collision as function of the coeffi  cient of erosion. Th ese experiments 
were performed in collaboration with G. Toussaint using numerical setup (Fig. 4, bottom) identical to (Toussaint et al., 2004b). Th e 
numerical method is identical to that of (Burov et al., 2001 and Toussaint et al., 2004a,b; see also the experiment shown in Fig. 7). 
Sub-vertical stripes associated with little arrows point to the position of the passive marker initially positioned across the middle 
of the foreland basin. Displacement of this marker indicates the amount of subduction. Δx is amount of shortening. Diff erent brit-
tle-elastic-ductile rheologies are used for sediment, upper crust, lower crust, mantle lithosphere and the asthenosphere (Table 
1b)

a
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thrust faults in time. Indeed even though a slow con-
vergence scenario is not favorable for continental sub-
duction, the model shows that once it is initialised, the 
tectonically coupled surface processes help to keep the 
major thrust working. Otherwise, in the absence of a 
strong feedback between surface and subsurface pro-
cesses, the major thrust fault is soon blocked, the up-
per plate couples with the lower plate, and the sys-
tem evolution turns from simple shear subduction to 
pure shear collision (Toussaint et al., 2004a; Cloet-
ingh et al., 2004). However, topography cannot infi -
nitely grow even in the “feedback” mode: as soon as 
the range grows to some critical size, it cannot be sup-

ported anymore due to the limited strength of the con-
stituting rocks, and ends up by gravitational collapse. 
Th is has happened in the Alpine experiment towards 
50 My of convergence (Fig. 7). 

Our experiments on the fast “Indian-Asia” collision 
were based on the results of Toussaint et al. (2004b). 
Th e model and the entire setup (Figure 4, bottom) are 
identical to those described in detail in Toussaint et al. 
(2004b). For this reason, we refer the interested reader 
to this study (see also Appendix D and description of 
the numerical model in the previous sections). Tous-
saint et al. (2004b) tested the possibility of subduction 
of the Indian plate beneath the Himalaya and Tibet at 

Fig. 8b. Smoothed surface 
profi les generated in the 
experiments of Fig. 8a (India-
Eurasia type of collision). k is 
coeffi  cient of erosion. Topogra-
phy is unrealistically high for 
small k = 50 m2/y , and too low 
for high k > 1000 m2/y; the 
range 500 m2/y < k < 3000 m2/y 
corresponds to localized moun-
tain growth. Note complex 
behavior of the topography in 
case of k = 3000 m2/y: Th e 
mountain range and the major 
thrust tend to migrate towards 
the subducting plate

b
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early stages of collision (fi rst 15 My). Th is study used 
by default the “stable” values of the coeffi  cient of ero-
sion (3000±1000 m2/y) derived from the semi-analyt-
ical model of (Avouac and Burov, 1996) for a shorten-
ing rate of 6 cm/y. Th e coeffi  cient of erosion was only 
slightly varied in a way to keep the topography in rea-
sonable limits, yet, Toussaint et al. (2004b) did not test 
the sensitivities of the Himalayan orogeny to large 
variations in the erosion rate. Our new experiments 
fi ll this gap by testing the stability of the same mod-
el for a large range of k, from 50 m2/y to 11,000 m2/y. 
Th ese experiments (Fig. 8) demonstrate that, depend-
ing on the intensity of the surface processes, horizon-
tal compression of continental lithosphere can lead ei-
ther to strain localization below a growing range and  
continental subduction; or to distributed thickening 
or buckling/folding (Fig. 8a). Th e experiments sug-
gest that homogeneous thickening occurs when ero-
sion is either too strong (k > 1000 m2/y), in that case 
any topographic irregularity is rapidly erased by sur-
face processes (Fig. 8b), or when erosion is too weak 
(k < 50 m2/y). In case of small k, surface elevations 
are unrealistically high (Fig. 8b), which leads to ver-
tical over-loading and failure of the lithosphere and 
to an increase of the frictional force along the ma-
jor thrust fault. As a consequence, the thrust fault is 
locked up leading to coupling between the upper and 
lower plate; this results in overall buckling of the re-
gion whereas the crustal root below the range starts 
to spread out laterally with formation of a fl at “pan-
cake-shaped“ topography. On the contrary, in case 

of a dynamic balance between surface and subsur-
face processes (k = 2000 – 3000 m2/y, close to the 
predictions of the semi-analytical model, Fig. 6), 
erosion/sedimentation resulted in long-term local-
ization of the major thrust fault that kept active dur-
ing 10 My. At the same time, in the experiments with 
k = 500–1000 m2/y (moderate feedback between sur-
face and subsurface processes), the major thrust fault 
and topography were almost stationary (Fig. 8a). In 
case of a stronger feedback (k = 2000–5000 m2/y) the 
range and the thrust fault migrated horizontally in the 
direction of the lower plate (“India”). Th is basically 
happened when both the mountain range and the fore-
land basin reached some critical size. In this case, the 
“initial” range and major thrust fault were abandoned 
aft er about 500 km of subduction, and a new thrust 
fault, foreland basin and range were formed “to the 
south” (i.e., towards the subducting plate) of the initial 
location. Th e numerical experiments confi rm our pre-
vious idea that intercontinental orogenies could arise 
from coupling between surface/climatic and tecton-
ic processes, without specifi c help of other sources of 
strain localization. Given the diff erences in the prob-
lem setting, the results of the numerical experiments 
are in good agreement with the semi-analytical pre-
dictions (Fig. 6) that predict mountain growth for k 
on the order of 3000–10,000 m2/y for strain rates on 
the order of 0.5×10–16 s–1–10–15 s–1. Th e numerical ex-
periments, however, predict somewhat smaller values 
of k than the semi-analytical experiments. Th is can be 
explained by the diff erence in the convergence mode 

Fig. 9. Conceptual model for erosionally-controlled India - Eurasia collision derived from the numerical experiments. Asymmetry 
in climatic conditions to the south of the Himalaya with respect  to Tibet to the north may explain the asymmetric development 
of the Himalayan-Tibetan region (Avouac and Burov, 1996). On the contrary, similar dry climatic conditions to the north and 
south of the Tien Shan range favour the development of its highly symmetric topography even if the colliding plates (Tarim block 
and Kazakh shield) have extremely contrasting mechanical properties (Burov et al., 1990; Vinnik et al., 2006)
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attained in the numerical experiments (simple shear 
subduction) and in the analytical models (pure shear). 
For the same convergence rate, subduction resulted in 
smaller tectonic uplift  rates than pure shear collision. 
Consequently, “stable” erosion rates and k values are 
smaller for subduction than for collision. 

7 Conclusions

It appears that deformation of continents is high-
ly sensitive to surface processes and, consequently, to 
climate. Th e surface processes may be a dominating 
factor of orogenic evolution that largely controls the 
evolution and shapes of the surface topography, major 
thrust faults, and foreland basins. For example, simi-
lar dry climatic conditions to the north and south of 
the Tien Shan range favor the development of its high-
ly symmetric topography despite the fact that the col-
liding plates have extremely contrasting, asymmetric 
mechanical properties (in the Tarim block, the equiv-
alent elastic thickness, EET = 60 km, whereas in the 
Kazakh shield, EET = 15 km (Burov et al., 1990)). 

Although there is no perfect model for surface pro-
cesses, the combination of modifi ed diff usion and fl u-
vial transport models provides satisfactory results for 
most large-scale tectonic applications. 

In this study, we investigated the interactions be-
tween the surface and subsurface processes for three 
representative cases: 

1. Very fast convergence rate, such as the India-Hima-
laya-Tibet collision.

2. Intermediate rate convergence settings (Tien Shan).
3. Very slow convergence settings (Western Alps). 

In case of slow Alpine collision, we have shown that 
the persistence of once created topography may be in-
sured by coupling between the surface and tectonic 
processes. Surface processes basically help to initial-
ize and maintain continental subduction for a certain 
amount of time (5–7 My, maximum 10 My). Th ey can 
stabilize, or “freeze” dynamic topography and the ma-
jor thrust faults for as long as 50 My. 

Th e way Central Asia has absorbed indentation of 
India may somehow refl ect the sensitivity of the tec-
tonic deformation to surface processes (Fig. 9) as asym-
metry in climatic conditions to the south of the Hima-
laya with respect to Tibet to the north may explain the 
asymmetric development of the Himalaya-Tibetan re-
gion (Avouac and Burov, 1996). Interestingly, the me-
chanically asymmetric Tien Shan range situated north 
of Tibet, between the strong Tarim block and weak 
Kazakh shield, and characterized by similar climatic 
conditions at both sides of the range, is highly sym-
metric (Fig. 9). Previous numerical models of conti-

nental indentation that were based on continuum me-
chanics, but neglected surface processes, predicted a 
broad zone of crustal thickening, resulting from near-
ly homogeneous straining, that would propagate away 
from the indentor. In fact, crustal straining in Central 
Asia has been very heterogeneous and has proceeded 
very diff erently from the predictions of these models: 
a long-lived zone of localized crustal shortening has 
been maintained, in particular along the Himalaya, 
at the front of the indentor, and the Tien Shan, well 
north of the indentor; broad zones of thickened crust 
have resulted from sedimentation rather than from 
horizontal shortening (in particular in the Tarim ba-
sin, and to some extent in some Tibetan basins such 
as the Tsaïdam (Métivier and Gaudemer, 1997). Pres-
ent kinematics of active deformation in Central Asia 
corroborates a highly heterogeneous distribution of 
strain. Th e 5cm/y convergence between India and 
stable Eurasia is absorbed by lateral extrusion of Ti-
bet and crustal thickening, with crustal thickening 
accounting for about 3cm/y of shortening. About 
2 cm/y would be absorbed in the Himalayas and 1cm/y 
in the Tien Shan. Th e indentation of India into Eurasia 
has thus induced localized strain below two relative-
ly narrow zones of active orogenic processes while mi-
nor deformation has been distributed elsewhere. Our 
point is that, as in our numerical experiments, surface 
processes might be partly responsible for this high-
ly heterogeneous distribution of deformation that has 
been maintained over several millions or tens of mil-
lions of years (Fig. 9). First active thrusting along the 
Himalaya and in the Tien Shan may have been sus-
tained during most of the Cenozoic thanks to con-
tinuous erosion. Second, the broad zone of thickened 
crust in Central Asia has resulted in part from the re-
distribution of the sediments eroded from the local-
ized growing reliefs. Moreover, it should be observed 
that the Tien Shan experiences a relatively arid intra-
continental climate while the Himalayas is exposed to 
a very erosive monsoonal climate. Th is disparity may 
explain why the Himalaya absorbs twice as much hor-
izontal shortening as the Tien Shan. In addition, the 
nearly equivalent climatic conditions on the northern 
and southern fl anks of the Tien Shan might have fa-
vored the development of a nearly symmetrical range. 
By contrast the much more erosive climatic conditions 
on the southern than on the northern fl ank of the Hi-
malaya may have favored the development of system-
atically south vergent structures. While the Indian up-
per crust would have been delaminated and brought to 
the surface of erosion by north dipping thrust faults, 
the Indian lower crust would have fl owed below Tibet. 
Surface processes might therefore have facilitated in-
jection of Indian lower crust below Tibet. Th is would 
explain crustal thickening of Tibet with minor hori-
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zontal shortening in the upper crust, and minor sed-
imentation. 

We thus suspect that climatic zonation in Asia has 
exerted some control on the spatial distribution of the 
intracontinental strain induced by the India-Asia col-
lision. Th e interpretation of intracontinental deforma-
tion should not be thought of only in terms of bound-
ary conditions induced by global plate kinematics but 
also in terms of global climate. Climate might there-
fore be considered as a forcing factor of continental 
tectonics.

To summarize, we suggest three major modes 
of evolution of thrust belts and adjacent forelands 
(Fig. 6): 

1. Erosional collapse (erosion rates are higher than the 
tectonic uplift  rates. Consequently, the topography 
cannot grow). 

2. Localized persistent growth mode. Rigid feedback 
between the surface processes and tectonic uplift /
subsidence that may favor continental subduction 
at initial stages of collision.

3. Gravity collapse (or “plateau mode”, when erosion 
rates are insuffi  cient to compensate tectonic uplift  
rates. Th is may produce a plateaux in case of high 
convergence rate).

It is noteworthy (Fig. 5c) that while in the “localized 
growth regime”, the system has a very important re-
serve of stability and may readapt to eventual changes 
in tectonic or climatic conditions. However, if the lim-
its of stability are exceeded, the system will collapse in 
very rapid, catastrophic manner. 

We conclude that surface processes must be tak-
en into account in the interpretation and modelling 
of long-term deformation of continental lithosphere. 
Conversely, the mechanical response of the litho-
sphere must be accounted for when large-scale topo-
graphic features are interpreted and modelled in terms 
of geomorphologic processes. Th e models of surface 
processes are most realistic if treated in two dimen-
sions in a horizontal plane, while most of the current 
mechanical models are two dimensional in the verti-
cal cross-section. Hence, at least for this reason, a next 
generation of 3D tectonically realistic thermomechan-
ical models is needed to account for dynamic feed-
backs between tectonic and surface processes. With 
that, new explanations of evolution of tectonically ac-
tive systems and surface topography can be provided.
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Appendix A 
Model of Flexural Deformation
of the Competent Cores 
of the Brittle-Elasto-Ductile Crust and Upper Mantle

Th e vertical displacements of the competent layers in 
the crust and mantle in response to redistribution of 
surface and subsurface loads (Fig. 4, top) can be de-
scribed by plate equilibrium equations in assumption 
of nonlinear rheology (Burov and Diament, 1995). We 
assume that the reaction of the competent layers is 
instantaneous (response time dt ~µmin/E < 103 years, 
where µmin is the minimum of eff ective viscosities of 
the lower crust and asthenosphere)

 (A.1)

where w = w (x,t) is the vertical plate defl ection (relat-
ed to the regional isostatic contribution to tectonic up-
lift  duis as duis = w (x,t)–w (x,t–dt)), ϕ ≡ {x,y,w,w’,w’’,t}, 
y is downward positive, yi* = y–yni(x), yni is the depth 
to the i th neutral (i.e., stress-free, σxx|yi*=0) plane; yi–(x) 
= yi–, yi+(x) = yi+ are the respective depths to the low-
er and upper low-strength interfaces (see Fig. A). σ f is 
defi ned from Eqs. (10–11). n is the number of mechan-
ically decoupled competent layers; mi is the number 
of “welded“ (continuous σxx) sub-layers in the ith de-
tached layer. p–w is a restoring stress (p– ~ (ρm–ρc1)g ) 
and p+ is a sum of surface and subsurface loads. Th e 
most important contribution to p+ is from the load of 
topography, that is, p+~ρgh(x,t), where the topograph-
ic height h(x,t) is defi ned as h(x,t) = h(x,t–dt)+dh(x,t) 
= h(x,t–dt)+du(x,t)–de(x,t), where du(x,t) and de(x,t) 
are, respectively tectonic uplift /subsidence and denu-
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dation/sedimentation at time interval (t–dt, t), count-
ed from sea level. Th e thickness of the ith competent 
layer is yi+–yi– = Δhi(x). Th e term w’’ in (A.1) is in-
versely proportional to the radius of plate curvature 
Rxy ≈ –(w’’)–1. Th us, the higher is the local curvature 
of the plate, the lower is the local integrated strength 
of the lithosphere. Th e integrals in (A.1) are defi ned 
through the constitutive laws (6–9) and Eq. (10–11) 
relating the stress σxx and strain εxx = εxx(ϕ) in a giv-
en segment {x,y} of plate. Th e value of the unknown 
function T

~
e(ϕ) has a meaning of a “momentary“ eff ec-

tive elastic thickness of the plate. It holds only for the 
given solution for plate defl ection w. T

~
e(ϕ) varies with 

changes in plate geometry and boundary conditions. 
Th e eff ective integrated strength of the lithosphere (or 
Te = T

~
e(ϕ)) and the state of its interiors (brittle, elas-

tic or ductile) depends on diff erential stresses caused 
by local deformation, while stresses at each level are 
constrained by the YSE. Th e nonlinear Eqs. (A.1) are 
solved using an iterative approach based on fi nite dif-
ference approximation (block matrix presentation) 
with linearization by Newton‘s method [Burov and 
Diament, 1992]. Th e procedure starts from calcula-
tion of elastic prediction we(x) for w(x), that provides 
predicted we(x), we’(x), we’’ used to fi nd subiteratively 
solutions for yij–(ϕ), yij+(ϕ), and yni(ϕ) that satisfy Eqs. 
(5), (6), (7), (10). Th is yields corrected solutions for M

~
x 

and T
~
x which are used to obtain T

~
e for the next itera-

tion. At this stage we use gradual loading technique to 
avoid numerical oscillations. Th e accuracy is checked 
directly on each iteration, through back-substitution 
of the current solution to Eq. (A.1) and calculation of 
the discrepancy between the right and left  sides of Eq. 
(A.1). For the boundary conditions on the ends of the 
plate we use commonly inferred combination of plate-
boundary shearing force Qx(0), 

 (A.2)

and plate boundary moment Mx(0) (in the case of 
broken plate) and w = 0, w‘ = 0 (and h = 0, ∂h/∂x = 
0) at x → ±∞. Th e starting temperature distribu-
tion and yield-stress profi les (see above) are ob-
tained from the solution of the heat transfer problem 
for the continental lithosphere of Paleozoic thermo-
tectonic age, with average Moho thickness of 50 km, 
quartz-controlled crust and olivine-controlled upper 
mantle, assuming typical horizontal strain rates of 
~0.1÷10×10–15 s–1. (Burov et al., 1993; 1995). Th ese pa-
rameters roughly resemble the Tien Shan and Tarim 
basin (Fig. 1a). 

Burov and Diament (1995) have shown that the 
fl exure of the continental lithosphere older than 200–
250 My is predominantly controlled by the mechani-

cal portion of mantle lithosphere (depth interval be-
tween Tc and h2). Th erefore, we associate the defl ection 
of Moho with the defl ection of the entire lithosphere 
(analogously to Lobkovsky and Kerchman, 1991; 
Kaufman and Royden, 1994; Ellis et al., 1995). In-
deed, the eff ective elastic thickness of the lithosphere 
(Te) is approximately equal to , where Tec 
is the eff ective elastic thickness of the crust and Tem 
is the eff ective elastic thickness of the mantle litho-
sphere (e.g., Burov and Diament, 1995). lim  
≈ max(Tec, Tem). Tec cannot exceed hc1, that is 15–20 
km (in practice, Tec ≤ 5–10 km). Tem cannot exceed 
h2–Tc ~ 60–70 km. Th erefore Te ≈ Tem which implies 
that total plate defl ection is controlled by the mechan-
ical portion of the mantle lithosphere.

Appendix B
Model of Flow in the Ductile Crust

As it was already mentioned, our model of fl ow in the 
low viscosity parts of the crust is similar to that for-
mulated by Lobkovsky (1988), Lobkovsky and Kerch-
man (1991) (hereaft er referred as L&K), or Bird (1991). 
However, our formulation can allow computation of 
diff erent types of fl ow (“symmetrical“, Poiseuille, Cou-
ette) in the lower crust (L&K considered Couette fl ow 
only). In the numerical experiments shown in this pa-
per we will only consider cases with a mixed Couette/
Poiseuille/symmetrical fl ow, but we fi rst tested the 
same formulation as L&K. Th e other important diff er-
ence with L&K‘s models is, naturally, the use of real-
istic erosion laws to simulate redistribution of surface 
loads, and of the realistic brittle-elastic-ductile rheol-
ogy for modeling the response of the competent layers 
in the lithosphere. 

Tectonic uplift  du(x,t) due to accumulation of the 
material transported through ductile portions of the 
lower and upper crust (dh(x,t) = du(x,t)–de(x,t)) can be 
modelled by equations which describe evolution of a 
thin subhorizontal layer of a viscous medium (of den-
sity ρc2 for the lower crust) that overlies a non-extensi-
ble pliable basement supported by Winkler forces (i.e., 
fl exural response of the mantle lithosphere which is, 
in-turn, supported by hydrostatic reaction of the as-
tenosphere) (Batchelor, 1967; Kusznir and Matthews, 
1988; Bird and Gratz, 1990; Lobkovsky and Kerch-
man, 1991; Kaufman and Royden, 1994). 

Th e normal load, which is the weight of the topog-
raphy p+(x) and of the upper crustal layer (thickness 
hc1 and density ρc1) is applied to the surface of the low-
er crustal layer through the fl exible competent up-
per crustal layer. Th is internal ductile crustal layer 
of variable thickness Δhc2 = Δh0(x,0)+h

~
(x)+w(x) is re-

gionally compensated by the strength of the underly-
ing competent mantle lithosphere (with density ρm). 
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Variation of the elevation of the upper boundary of 
the ductile layer (dh

~
) with respect to the initial thick-

ness (Δh0(x,0)) leads to variation of the normal load 
applied to the mantle lithosphere. Th e regional iso-
static response of the mantle lithosphere results in de-
fl ection (w) of the lower boundary of the lower crust-
al layer, that is the Moho boundary, which depth is 
hc(x,t) = Tc(x,t)=Δhc2+y13 (see Table 1a). Th e vertical 
defl ection w (Eq. A.1) of the Moho depends also on 
vertical undulation of the elastic-to-ductile crust in-
terface y13. 

Th e absolute value of h
~
 is not equal to that of the 

topographic undulation h by two reasons: fi rst, h is ef-
fected by erosion; second, h

~
 depends not only on the 

uplift  of the upper boundary of the channel, but also 
on variation of the thickness of the competent crust 
given by value of y13(x). We can require h

~
(x,t)– h

~
(x,t–

dt) = du–dy13. Here dy13 = y13(ϕ,t)–y13(ϕ, t–dt) is the 
relative variation in the position of the lower bound-
ary of the elastic core of the upper crust due to local 
changes in the level of diff erential (or deviatoric) stress 
(Fig. 5a). Th is fl exure- and fl ow-driven diff erential 
stress can weaken material and, in this sense, “erode“ 
the bottom of the strong upper crust. Th e topographic 
elevation h(x,t) can be defi ned as h(x,t) = h(x,t–dt)+dh

~
 

–de(t)–dy13 where dy13 would have a meaning of “sub-
surface or thermomechanical erosion“ of the crustal 
root by local stress. 

Th e equations governing the creeping fl ow of an in-
compressible fl uid, in Cartesian coordinates, are:

 (B.1a)

 (B.1b)

 (B.1c)

where µ is the eff ective viscosity, p is pressure, u and ν 
are the horizontal and vertical components of the ve-
locity ν, respectively. F is the body force. u = ∂ψ/∂x is 
the horizontal component of velocity of the diff eren-
tial movement in the ductile crust, υ = –∂ψ/∂x is its 
vertical component; and ∂u/dy = ε·c20 is a component 
of shear strain rate due to the diff erential movement 

of the material in the ductile crust (the components of 
the strain rate tensor are consequently: ε·11 = 2∂u/dx ; 
ε·12 = ∂u/dy+∂υ/dx; ε·22 = 2∂υ/dy).

Within the low viscosity boundary layer of the low-
er crust, the dominant basic process is simple shear 
on horizontal planes, so the principal stress axes are 
dipped approximately π/2 from x and y (hence, σyy 
and σxx are approximately equal). Th en, the horizon-
tal component of quasi-static stress equilibrium equa-
tion diυσ+ρg = 0, where tensor σ is σ = τ–PI (I is identi-
ty matrix), can be locally simplifi ed yielding thin layer 
approximation (e.g., Lobkovsky, 1988; Bird and Gratz, 
1990):

  B.2)

A basic eff ective shear strain-rate can be evaluated 
as ε·xy = σxy/2µeff , therefore, according to the assumed 
constitutive relations, horizontal velocity u in the low-
er crust is: 

 (B.3)

Here y~ = y–y13. y13=y13(ϕ) is the upper surface of the 
channel defi ned from solution of the system (A.1). C1 
is a constant of integration defi ned from the velocity 
boundary conditions. τxy is defi ned from vertical in-
tegration of Eq. (B.2). Th e remote conditions h = 0, 
∂h/∂x = 0, w = 0, ∂w/∂x = 0 for the strong layers of the 
lithosphere (Appendix A) are in accordance with the 
condition for ductile fl ow: at x → ∞ u+

c2 = uc; u–
c2 = um; 

∂p/∂x = 0, ∂p/∂y = ρ–c g; p =P0. 
Th ere is also an “inherent” boundary condition, free 

fl ow on the far ends of the ductile channel. From the 
formal point of view, the conservation of mass in the 
channel is not observed under this condition. Howev-
er, it is not crucial in the particular case because the 
channel is long and has fl exible walls (in the experi-
ments, 30–50 times longer than its thickness and 10 
times longer than total horizontal shortening). Th ere-
fore, local perturbations in the fl ow beneath the mount 
and basins do not reach the remote end(s) of the chan-
nel. In a general case, it is even reasonable to assume 
that the horizontal tectonic deformation on the ends 
of the plate is  transmitted through the strong parts of 
the crust, while the low viscosity crust may fl ow in- or 
out of the system. In the particular numerical experi-
ments described here, we checked the balance of vol-
ume  and found the loss of mass to be negligible (< 5% 
of the entered volume).
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In the trans-current channel fl ow the major pertur-
bation to the stress (pressure) gradients is caused by 
slopes of crustal interfaces α ~ ∂h

~
/∂x and β ~ ∂w/∂x. 

Th ese slopes are controlled by fl exure, isostatic re-ad-
justments, surface erosion, and by “erosion“ (weaken-
ing) of the interfaces by stress and temperature. Th e 
later especially concerns the upper crustal interface. 
In the assumption of small plate defections, the hor-
izontal force associated with variation of the gravita-
tional potential energy due to defl ection of Moho (w) is 
ρc2g tan(β) ~ ρc2g sin(β) ~ ρc2g∂w/∂x; the vertical com-
ponent of force is respectively ~ρc2g cos (β) ~ ρc2g (1–
∂w/∂x) ~ ρc2g. Th e horizontal and vertical force com-
ponents due to slopes of the upper walls of the channel 
are respectively ρc2g tan(α)~ρg sin(α) ~ ρc2gdh

~
/dx and 

ρc2g cos(β) ~ ρc2g (1–dh
~
/dx). Th e equation of motion 

(Poiseuille/Couette fl ow) for a thin layer in the ap-
proximation of lubrication theory will be:

 (B.4)

where pressure p is p ≈ P0(x)+ρ–c g(y
~+y13+h); h is tak-

en to be positive above sea-level; ρ–c  is averaged crust-
al density. 

In the simplest case of local isostasy, w and ∂w/∂x 
are approximately ρ–c /Δ(ρ–c– ρm) ~ 4 times greater than 
h
~
 and dh

~
/dx, respectively. Th e pressure gradient due 

to Moho depression is ρmg∂(h
~

+w)/∂x. “Correction“ by 
the gradient of the gravitational potential energy den-
sity of crust yields (ρm–ρ–c )g∂(h

~
+w)/∂x for the eff ec-

tive pressure gradient in the crust, with w being equal 
to h

~
((ρm–ρ–c )/ρm). In the case of regional compensa-

tion, when the mantle lithosphere is strong, the diff er-
ence between h

~
 and w can be 2–3 times less. To obtain 

w, we solve the system of Eq. (A.1). Substitution of Eq. 
(B.3) to Eq. (B.4) gives:

  (B.5)
 

 

Th e value 1– ∂(h
~

+w)/∂x ≈ 1 due to the assumption of 
small defl ections (w/Te << L/Te, h

~
 ~ 0.2–0.5w, where L 

is the length of the plate). One has to note that strain 
rates of the lower crustal rocks (assuming quartz-con-
trolled rheology) increase approximately by a factor of 
2 for each ~20°C of temperature increase with depth 
[e.g., Bird, 1991]. Th is results in that the fl ow is being 
concentrated near the Moho, and the eff ective thick-
ness of the transporting channel is much less than 
Δhc2.

Depth integration of Eq. (B.5) gives us the longi-
tudinal and vertical components of the basic material 
velocity in the lower crust. For example, we have:

 
 (B.6)

Th e later equation gives the variation of thickness of 
the ductile channel in time (equal to the diff erence be-
tween the vertical fl ow at the top and bottom bound-
aries). Lobkovsky (1988) (see also Lobkovsky and Ker-
chman, 1991), Bird (1991) already gave an analytical 
solution for evolution of the topography dh/dt due to 
ductile fl ow in the crustal channel for the case of local 
isostatic equilibrium (zero strength of the upper crust 
and mantle). Kaufman and Royden (1994) provide a so-
lution for the case of elastic mantle lithosphere but for 
Newtonian rheology. In our case, the irregular time-
dependent load is applied on the surface, and nonlin-
ear rheology is assumed both for the ductile and com-
petent parts of the lithosphere. Hence, no analytical 
solution for u and v can be found and we choose to ob-
tain u and v through numerical integration. 

Th e temperature which primarily controls the ef-
fective viscosity of the crust, is much lower in the up-
permost and middle portions of the upper crust (fi rst 
10–15 km in depth). As a result, the eff ective viscosity 
of the middle portions of the upper crust is 2–4 orders 
higher than that of the lower crust (1022 to 1023 Pas 
compared to 1018 to 1020 Pas, Eqs. (7, 8)). Th erefore, 
we can consider the reaction of the lower crust to de-
formation of the upper crust as rapid. Th e uppermost 
parts of the upper crust are brittle (Figs. 2 and 5), but 
in calculation of the fl ow they can be replaced by some 
depth-averaged viscosity defi ned as µ–eff  = σ–d/2ε· (Beek-
man, 1994). In spite of some negligence by the under-
lying principles, this operation does not introduce 
signifi cant uncertainties to the solution because the 
thickness of the “brittle“ crust is only 1/4 of the thick-
ness of the competent crust. Analogously to the ductile 
(mostly lower) crust, we can extend the solution of the 
equations for the horizontal f low to the stronger up-
per portions of the upper crust. However, due to high-
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er viscosity, and much lower thickness of the strong 
upper crustal layers, one can simply neglect the per-
turbations of the fl ow velocity there and assume that 
v = v (y ≤ y13), u = u(y ≤ y13) (y is downward positive). 
For numerical reasons, we cut the interval of variation 
of the eff ective viscosity at 1019 to 1024 Pa s. 

Solution for the channel fl ow implies that the chan-
nel is infi nite in both directions. In our case the chan-
nel is semi-infi nite, because of the condition u = 0 at 
x = 0 beneath the axis of the mount. Th in fl ow approxi-
mation thus cannot be satisfi ed beneath the mount be-
cause of the possibility of a sharp change of its thick-
ness. Th erefore, we need to modify the solution in the 
vicinity of x = 0. Th is could be done using a solution 
for the ascending fl ow for x < al. An analytical formu-
lation for the symmetric fl ow in the crust and defi ni-
tion for the critical distance al are given in Appendix C. 
Th ere we also explain how we combine the solution for 
the ascending symmetric fl ow beneath the axis of the 
mountain range with the asymptotic solution for Po-
iseuille/Couette fl ow for domains off  the axis. A sim-
ilar approach can be found in literature dealing with 
cavity-driven problems (e.g., Hansen and Kelmanson, 
1994). However, most authors (Lobkovsky and Kerch-
man, 1991; Bird and Gratz, 1990) ignore the condition 
u = 0 at x = 0 and the possibility of large thickness vari-
ations and simply considered a thin infi nite channel. 

Boundary Conditions 

We have chosen simplest boundary conditions corre-
sponding to the fl ow approximations. Th us, the veloci-
ty boundary conditions are assumed on the upper and 
bottom interfaces of the lower crustal channel. Free 
fl ow is the lateral boundary condition. Th e velocity 
condition also could be combined with a pre-defi ned 
lateral pressure gradient.

A link between the competent parts of the lith-
osphere and fl ow in the ductile parts is eff ectuated 
through the conditions of continuity of stress and ve-
locity. 

Th e problem of choice of boundary conditions for 
continental problems has no unique treatment. Most 
authors apply vertically homogeneous stress, force 
or velocity on the left  and right sides of the model 
plate, Winkler-type restoring forces as bottom verti-
cal condition, and free surface/normal stress as a up-
per boundary condition (e.g., England and McKenzie, 
1983; Chery et al., 1991; Kusznir, 1991). Other authors 
use shear traction (velocity/stress) at the bottom of the 
mantle lithosphere (e.g. Ellis et al., 1995). Even choice 
between stress and force boundary conditions leads to 
signifi cantly diff erent results. Yet, the only observa-
tion that may provide an idea on the boundary con-
ditions in nature comes from geodetic measurements 
and kinematic evaluations of surface strain rates and 

velocities. Th e presence of a weak lower crust leads to 
the possibility of diff erential velocity, strain partition-
ing between crust and mantle lithosphere and to pos-
sibility of loss of the material from the system due to 
outfl ow of the ductile crustal material (e.g. Lobkovsky 
and Kertchman, 1991; Ellis et al., 1995). Th us the rela-
tion between the velocities and strain rates observed at 
the surface with those on the depth is unclear. It is dif-
fi cult to give preference to any of the mentioned sce-
narios. We have thus chosen the simplest one.

Appendix C 
Analytical Formulation
for Ascending Crustal Flow

In the general case of non-inertial fl ow (low Reyn-
olds number), a symmetric fl ow problem (fl ow ascend-
ing beneath the mount) can be resolved from the so-
lution of the system of classical viscous fl ow equations 
(Fletcher, 1988; Hamilton et al., 1995): 

 (C.1)

We defi ne ∂p/∂x ≈ ∂p~/∂x+g(ρc2∂w/∂x+ρc1∂(du)/∂x), 
du ≈ dh

~
 and ∂p/∂y = ∂p~/∂y–gρc2where p~ is dynam-

ic, or modifi ed pressure. Th e fl ow is naturally assumed 
to be Couette/Poiselle fl ow away from the symmetry 
axis (at a distance al ). al is equal to 1–2 thicknesses 
of the channel, depending on channel thickness-to-
length ratio. In practice al is equal to the distance at 
which the equivalent elastic thickness of the crust (Tec) 
becomes less than ~5 km due to fl exural weakening 
by elevated topography. For this case, we can neglect 
the elasticity of the upper surface of the crust and use 
the condition of the stress-free upper surface. Th e re-
mote feeding fl ux q at x → ±al is equal to the value of 
fl ux obtained from depth integration of the channel 
source (Couette fl ow), and free fl ow is assumed as a lat-
eral boundary condition. Th e fl ux q is determined as 
q ~ ∫udy (per unit length in z direction). Th is fl ux 
feeds the growth of the topography and deeping of the 
crustal root. Combination of two fl ow formulations is 
completed using the depth integrated version of the 
continuity equation and global continuity equation 
[Huppert, 1982] :
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 (C.2)

 

where θ is some non-negative constant, θ = 1 in our 
case. With that we can combine solutions for horizon-
tal fl ow far off  the mount axis (Couette/Poiseuille fl ow) 
with solutions for ascending fl ow below the mount (e.g., 
Hansen and Kelmanson, 1994). Assuming a new local 
coordinate system x‘ = x, y‘ = –y– (hc2+(hc2–y13)/2), the 
boundary conditions for the fl ow ascending near the 
symmetry axis would be u = v = 0; du/dy‘ = 0 at x‘ = 0, 
y‘ = 0 (beneath the mount axis). Th en, we assume that 
the viscosity (µ) in the ascending fl ow is constant and 
equal to µ– = µ–(al ) where µ–(al) is the depth-averaged 
value of the eff ective non-linear viscosity defi ned from 
the solution for the channel fl ow (Appendix B) at dis-
tance x = al. Use of constant viscosity is, however, not 
a serious simplifi cation for the problem as a whole, be-
cause al is small and thus this simplifi cation applies 
only to a small fraction of the problem. 

Introducing the vorticity function ξ = rotν = ∂u/∂y– 
∂ν/∂x = —2ψ, assuming laminar fl ow, we then write 
Stoke‘s equations as (Talbot and Jarvis, 1984; Fletcher, 
1988; Hamilton et al., 1995):

 (C.3)

 At the upper surface of the fl uid, streamline ψ = 0, is 
taken to be stress-free (low Tec, see above) which leads 
to the following conditions: pcos2α = 2µ∂2ψ/∂y‘∂x; 
psin2α = µ(∂2ψ/∂x2– ∂2ψ/∂y‘2). Here α is downward in-
clination of the surface to the horizontal. Finally, the 
symmetry of the fl ow requires ψ(–x,y‘) = –ψ(x,y‘). 

Th e general solution in dimensionless variables 
(Talbot and Jarvis, 1984): X = hmaxx‘; Y = h(0)y‘; 
p = (µq/πhmax

2)p‘; ψ = (q/π)ψ‘, where hmax is the maxi-
mum height of the free surface, is:

  (C.4)

f and γ are arbitrary functions of expansion series 
and f (j), γ (j) are their j th derivatives, λ = πρghmax

3/µq, 
K is constant. γ and f are determined numerically be-
cause the expressions for ψ and p are nonlinear and 
cannot be solved analytically. Th e calculation of ψ and 
p is done on the assumption of small curvature of the 
free surface which allows linear approximation of γ 
and f, i.e., as γ = AX and f = BX. Th en the free surface 
can be searched in the form of a parabolic function , 
e.g., h

~
 ~ C–DX2 (Talbot and Jarvis, 1984).

Th e assumptions of constant viscosity and stress-
free upper surface are questionable. To avoid this 
problem, we can solve Eqs. (B.1) for the ascending fl ow 
analogously to how it was done for the channel fl ow 
(Appendix B). Th e solution to Eq. (B.1) in the case of 
the ascending fl ow can be obtained assuming µ = µ(y), 
τxy(x,0) ≠ 0 and U = u and V = Φ(y) where Φ(y) is to be 
determined. Here we simplify Eq. (B.1c) by assuming 
that the viscosity is only depth dependent, which is a 
better approximation to the nonlinear law (8) than the 
assumption of constant viscosity. 

Th e primary boundary conditions are U(0,y) = 0 
(symmetric fl ow), τxy(x,y*) = 0 (assumption of the 
existence of a shear-free surface at some depth y*, 
e.g., depth of compensation), τxy(x,0) = τe, p(x,0) = 
ρ–c g(h+y13) (shear stress and pressure continuity on the 
boundary with the overlying competent upper crustal 
layer of eff ective thickness y13).

From U(0,y) = 0, (B.1a), v = Φ(y), we get: 

U = x∂Φ(y)/∂y; 
σxx,yy = ±2µ∂Φ(y)/∂y; τxy = xµ∂2Φ(y)/∂y2.

 (C.5)

With the assumption that y* << al and from (B.1a) this 
yields: 

∂2τxy/∂x2–∂2τxy/∂y2+2∂2σxx/∂x∂y–
–∂Fx/∂y+∂Fy/∂x = 0   (C.6)
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which provides the expression for Φ(y) (∂Fx/∂y and 
∂Fy/∂x ≈ 0 ): 

∂2(μ∂2Φ(y)/∂y2)∂y2 = 0, or ∂2τyy/∂y2 = 0 (C.7)

With the conditions τxy(x,y*) = 0, τxy(x,0) = τe and 
under assumption that ∂y*/∂x is small, we can ob-
tain: τxy(x,y) ≈ τe(1–y/y*) and p (x,y) ≈ x2∂ (μ∂2Φ(y)/
∂y2)∂y+C1(y). C1(y) is to be found from the boundary 
conditions on p (Davies, 1994). 

Since the expressions for stress are defi ned, the ve-
locities U and V can be obtained from integration 
of Eqs. (B.1a,b) relating stress components and du/y, 
dv/y. We have to determine the constants of integra-
tion in a way providing continuity with the solution 
for the channel fl ow at x = al. For that we defi ne the 
boundary conditions at x = ±al : U(±al,y) = ul; V(±al, 
y) = vl(±al, y) (where ul and vl are provided by the solu-
tion for channel fl ow). 

As pointed out by Davies (1994), it is impossible to 
provide an analytical or simplifi ed semi-analytical so-
lution for the case when the viscosity µ is defi ned ex-
actly through the power law (8).

Appendix D
Numerical Algorithm for the
Full Thermo-Mechanical Model

Th is mixed fi nite-element volume/fi nite diff er-
ence code Parovoz is based on the FLAC technique 
(Cundall, 1989). It solves simultaneously Newtonian 
dynamic equations of motion (A1), in a Lagrangian 
formulation, coupled with visco-elasto-plastic consti-
tutive equations (A2), heat transport equations (A3), 
and state equation (A4) (see Appendix A, (Burov et al., 
2001; Le Pourhiet et al., 2004) for details concerning 
numerical implementation). 

 (D1)

 (D2)

ρCp∂T/∂t+v—T–kcdiv(—T)–Hr–
–frac×σII∂εII/∂t = 0

 (D3) 

assuming adiabatic temperature dependency for den-
sity and Boussinesq approximation for thermal body 
forces:

ρ = ρ0 (1 – αΔT) (D4)

Here v, σ, g, kc are the respective terms for velocity, 
stress, acceleration due to body forces, and thermal 

conductivity. Th e brackets in Eq. (A1) specify condi-
tional use of the related term: in quasi-static mode, the 
inertia is dumped using inertial mass scaling (Cundall, 
1989). Th e terms t, ρ, Cp, T, Hr, α, frac×σII∂εII/∂t desig-
nate respectively time, density, specifi c heat, temper-
ature, internal heat production, thermal expansion 
coeffi  cient, and shear heating term moderated by ex-
perimentally defi ned frac multiplier (frac was set to 
0 in our experiments). Th e terms ∂/∂t, Dσ/Dt, F are 
a time derivative, an objective (Jaumann) stress time 
derivative, and a functional, respectively. In the La-
grangian framework, the incremental displacements 
are added to the grid coordinates allowing the mesh 
to move and deform with the material. Th is enables 
solution of large-strain problems locally using small-
strain formulation: on each time step the solution is 
obtained in local coordinates, which are then updat-
ed in the large strain mode. Volume / density changes 
due to phase transitions are accounted via application 
of equivalent stresses to aff ected material elements.

Solution of Eq. (A1) provides velocities at mesh 
points used for computation of element strains and of 
heat advection v—T. Th ese strains are used in Eq. (A2) 
to calculate element stresses, and the equivalent forces 
are used to compute velocities for the next time step. 

All rheological terms are implemented explicit-
ly. Th e rheology model is serial viscous-elastic-plastic 
(Table 1). Th e plastic term is given by explicit Mohr-
Coulomb plasticity (non-associative with zero dilaten-
cy) assuming a linear Navier-Coulomb criterion. We 
imply internal friction angle ϕ of 30° and maximal co-
hesion S of 20 Mpa, which fi t best the experimental 
Byerlee’s law of rock failure (Byerlee, 1978):

τ = S + σn tg ϕ (D5)

where τ is the shear stress and σn is the normal stress. 
Linear cohesion soft ening is used for better localiza-
tion of plastic deformation εp (S(εp)= S0 min (0, 1–εp/
εp0) where εp0 is 0.01). 

 Th e ductile-viscous term is represented by non-
linear power law with three sets of material parame-
ters (Table 1) that correspond to the properties of four 
lithological layers: upper crust (quartz), middle-lower 
crust (quartz-diorite), mantle, and asthenosphere (ol-
ivine): 

 (D6)

where  

is the eff ective strain rate and A* = ½A·3(n+1)/2 is the 
material constant, H is the activation enthalpy, R is the 
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gas constant, n is the power law exponent (Table 1b). 
Th e elastic parameters (Table 1a) correspond to com-
monly inferred values from Turcotte and Schubert 
(1982). 

Surface processes are taken into account by diff us-
ing (D7) the topographic elevation h of the free sur-
face along x using conventional Culling erosion model 
(Culling, 1960) with a diff usion coeffi  cient k.

 (D7)

Th is simple model is well suited to simulate fan del-
tas, which can be taken as a reasonably good analogue 
of typical foreland basin deposits. Th is model is not 
well adapted to model slope-dependent long-range 
sedimentation, yet, it accounts for some most impor-
tant properties of surface processes such as dependen-
cy of the erosion/sedimentation rate on the roughness 
of the relief (surface curvature). 

PARA(O)VOZ allows for large displacements and 
strains in particular owing to an automatic remesh-
ing procedure, which is implemented each time the 
mesh becomes too destorted to produce accurate re-
sults. Th e remeshing criterion is imposed by a criti-
cal angle of grid elements. Th is angle is set to 10° to 
reduce frequency of remeshing and thus limit the as-
sociated numerical diff usion. Th e numerical diff usion 
was eff ectively constrained by implementation of the 
passive marker algorithm. Th is algorithm traces pas-
sively moving particles that are evenly distributed in 
the initial grid. Th is allows for accurate recovering 
of stress, phase, and other parameter fi elds aft er each 
remeshing. PARA(O)VOZ has been already tested on 
a number of geodynamical problems for subduction/
collision context (Burov et al., 2001; Toussaint et al., 
2004a, 2004b). 
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On Some Geometric Prism Asymmetries

Federica Lenci · Carlo Doglioni

Abstract. The asymmetry between orogens or accretionary 
wedges related to geographically opposed subduction zones 
is marked by volumes of the orogens above sea-level that are 
about 6–8 times smaller for those belts associated to W-di-
rected subduction zones with respect to the orogens related 
to E- or NE-directed slabs. The mean slope of wedge topo-
graphic surfaces is about 1.9° for W-directed subduction and 
4.8° for E-NE-directed subduction respectively. The regional 
foreland monocline may be >5° along W-directed subduction 
zones where the fast subsiding and deepest trenches and 
foredeeps form. Opposingly, along E-NE-directed subduction 
zones the regional foreland monocline is on average <3°, fore-
deeps and foreland basins are shallower and slower subsid-
ing. This generates the paradox that smaller accretionary 
prisms may rather be associated to very deep trenches, and 
highly elevated orogens may have small foredeep/foreland 
basins. 

As a general rule, apart few exceptions, the subduction 
hinge migrates away from the upper plate along W-directed 
subduction zones, whereas it migrates toward the upper 
plate along E-NE-directed slabs. This opposite behavior can 
account for the asymmetry on the dip of the regional mono-
cline, and the inclination of the topographic and structural 
envelops. End members are the Barbados, Apennines, Car-
pathians, and the Banda arc for the fi rst type, and the Andes, 
Alps, Zagros, and Himalayas for the second type. 

Distinctive characters of the asymmetry are also the single 
vergence versus double vergence, fast versus slow subsid-
ence rates in the foredeep or foreland basin, shallow rocks 
versus deep rocks involved by the prism, well-developed 
backarc basin versus no or poorly developed backarc basin. In 
the accretionary prisms associated to the W-directed subduc-
tions the basal décollement is in general much shallower (<10 
km) than along the orogens along E-NE-directed subduction 
zones (>30 km), thus generating low and high relief, respec-
tively. This global signature points to a rotational tuning of 
the orogen‘s asymmetry. However, besides these fi rst-order 
diff erences, each orogen is the combination of distinct sec-
ond-order internal parameters that frequently vary along 
strike, such as the décollement depth, and the mechanical 
properties. 

Keywords. Orogen; accretionary wedge; downgoing plate; 
geometric analysis; subduction polarity; westward drift of the 
lithosphere.

1 Introduction

Th e more we know about subduction zones and pro-
cesses acting at plate margins, the more complex be-
come the models, and the more each zone seems 
unique. Th e aim of this paper is to present data on the 
morphology (i.e., the geometric features) of the fron-
tal and shallower part of subduction zones, and to ver-
ify the possible existence of two hierarchical levels in 
controlling diversities between subduction zones, one 
at the global scale, and the second being regional.

Th e great variety of subduction zones in terms of 
morphological, structural and evolutionary features is 
well-known since the fi rst studies on plate interaction 
at convergent margins (Isacks and Barazangi, 1977). 
Depth and dip of the subduction, magnitude of sub-
duction-related earthquakes, stress state in the over-
riding plate, the presence/absence of an active back arc 
basin, and single/double vergence orogen are some of 
the variables. Th e western (Marianas) and the eastern 
(Peru-Chile) Pacifi c margins are end-members in such 
a scenario: a deep, almost vertical old oceanic litho-
sphere underthrusting a tensional overriding plate 
with back arc spreading and single vergence wedge 
at the western margins, vs. a younger shallower oce-
anic lithosphere, nearly horizontally dipping, below a 
highly compressional upper plate with a double ver-
gence orogen at the eastern margins. Rocks involved 
in the orogens are strongly sensitive to the direction 
of the subduction polarity, being basement rocks more 
widely outcropping and sourcing the foreland basin or 
the trench along E- or NE-directed subduction zones 
(Garzanti et al., 2006).

Attempts at fi nding a common genetic mechanism 
have not succeeded to date. Th e diff erent age and com-
position of the subducting plate (Hager and O’Connell, 
1978; Jarrard, 1986), the slab pull force (Royden and 
Burchfi el, 1989), and the rates of convergence versus 
the subduction hinge migration between plates (Was-
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chbusch and Beaumont, 1996) are all parameters used 
to interpret these diff erences. Cruciani et al. (2005) 
have shown the absence of correlation between slab 
dip and age of the subducting lithosphere. Th e “west-
ward” drift  of the lithosphere, i.e., the relative undu-
lated, roughly “eastward” mantle fl ow is another alter-
native possible explanation (Nelson and Temple, 1972; 
Dickinson, 1978; Uyeda and Kanamori, 1979; Doglio-
ni et al., 1999; Crespi et al., 2007).

In the present paper convergent margins are ana-
lyzed in terms of geometric confi guration of the wedge 
and the lower plate, considering geographic polarity of 
the margin and age and composition of the subducting 
plate. Th e term “wedge” is therefore used in a broader 
sense, describing the triangular shape of rocks at the 
leading edge of the hangingwall plate along a conver-
gent margin, whether oceanic or continental. Th e few 
parameters compiled in the paper are mostly related 
to the frontal part of the prism, in the brittle regime. 
However, other larger scale values such as the orogen 
elevation are controlled by the whole rheology of the 
belt, both brittle and ductile at depth.

Th e following 12 main subduction zones are an-
alyzed, eight along the circumpacifi c margins, plus 
the Banda arc, the Barbados accretionary prism, the 
Apennines and the Carpathians. Th e choice was made 
in order to cover the most important subduction zones 

worldwide, and it was constrained by the available 
data along the diff erent prisms.

Th e measured parameters are: the angle of the 
wedge upper surface (topographic) envelope (α), the 
depth of the main décollement (both the depth of the 
base of the wedge and the depth of the stratigraphic 
décollement layer in the foreland), the cross-sectional 
area of the belt, and the dip of the foreland monocline 
(β). Th is analysis has been carried out from seismic re-
fl ection profi les and from regional geologic balanced 
cross-sections available in the literature (Fig. 1). 
Geographic polarity of subduction zone and age and 
composition of lower plate have been related to in-
clination of the regional monocline (β), wedge topo-
graphic envelope (α), depth of the wedge basal décolle-
ment, and cross-sectional area of associated belt. Th e 
analysis showed an asymmetry, that depends more on 
geographic polarity rather than on characteristics of 
subducting lithosphere. Th ose margins with a “E-NE” 
direction of subduction are commonly characterized 
by higher values of topographic envelope, lower val-
ues of dip of the foreland monocline, deeper décolle-
ments and higher cross-sectional area of the belt with 
respect to “western” margins. Another fi rst-order ki-
nematic indicator is the behavior of the subduction 
hinge that can migrate toward or away from the upper 
plate (Doglioni et al., 2006). 

Fig. 1. Studied margins, location and nomenclature of the sections
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2 The Measured Parameters

In spite of the natural variability, there are elements 
common to all subduction zones (Chapple, 1978; Da-
vis et al., 1983; Dahlen, 1990). Th e deformation front 
of orogens, thrust belts or accretionary prisms, has 
notoriously a wedge-shape geometry in cross-section 
(Fig. 2), delimited at its top by a topographic surface 
and at its base by a basal décollement, which separate 
the prism from the down-going plate. Th e lower plate 
generally shows little deformation, except possibly for 
a few normal faults due to plate bending. While being 
underthrust, the lower plate describes a monocline, 
i.e., foreland or regional monocline. Fluids fl ow may 
play an important role in controlling prism develop-
ment (Bangs et al., 1999; Silver et al., 2000; Roure et 
al., 2005). Climate and erosion have been shown to af-
fect the orogenic evolution (Willett, 1999; Willett et 
al., 2001; Avouac, 2003).

Th e aforementioned elements are described by pa-
rameters defi ned by Davis et al. (1983) in their “Criti-
cal Tapered Wedge Model”: the envelope of the wedge’s 
topographic surface and of the regional monocline are 
described by the angles α and β, respectively (Fig. 2). 
Th eir sum, the so-called taper angle (θ = α + β), is a pe-
culiar quantity for each wedge, since it is a function of 
the physical properties of the material involved in the 
deformational process and the orientation of the prin-
cipal stresses (Dahlen et al., 1984; Davis and Engelder, 
1985; Dahlen, 1990).

Th e importance of the β angle, as one of the descrip-
tive parameters of the geometry of a convergent mar-

gin, has also been discussed by Boyer (1995), Mariotti 
and Doglioni (2000), and Koyi and Vendeville (2003). 
Boyer (1995) investigated the consequences of changes 
in foreland basement pre-deformational dip on defor-
mational styles (in terms of thrust spacing and magni-
tude of shortening), width, and frontal advance of ac-
cretionary wedges. Analyzing the Apennines and the 
Alps, Mariotti and Doglioni (2000) detected two or-
ders of variation of the β angle: a fi rst one at the scale of 
orogens, being steeper beneath the W-directed Apen-
nines subduction (10–15°) than in the Alps (2–6°), and 
a second one at the regional scale, moving along strike. 
Salients and recesses correspond in general to steep-
er and shallower regional monocline values occurring 
along pre-existing Mesozoic basins and swells, respec-
tively. Recently Koyi and Vendeville (2003) investi-
gated the eff ect of décollement dip on geometry and 
mode of deformation of related wedges, by means of 
sandbox modeling.

Th e geometry of the wedge and of the shallower 
part of the footwall plate have been determined in our 
analysis (Fig. 2), measuring parameters defi ned in the 
literature (α, β, θ) and new parameters (i.e., basal dé-
collement and proto-décollement depths) on seismic 
refl ection profi les and regional balanced geologic sec-
tions available in the literature. A further study pa-
rameter is the cross-sectional area of the belt associ-
ated to the margin, measured on topographic profi les 
traced along each study section. Th e basal décollement 
(BD) is the deepest thrust of the accretionary prism 
and clearly deepens and thickens moving toward the 
interior of the belt. Th e proto-décollement depth (PD) 
is instead a fi xed value that describes the thickness of 

Fig. 2. Main elements characterizing the frontal and shallower part of a subduction zone (top right) and interpreted seismic refl ec-
tion line with measured parameters (modifi ed from Scholl et al., 1986). α) angles with respect to an horizontal reference line of the 
wedge topographic envelopes, α1 and α2, and relative horizontal validity interval, dα1 and dα2. β) angles with respect to an horizon-
tal reference line of the regional monocline envelopes in the stable foreland, βfrl, and below the wedge, βW1 and βW2, and relative 
horizontal validity interval, dβfrl, dβW1 and dβW1. Basal décollement depth, BD) wedge thickness measured each 5 km inward the 
thrust front. Proto-décollement depth, PD) thickness of sediments above the stratigraphic décollement layer in the foreland
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the rocks above the basal décollement at the front of 
the accretionary prism (Fig. 2).

3 Methodology

Seismic refl ection profi les and regional geologic bal-
anced cross-sections used in this study are listed in 
Table 1. Where available, more than one section has 
been considered for a single margin. Seismic refl ection 
profi les originally in TWT that were depth-convert-
ed in this study are: the Apennines section A-5, con-
verted using seismic velocity model in De Voodg et al. 
(1992), and Catalano et al. (2001); the Barbados sec-
tions B-1, B-3, and B-4, converted using seismic ve-
locity model in Bangs et al. (1990); the Banda sections 
Ba-1 and Ba-2, converted assuming standard veloci-
ties. Measured regional geologic balanced cross-sec-
tions are: the Carpathians sections C-1 and C-2, and 
the Apennines sections A-3, A-4 and A-6. All the re-
maining sections were seismic refl ection profi les orig-
inally in depth.

Th e dip of the regional monocline was measured 
both in the undeformed foreland (βfrl) and below the 
deformed wedge (βW) (Fig. 2). Th e α and βW parame-
ters were studied detecting multiple segmented enve-
lopes on each section, identifying more than one value 
for both α and βW angles (i.e., αi, βWi) and a related hor-
izontal validity interval, i.e., dαWi and dβWi (see Fig. 2). 
Figure 3 shows the geometry of wedges, as drawn by 
the αi and βWi angles and relative validity intervals.

Aft erwards, mean values of α and βW for each sec-
tion have been calculated as follows (refer to Fig. 2):

 (1)

 (2) 
 

 (3)

as reported in Table 1 and Fig. 4.
A further element investigated here is the basal dé-

collement, i.e., the deepest fault plane separating the 
hangingwall plate from the footwall plate (Fig. 2). Th e 
signifi cance of the décollement depth on wedge con-
fi guration is that a deeper décollement corresponds to 
a larger volume of material accreted into the wedge, 
and therefore, under the same friction conditions (Da-
vis and Engelder, 1985; Mulugeta; 1988; Colletta et al., 
1991; Koyi, 1995; Koyi et al., 2000), to a higher top-
ographic elevation (Liu et al., 1992). In general, mass 
transfer at subduction zones may mechanically oc-

cur in two directions: transfer from the footwall to 
the hangingwall plate, termed “accretion” (Karig and 
Sharman III, 1975; Moore et al., 1984; Moore et al., 
1995), and transfer from the hangingwall to the foot-
wall plate, defi ned as “erosion” (von Huene and Lalle-
mand, 1990; von Huene and Scholl, 1991). In the fi rst 
case the décollement is the deepest thrust involving 
the footwall plate and whereas in the second case the 
deformation involves only the hangingwall plate. In 
this study no distinction has been made on the base 
of mechanism of mass transfer. Th e décollement is 
rather studied as “basal décollement depth, BD”, i.e., 
vertical distance between the fault plane itself and 
the wedge topographic surface, and as “protodécolle-
ment depth, PD”, i.e., thickness of the sediment pile 
above the stratigraphic décollement layer in the stable 
foreland (see Fig. 2). Th e BD has been measured every 
5 km starting from the thrust front inward. A BDmean 
value for each study section has been obtained and a 
normalized value has also been calculated, using the 
following equations (refer to Fig. 2):

 (4)

with n equal to the number of measurements on each 
study section

 (5) 

Calculated values are reported in Table 1 and Fig. 4. 
Th e operation of normalization has been necessary 
since the basal décollement strongly depends on the 
position of the wedge with respect to the subduction 
hinge: the steeper the monocline, the deeper the de-
collement, i.e., the BD is strongly related to β. Never-
theless normalizing the BDmean value ensures a value 
independent from its study length and therefore com-
parable. Increasing β, α tends to decrease, as well as 
the volume of the involved rocks since décollements 
are shallower.

A topographic profi le was drawn along each study 
section and the area of the belt associated with the 
margin has been measured, i.e., the cross-sectional 
area above sea level pertaining to the belt (Table 1 and 
Fig. 4). An inboard edge of 500 km from the trench 
axis has been used. Th e length is an arbitrary choice 
in order to cover most of the double vergent orogens, 
which are very wide (e.g., Cordillera).

Th e parameters were measured as far as possible on 
each section (see Fig. 3). Subsequently, an analysis of 
average values was performed, in function of the po-
larity of the subduction zone and composition of the 
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Fig. 3. Raw data for each study section: wedges topographic envelopes and regional monoclines envelopes with measured angles; 
related basal décollement profi les with proto-décollement depth, where measured. A reference plot for the envelopes is also pres-
ent (top right). Due to diff erent length of sections, plots have diff erent scale and diff erent vertical exaggeration. BD, basal décolle-
ment, PD, proto-décollement

a



46 Federica Lenci · Carlo Doglioni

Fig. 3. Continued

b
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Fig. 4. Results of the analysis for each study section. Sections are distributed along the x axis following their spatial orientation (i.e., 
azimuth and polarity of related subduction zone), from W to E. Subduction of continental and oceanic crust is also distinguished. 
See Fig. 1 and Table 1 for sections nomenclature, location and orientation. a) Slope of the wedge topographic envelope (αmean, as in 
Eq. 1). b) Dip of the regional monocline in the foreland (βfrl). c) Dip of the regional monocline below the wedge (βWmean, as in Eq. 
2). d) Mean taper angle (θmean, as in Eq. 3). e) Proto-décollement depth (PD). f) Basal décollement depth normalized to length of 
section (BDnormalized as in Eq. 5). g) Cross-sectional area of the belt

a

b

c

d

e

f

g
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downgoing plate. Standard errors for calculated mean 
values have also been computed.

On the basis of direction of subduction as a func-
tion of the polarity along the undulated mainstream 
of plate motions (Doglioni, 1990; Crespi et al., 2007), 
two classes of subduction zones emerges: the “east-
ern” (E- or NNE-directed), and the “western” (W-di-
rected) classes. Th e “eastern” margins include: Casca-
dia, Middle America, Peru-Chile, and New Hebrides. 
Th e “western” margins include: Aleutians, North New 
Zealand, Nankai, Japan, Barbados, Banda, Apennines, 
and Carpathians. On the basis of composition of the 

downgoing plate, the groups are: Aleutians, Casca-
dia, Middle America, Peru-Chile, New Hebrides, New 
Zealand, Nankai, Japan, Ionian Apennines (section A-
5), and Barbados for the oceanic plates; Banda, Apen-
nines, and Carpathians for the continental plates.

For each group of margins mean values of the pa-
rameters have been calculated as follows: see Box 1
reported in Table 2 and Fig. 5.

“Western” “Eastern” “Continental” “Oceanic”

αmean* (°) 1.90 ± 0.34 4.80 ± 0.36 2.03 ±0.68 3.29 ± 0.38

βfrl* (°) 2.16 ± 0.49 3.04 ± 0.66 3.32 ± 1.09 2.24 ± 0.40

βWmean* (°) 6.10 ± 0.96 2.66 ± 0.57 8.87 ± 1.63 3.29 ± 0.42

θmean* (°) 7.99 ± 0.96 7.41 ± 0.74 10.50 ± 1.50 6.58 ± 0.61

PD* (km) 3.15 ± 0.81 1.14 ± 0.38 5.87 ± 1.43 1.26 ± 0.19

BDnormalized* 0.120 ± 0.020 0.132 ± 0.016 0.160 ± 0.024 0.105 ± 0.016

Area* (km2) 48 ± 9 317 ± 72 45 ± 13 197 ± 50

αmean*: mean slope of wedges topographic surfaces, measured as in equation 6); βfrl*: mean dip 
of regional monoclines in stable forelands, measured as in equation 7); βWmean*: mean dip of re-
gional monoclines below wedges, measured as in equation 8); θmean*: mean taper angles, mea-
sured as in equation 9); PD*: mean proto-décollements depth, measured as in equation 10); 
BDnormalized*: basal décollements depth, measured as in equation 11); Area*: cross-sectional area of 
belts above sea level, measured as in equation 12)

Table 2. 
Average data and standard 
errors of study parameters 
based on  direction of 
subduction (“western” or 
“eastern”) and composition of 
downgoing plate (oceanic or 
continental)

Box 1. 
Eq. 6 to 12
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Fig. 5. Results based on geographic polarity 
of margins and composition of lower plates. 
a) Mean slope of the wedge topographic 
envelope (αmean*, as in Eq. 6); b) mean dip 
of the regional monocline in the foreland 
(βfrl*, as in Eq. 7); c) mean dip of the 
regional monocline below the wedge 
(βWmean*, as in Eq. 8); d) mean taper angle 
(θmean*, as in Eq. 9); e) mean proto-
décollement depth (PD*, as in Eq. 10); f) 
mean basal décollement depth normalized 
to length of sections (BDnormalized* as in Eq. 
11); g) mean cross-sectional area of the belt 
(Area*, as in Eq. 12)

a

b

c

d

e

f

g
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4 The Data

In Fig. 3 αi, βfrl and βWi and basal décollement depths 
are plotted for each study section together with their 
investigated distance. Data are plotted with respect to 
the frontal thrust which occupies the (0,0) position 
both in the envelopes graph and in the BD graph. In 
the latter the PD value is also reported, where mea-
surable.

Table 1 reports mean values of the parameters for 
every study section, as calculated by Eqs. 1 to 5. In 
Fig. 4 results are plotted versus geographic polarity of 
subduction zone, distinguishing between continental 
and oceanic downgoing plates.

Table 2 and Fig. 5 show mean values of the param-
eters for each class of margins, as calculated by Eqs. 6 
to 12.

Figure 5a shows that for the investigated margins 
αmean*, i.e., mean slope of wedge topographic enve-
lopes, is lower in the “western” class than in the “east-

Fig. 6. Dip of the regional monocline for each oceanic section as 
a function of the age of ocean fl oor, a) in the foreland and b) be-
low the wedge. Note the absence of linear dependence between 
age and dip of the subducting oceanic monocline

Fig. 7. Average values of the topographic envelope (α), dip of the 
foreland monocline (β), and critical taper (=α+β) for the two 
classes of subduction zones, i.e., W-directed and E- or NE-di-
rected. Note that the “western” classes show lower values α and 
steeper values of β

ern” class (1.90±0.34 degrees vs. 4.80±0.36 degrees), 
and in the “continental” class than in the “oceanic” 
one (2.03±0.68 degrees vs. 3.29±0.38 degrees).

In general, continental monoclines are steeper than 
oceanic monoclines (Fig. 5b and 5c). A pronounced 
diff erence between the two classes is registered for the 
dip of regional monocline below the wedge (βWmean* is 
8.87±1.63 degrees for the continental ones vs. 3.29±0.42 
degrees for the oceanic ones), while statistically it is 
weak but higher in case of monoclines in the foreland 
(βfrl* is 3.32±1.09 degrees for the continental ones vs. 
2.24±0.40 degrees for the oceanic ones). In the “west-
ern” class βWmean* is steeper than in the “eastern” class: 
mean value for “western” margins is 6.10±0.96 degrees 
vs. 2.66±0.57 degrees for “eastern” margins.

Figure 6 shows βfrl and βWmean values plotted ver-
sus age of the subducting oceanic plates. Results seem 
to suggest that there is no linear dependence between 
age of the crust and dip of the oceanic regional mono-
cline.

Th e mean taper angle, θmean*, is higher in case of 
continental subducting plates with respect to ocean-
ic subducting plates (Fig. 5d): 10.50±1.50 degrees vs. 
6.58±0.61 degrees. Instead, the θmean* value, the crit-
ical taper, is quite similar in case of “western” and 
“eastern” margins, being respectively 7.99±0.96 de-
grees and 7.41±0.74 degrees (Fig. 7). Th is seems to sug-
gest that mechanical laws governing wedges’ building 
do not change signifi cantly with geographic polari-
ty: within the two classes, angles of the envelopes in-
vert their values, without considerably modifying 
their sum. However, the most evident data from Fig. 7 
is that, regardless of the composition of the downgo-
ing plate, β is steeper and α is shallower for W-direct-
ed subduction zones, whereas β is shallower and α is 
steeper for E- or NE-directed sunduction zones. For 

a

b
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the “eastern” continental subductions (e.g., Alps, Za-
gros, Himalayas) we refer to literature data (Mariotti 
and Doglioni, 2000; Lenci, 2003; Duncan et al., 2003; 
Mugnier and Huyghe, 2006).

5 Other Parameters Aff ecting
 Prism Evolution

Besides the aforementioned analysis, a variety of geo-
metric and kinematic elements determine the bulk 
structure of an orogen or accretionary prism. Th ey are 
namely the depth of the basal décollement (e.g., Bigi 
et al., 2003), the convergence rate, the shortening rate, 
the subduction rate (Doglioni et al., 2006), the dip of 
the foreland monocline (Mariotti and Doglioni, 2000), 
the topographic envelope, the structural envelope, the 
basal and the internal friction (Dahlen et al., 1984), 
the foredeep or foreland subsidence rate (Doglioni, 
1994), the prism uplift  rate, the thrusts spacing (Mo-
rellato et al., 2003), the heat fl ow variability, the thick-
ness and composition of the upper and lower plates, 
the erosion rate (Willett, 1999), the climate, the sed-
iment supply in the foredeep, and the extension rate, 
if any. All these parameters are not discussed in detail 
here but are nevertheless fundamental in orchestrat-
ing the orogen evolution and determining the peculiar 
character of each single belt.

Another crucial parameter, is the behavior of the 
subduction hinge. Th e subduction hinge is considered 
the point where the downgoing footwall plate pres-
ents the maximum curvature. It is a transient point 
that moves during subduction (Royden and Burchfi el, 

1989; Waschbusch and Beaumont, 1996; Lallemand et 
al., 2005; Doglioni et al., 2006). Relative to the upper 
plate, the hinge can move forward or backward (Fig. 8). 
Th e accretionary prism or orogen geometry kinemat-
ics are very sensitive to its behavior, and two oppo-
site settings develop. For example, the hinge migrat-
ing toward the upper plate occurs with double vergent 
orogens, higher topography and widely involved deep 
basement rocks involved, shallow regional monocline 
and foredeep, no active backarc spreading. Th e case of 
subduction hinge migrating away from the upper plate 
is rather associated with a low topography accretion-
ary prism, mostly composed of shallow rocks, deep 
trench and backarc basin development.

Apart few exceptions, this distinction seems to ap-
ply particularly for E- or NE-directed subduction 
zones and W-directed subduction zones, respective-
ly. Moreover, the rate of subduction is larger than the 
convergence rate along W-directed subduction zones, 
whereas it is smaller along E- or NE-directed subduc-
tion zones (Fig. 8). Along W-directed slabs, the sub-
duction rate is the convergence rate plus the slab re-
treat rate, which tends to equal the backarc extension 
rate. Along E- or NE-directed slabs, the amount of 
hinge migration toward the upper plate corresponds 
to the shortening in the orogen. Moreover, the amount 
of shortening in the upper plate decreases the subduc-
tion rate, and no typical backarc basin forms. With re-
spect to the subduction zones described in this paper, 
the subduction hinge migrates away from the upper 
plate along the Barbados, Carpathians, Apennines, 
Northern New Zealand, Nankai, Aleutians, and all 
W-directed subduction zones. Th e Japan subduction, 

Fig. 8. Simple kinematics of subduction zones, assuming fi xed the upper plate U. More frequently along west-directed subduction 
zones, the subduction hinge H diverges relative to U, whereas it converges along the opposite subduction zones. L, lower plate. Th e 
velocities are just an example and are positive when they diverge, being negative in convergent settings relative to U. Note that the 
subduction S is larger than the convergence along W-directed slabs, whereas S is smaller in the opposite case. Th e two end-mem-
bers of hinge behavior are respectively accompanied in average by low and high topography, steep and shallow foreland monocline, 
fast and slower subsidence rates in the trench or foreland basin, single vs. double vergent orogens, etc., highlighting a worldwide 
subduction asymmetry along the fl ow lines of plate motions (Doglioni, 1993) indicated in the insert
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although westerly directed, presently shows a sub-
duction hinge migrating toward the upper plate, in-
dicating inversion of the system, with no active back-
arc extension and shrinking of the basin (Doglioni et 
al., 2006). Th e others, the Cascadia, Middle America, 
Perù, Chile, New Hebrides subduction zones are as-
sociated with subduction hinge migrating toward the 
upper plate (Doglioni et al., 2006). Also in the Hima-
layas (e.g., Mugnier and Huyghe, 2006) the subduction 
hinge moves toward the upper plate.

6 Discussion

Th e décollement’s parameters (PD* and BDnormalized*) 
are highly infl uenced by the nature of the downgoing 
plates (Table 2, Fig. 5e and 5f). It is known that the dé-
collement is shallower in cases of subduction of ocean-
ic lithosphere (Moore et al., 1991), while in continental 
subduction the depth increases considerably, probably 
due to the greater thickness of sedimentary cover on 
continental crust. Lenci et al. (2004) have shown how 
in the Apennines the accretionary prism involving a 
shallower section (<3 km) of the Ionian oceanic crust‘s 
sedimentary cover determined a smaller volume than 
the setting to the north, in the central-northern Apen-
nines, where the accretionary prism has a deeper dé-
collement (>10 km) and a consequently larger volume 
in the prism, in spite of a smaller amount of subduc-
tion due to the continental nature of that segment of 

the slab. Th e shallower décollement allows the gener-
ation of a salient and the accretionary prism is there-
fore more advanced with respect to the deeper décol-
lement, where the accretionary prism is thicker, the 
lithostatic load on the décollement is higher. Th is gen-
erates a recess of the prism (Fig. 9).

Th is study confi rms the above statement and gives 
a bulk estimate of the diff erences between the two 
compositional contexts at least for the 12 considered 
subduction zones. On the oceanic plates (see Table 
2), the sedimentary cover entering subduction zones, 
i.e., PD*, is 1.26±0.19 km thick on average, whereas 
it reaches 5.87±1.43 km on average on the continen-
tal downgoing plates. Th e dimensionless parameter 
representing the mean depth of the basal décollement 
(BDnormalized*, measured as in Eq. 11) is 0.160±0.024 
in the continental plates and 0.105±0.016 in the oce-
anic ones. Th is means that at the same distance from 
the thrust front, the basal décollement might be near-
ly 1.5 times deeper in the continental wedges than in 
the oceanic ones with a proto-décollement depth 4.5 
times higher in the continental downgoing plates than 
in the oceanic ones. 

Belts on top of “W”-directed subduction zones 
(Fig. 5g) show the lowest area values (Fig. 10): Area* is 
48±9 km2 for the “western” margins and 317±72 km2 
for the “eastern” margins. Moreover, with the ex-
ception of sections NH-1 and NH-2 and of section 
CR-1, all of the “western” sections have a lower cross-
sectional area of the belt with respect to “E-NE”-di-

Fig. 9. Schematic diagrams showing diff erence in dip of the foreland monocline (β) and slope of the wedge topographic envelope 
(α), starting from the same hypothetical plate curvature, in case of a W-directed subduction zone where a) the slab is continental 
lithosphere, and b) oceanic lithosphere. Due to a deeper décollement, wedges developing on top of subducting continental litho-
sphere (a) are less advanced with respect to the oceanic ones (b), therefore for the same plate curvature they sit on portion of the 
foreland monocline, which is more inclined. As a consequence, the frontal portion of a continental wedge may show very little to-
pography, with α values, which are oft en equal to zero and the envelope to the anticlines may be even negative (as for the Apen-
nines). Note that the continental décollement may coincide with the base of the sedimentary cover, or even involve part of the crys-
talline crust
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rected subduction zone sections (see Fig. 4g). As an ac-
cepted general rule, the deeper the décollement, the 
larger the volume of the accretionary wedge. Recall 
that the depth of the décollement is considered as the 
thickness of an undeformed crust involved by defor-
mation. During nappe stacking deeper décollement 
planes generate internally, while the accretion occurs 
at shallower more external stratigraphic layers. 

Shallow décollement in the accretionary prism re-
lated to the “western” margins generate smaller vol-
umes of accreted rocks and the topography is then 
low. Th e measured depth of the décollement on these 
prisms (e.g., Apennines, Barbados, Nankai) tends to 
be shallower than 10 km. Th e highest topographic el-
evations, in fact, occur in belts associated with “east-
ern” margins (Fig. 10), such as the Cascadia, the Mid-
dle America, and the Peru-Chile Trenches as well as 
the Alps, the Zagros and the Himalayas (Harabaglia 
and Doglioni, 1998). In these belts the décollement 
and thrust planes aff ect the whole crust and enter in 
the upper mantle. Th erefore the basal décollement is 
>30 km and the orogen is highly elevated. Th is asym-
metry points to a worldwide deeper involvement of the 
lithosphere along E-NE-directed subduction zones.

Th is analysis seems to suggest that we can inter-
pret the variable geometry of each margin within the 
two classes, “western” and “eastern”, but considering 
the interplay between parameters together with local 
characteristics. Th at is, we have to consider the inter-
play between dip of the downgoing plate, and thick-
ness of the sedimentary cover (i.e., the availability 
of material that can be accreted into the wedge) and 
their eff ect onto the other parameters. For instance, 
in the Eastern Aleutians (section Al-3), where the Pa-
cifi c plate is subducting north-westward, the wedge 

shows a higher value of αmean with respect to the aver-
age value of the “western” margins: αmean is 4.7 degrees 
vs. αmean* of 1.90±0.34 degrees for “western” margins 
or αmean* of 2.38±0.43 for “oceanic western” margins. 
Th is is probably due to the proximity of the wedge 
to the Alaskan continental platform, and the conse-
quent thick sedimentary cover above the subducting 
plate as shown by the relative PD value: a greater vol-
ume of sediments entering the wedge necessarily leads 
to a thicker wedge, other conditions being equal (such 
as friction on the décollement plane and material in-
volved). Another apparent outlier is represented by 
the Central Apennines, where the continental Adriat-
ic lithosphere is subducting westward, as clearly ev-
idenced by tomographic images (Ciaccio et al., 1998; 
De Gori et al., 2001; Piromallo and Morelli, 2003) and 
by a few hundreds of kilometers shortening in the pas-
sive continental margin sedimentary sequences in-
volved in the accretionary wedge (Bally et al., 1986). In 
this area (sections A-3 and A-4), the regional mono-
cline has a low dip value. Th is is probably due to a low-
er subductibility of the Adriatic plate in this sector, as 
suggested by Mariotti and Doglioni (2000). Th e com-
plex crustal history of the Adriatic plate, in fact, led to 
a high lateral variability in thickness, composition and 
rheology, and, consequently, in mechanical behavior 
when involved in mountain building, as also shown 
by the variation along strike of the measured parame-
ters (see Fig. 3 and Table 1). Moreover, the North New 
Zealand and Barbados sections are characterized by a 
lower βWmean with respect to the mean value of “west-
ern” monoclines. On the other hand, the αmean and PD 
values are included among the average (see Table 1). A 
possible explanation can be found in the relative posi-
tion of the wedge with respect to the subduction hinge 
(Fig. 9): due to a high effi  ciency décollement the wedge 
may advance further over the incoming plate, i.e., 
above a less dipping portion of the monocline. Th is 
explains also the high value of the dip of continental 
monoclines, and the low values of the slope of the re-
lated wedge topographic envelope. In continental sub-
duction, in fact, the increased depth to the basal dé-
collement (see Fig. 3, Tables 1 and 2) can result in the 
accretionary wedge being thicker, but not extending as 
far out over the incoming continental plate. Th e mea-
sured regional monocline dip in a continental down-
going plate can be higher (Fig. 7) than that of an oce-
anic plate, due to the diff erent position of the wedge 
above the plate (Fig. 9), and as a consequence the fron-
tal part of the wedge will be characterized by very low 
values of the wedge topographic envelope, since the 
wedge does not develop frontal topography (compare 
average values in Table 2). Th e Apennines clearly show 
this mechanism, with high βW values and low α an-
gles. Th e α values become negative (i.e., landward dip-
ping) if we consider the envelope of the growing folds 

Fig. 10. Average values of the area above sea level of few subduc-
tion zones, showing how orogens above E- or NE-directed sub-
duction zones are about 6–8 times larger than the W-directed 
subduction zones-related accretionary prisms
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crests at the front of the wedge such as in the Northern 
Apennines (Doglioni and Prosser, 1997).

Other outliers are: section N-2, which probably 
shows anomalous values due to the shortness of the 
section (compare with sections N-1 and N-3 in Fig. 3); 
the Chile section (Ch), with high values of β, both in 
the foreland (βfrl) and below the wedge (βWmean), due 
to the proximity of the section to the Chile Ridge, so 
that part of the dip is related to the thermal state of 
the young oceanic crust; the New Hebrides sections 
(NH-1, NH-2), of which anomalous values have prob-
ably to be related to the complexity and early age of the 
subduction zone (Pysklywec et al., 2003 and referenc-
es therein); the Japan section (J), which shows a high 
αmean value, probably to be connected to a high friction 
décollement plane (Gutscher et al., 1998), or the inver-
sion of the system. In fact the subduction hinge is now 
moving toward the upper plate (Doglioni et al., 2006). 
Th e (α+β) value is greater for the continental subduct-
ing plate than for the oceanic subducting plate as a 
general rule, regardless of the polarity of the subduc-
tion. Th is can be explained by the lower density of con-
tinental rocks and the consequent deeper décollement 
accreting rocks, preventing their subduction and in-
creasing the volume of the orogen. Moreover, it seems 
confi rmed that the wedge envelope is lower when it is 
subaerial than when it is submarine, due to the water 
load and to the erosion. However, this distinction is 
beyond the scope of this paper.

7 Conclusions

Th e thrust belts and orogens in general are the com-
bination of a number of distinct parameters (Fig. 11). 
However, as a fi rst-order signature, two main types 
of subduction zones and related orogens can be dis-
tinguished (Fig. 8), i.e., 1) those where the subduction 
hinge migrates away from the upper plate, and 2) those 
in which the subduction hinge migrates towards the 
upper plate (Doglioni et al., 2006). Th e steeper foreland 
monocline and faster subsidence rates in the trench or 
foredeep (>1 mm/yr, Doglioni, 1994), the lower top-
ographic envelope, and the smaller cross-sectional 
area occur where the subduction hinge migrates away 
from the upper plate. Th is setting is usually associated 
to W-directed subduction zones, and since the hinge 
rolls back from the upper plate, the dip of the slab and 
the related hinge are more pronounced. An exception 
is the W-directed Japan subduction where the hinge 
is migrating toward the upper plate (Doglioni et al., 
2006), but the system is inverting and the backarc ba-
sin shrinking (Mazzotti et al., 2001). In the opposite 
E- or NE-directed subduction zones (along the undu-
lated fl ow of Fig. 8), the hinge migrates systematical-
ly towards the upper plate, the slab is generally less in-

clined and shallower. As a consequence, the foreland 
regional monocline mimics the slab behavior, since it 
is the uppermost part of it, and it is shallower, less in-
clined, and the subsidence rate is low (<0.3 mm/yr). 
Th e topographic envelope is steeper than in the oppo-
site setting, and the cross-sectional area is very large. 
If we compare the foreland monocline dip data in Ta-
ble 1, and consider this value as representative of the 
dip of the shallow part of the subducting slab, we ob-
serve that the “older-heavier-steeper” model holds lo-
cally but is not a general rule (Fig. 6). Cruciani et al. 
(2005) have shown how the slab dip in the fi rst 250 km 
is not simply correlated to the age of the slab. Other 
controlling factor may operate in determining the in-
clination of slabs, such as the thickness of the overrid-
ing plate and the “eastward” mantle fl ow implicit with 
the recognition of the “westward” drift  of the litho-
sphere (Doglioni et al, 1999; Crespi et al., 2007). 

Th is analysis confi rmed that the subducting plate 
nature is only partly a controlling factor on the mor-
phology of the frontal and shallower part of subduc-
tion zones. In particular, along W-directed subduction 
zones, continental convergent margins are character-
ized by a lower slope of the wedge topographic enve-
lope, a steeper regional monocline, a deeper décolle-
ment (both in terms of sediments entering the wedge 
and basal wedge detachment) with respect to oceanic 
convergent margins.

Moreover, this analysis showed an asymmetry of 
studied convergent margins, which can be described by 
the “lower α - higher β - shallower décollement - low-
er area versus higher α - lower β - deeper décollement - 
higher area” proposition. Th is asymmetry seems more 
sensitive to the geographic polarity, i.e., W-directed 
versus E-NE-directed subduction zones. Alternative-
ly, it can be described by the opposite behavior of the 
subduction hinge, migrating away or toward the upper 
plate, rather than to the age of the oceanic lithosphere 
or the subducting plate nature. Although located clos-
er to the subduction hinge (Fig. 9a), the Apennines 
continental sections, for example, show a geometry of 
both wedge and foreland monocline which is compa-
rable to that of the “western” oceanic sections. Further 
similar examples are: i) the Carpathians (Roure et al., 
1993), characterized by a blocked vertical continental 
slab following the interpretation of Oncescu (1984), ii) 
the Banda arc, where the Australian continental lith-
osphere is subducting westward (Tandon et al., 2000), 
and iii) the Sandwich arc, where, although the west-
ward subducting oceanic lithosphere is of variable age, 
the arc geometry is laterally uniform and comparable 
to that of Barbados and western pacifi c margins.

Subsidence rate in the foredeep is much faster 
(>1mm/yr) along foredeeps of W-directed subduction 
zones and the regional monocline is steeper (Doglio-
ni, 1992; 1994). Th e prism related to these subductions 
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has shallow depth of the basal décollement and is com-
posed mostly by shallow rocks and sedimentary cover. 
Th e structural elevation is instead very elevated along 
orogens related to E-NE-directed subduction zones 
where the basal décollement is deeper than the crust 
and deep rocks are extensively involved in the orogen 
(Doglioni et al., 1999). Th e single vergent accretion-
ary prism related to W-directed subduction zones is 
formed at the expense of the shallow layers of the low-
er plate (e.g., Apennines, Carpathians, Barbados).

Th e orogens generated by E- or NE-directed sub-
ductions are double vergent since the early stages, and 
upper plate rocks mostly compose them (e.g. Andes) 
until the continental collision takes place, extensive-
ly involving the rocks of the lower plate (e.g., Alps, Za-
gros, Himalayas). Th e convergence/shortening ratio in 
this type of orogens is higher than 1 and is inverse-
ly proportional to the viscosity of the upper plate. Th e 
higher the viscosity, the smaller the shortening and 
faster the subduction rate. Th e convergence/shorten-
ing ratio along W-directed subduction zones is instead 
generally lower than 1 (Doglioni et al., 2006). Th e fore-
land regional monocline is on average steeper along 
W-directed subduction zones than along the opposite 
settings (Fig. 7). Th e topographic envelope is instead 
less inclined and the critical taper slightly smaller than 
along orogens related to E- or NE-directed subduction 
zones (Fig. 8). Th is asymmetry is particularly high-
lighted by topography, being W-directed subduction 
zones characterized by much lower elevation than the 
opposite settings (Fig. 10).

Th e present analysis proposes the polarity of the 
subduction as a plausible key-reading of convergent 
margins. Th ese asymmetries can be related to the rota-
tional forces controlling plate tectonics and determin-
ing a net rotation of the lithosphere roughly westerly 
directed (Doglioni et al., 2003; Scoppola et al., 2006) 
along the undulate fl ow of plate motions (Doglioni, 
1990). Th erefore the fi rst-order control on orogens and 
accretionary prisms can be global, determining two 
end-member classes geographically controlled (Fig. 8), 
whereas local/regional stratigraphic-rheological char-
acteristics (e.g., Bigi et al., 2003) may cause diversions 
from the expected theoretical behavior without com-
pletely obscuring the geographic tuning (Fig. 11). A 
possible explanation of this tuning could be provided 
by the “westward” drift  of the lithosphere. Th e net ro-
tation of the lithosphere relative to the asthenospher-
ic mantle has been suggested by a number of authors, 
i.e., Rittman (1942), Le Pichon (1968), Bostrom (1971), 
Nelson and Temple (1972), Dickinson (1978), Uye-
da and Kanamori (1979), Doglioni (1990), Gripp and 
Gordon (2002), Crespi et al. (2007). As a consequence 
of the delay of the lithosphere with respect to the un-
derlying mantle, a main fl ow of plate motions should 
develop: signal and consequence of this main fl ow 
should be represented by the asymmetry of subduc-
tion zones (Doglioni et al., 1999). Recently, Scoppola 
et al. (2006) have proposed the occurrence of very low-
viscosity intra-asthenospheric layers allowing the tid-
al drag to be effi  cient in determining the “westward” 
lithospheric rotation.

Fig. 11. Th e orogens are 
structured by the combination 
of a number of parameters, the 
most important listed in the 
fi gure
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Part II
Exploration of Thrust Belts (1) :
Seismic Imaging and Traps

Chapter 3
Understanding Seismic Propagation 
Through Triangle Zones

Chapter 4
2D Depth Seismic Imaging in the 
Gaspé Belt, a Structurally Complex 
Fold Thrust Belt in the Northern 
Appalachians, Québec, Canada

II

Seismic imaging remains the main challenge for petroleum exploration in 
foothills areas. Structural interpretation and subsequent kinematic and basin 

modelling require also to convert the time sections into the depth domain. Us-
ing two case studies in the Polish Carpathians and in the Gaspé Appalachians in 
Québec, part II of this volume documents the work fl ow and iterations between 
the structural and velocity models during seismic processing and depth migra-
tion of the profi les.

First described in the Canadian Rockies, frontal triangle zones are common 
features in many thrust belts. Although they constitute attractive targets for the 
exploration, they are usually poorly imaged, due to the occurrence of steep or 
even overturned beds, accounting for rapid vertical and lateral changes in the 
seismic velocities. Jardin et al. (Chapter 3) describe the results obtained during 
direct seismic modelling and depth migration in the frontal part of the Polish 
Carpathians, an area which is also covered by Chapter 20 (part IV).

Bêche et al. (Chapter 4) present the workfl ow, velocity model and results ob-
tained by depth migration in the Northern Appalachians in Canada, a Paleozo-
ic orogen where post-orogenic erosion accounts for higher average seismic veloc-
ities at the surface than in Neogene thrust belts.
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Understanding Seismic Propagation
through Triangle Zones

Anne Jardin · Rosina Chaker · Piotr Krzywiec

Abstract. Getting a geologically realistic seismic image still re-
mains a great challenge in foothills exploration. When geo-
logical structures are complex, seismic sections show distort-
ed images and become diffi  cult to be interpreted. Seismic 
processing tools, like time and depth migrations, have been 
developed to deal with this. Furthermore, when lateral veloc-
ity variations are strong, depth migration is defi nitely re-
quired. However, for a correct application of this processing, 
the construction of a detailed depth model describing lateral 
and vertical velocity variations is essential. 

This study aims at showing that, in triangle zones, the 
structural features can be better retrieved if the seismic wave 
propagation through the complex subsurface is better un-
derstood. This is obtained by application of a workfl ow com-
bining direct seismic modelling and depth migration pro-
cessing. The seismic modelling gives a consistent and accurate 
velocity model used as input in the seismic depth migration. 
To illustrate the benefi ts of this approach, we present a syn-
thetic case study based on a schematic model and a real case 
study from the frontal part of the Polish Carpathians.

1 Introduction

Th e development of new prospects for oil and gas ex-
ploration will rely on our ability to detect reservoirs 
in complex structural settings (Aamir et al., 2006). 
In these areas, seismic imaging diffi  culties are main-
ly due to highly contrasting velocities, steep structur-
al dips and inverse faults. Th ese limitations lead to er-
roneous interpretations especially when only time 
seismic sections are interpreted. To reduce the risks 
of exploration drilling, seismic modelling is the well-
adapted method for assessing the ambiguities of inter-
pretations. 

Various modelling techniques exist to simulate the 
seismic responses through a subsurface model. Ki-
nematic modelling computes seismic refl ection trav-
eltimes and simulates seismic ray paths. Th is is the 
method most applicable to structural problems and is 
used to easily compare synthetic and real data by sim-
ulating the real seismic acquisition. 

In this paper, an advanced seismic modelling and 
migration processing workfl ow will be proposed. Th e 

objectives of this combined method are, on one hand, 
to understand the complex ray paths of the seismic 
waves and, on the other hand, to compute a seismic 
image representative of the real structures. Th is ap-
proach will be applied on synthetic and real data sets. 
Th e synthetic example will aim at understanding the 
seismic path distortion within a schematic triangle 
structure and at analysing the variability of the depth 
migrated images. Th e real case of the Polish Carpath-
ians will be used to evaluate the effi  ciency of the com-
bined modelling and migration studies for structural 
interpretation. 

2 Geological and Seismic Characteristics 
 of Triangle Zones

2.1 Geological Settings 

Triangle zones are particularly prominent at the 
foothills margin. It appears in areas where conju-
gate thrusts are developed as a result of the compres-
sive stress propagation onto the foreland. A schemat-
ic model of triangle zone has been proposed (Jones, 
1996) illustrating the triangle structures of the Cana-
dian Rocky Mountains (Fig. 1). 

A triangle zone or passive roof duplex is composed 
of a sequence of dipping autochthonous rocks juxta-
posed against opposite-dipping strata contained in 

Fig. 1. A schematic model of a “Triangle Zone” or “Passive Roof 
Duplex” proposed by Jones (1996). Th e geometrical features are 
characterized by a sequence of dipping autochthonous layers 
overlain by rocks dipping in the opposite direction
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imbricate thrust structure. Th ese sequences are usual-
ly underlain by relatively underformed rocks.

Th e upper detachment separates the autochthonous 
rocks on its hanging-wall from the allochthonous 
rocks in its footwall. Th e lower detachment is a sur-
face common to the entire thrust and fold belt. It sep-
arates allochthonous from autochthonous rocks. Th e 
roof and fl oor of the thrust have opposite vergence and 
merge at depth to form a frontal tip line that marks 
the extremity of the intercutaneous wedge. Th e wedge 
will continue thickening and advancing into the fore-
land basin until a critical point along the lower detach-
ment. 

2.2 Seismic Imaging Diffi  culties

In triangle zones, several factors reduce the eff ective-
ness of seismic methods. Th e topography in the cen-
tral part of the triangle zone is usually rugged and is 
associated with near-surface velocity inversions which 
degrade the quality of the seismic image. Th ese char-
acteristics lead to low signal-to-noise ratio, inadequate 
penetration of energy through overburden, poor geo-
phone coupling with the surface and wave scattering. 

Because of the limited assumptions of time pro-
cessing, the quality of the time sections is usually de-
teriorated and seismic interpretation oft en leads to 
erroneous structural interpretation. Seismic process-
ing workfl ow must be selected according to the char-
acteristics of the velocity variations. Th erefore, depth 
migration which takes into account lateral veloci-
ty variations is the adapted technique for depth seis-

mic imaging in complex areas. But, in order to deliver 
a reliable depth image, this processing needs a depth 
velocity model for accurately focussing the diff racted 
energy and shift ing the events in their true position. 
Th us, the approach described in the next paragraph 
will aim at better imaging the triangle zone features 
by an improvement of both seismic propagation un-
derstanding and depth migration processing.

3 Combined Seismic Modelling 
 and Migration Workfl ow

We propose to apply a combined workfl ow of two main 
modelling and migration steps (Fig. 2). Firstly, an ini-
tial velocity model is built based on an a priori geo-
logical knowledge from regional studies and well data 
(especially measured depths and sonic velocities) asso-
ciated with seismic velocity analysis and time section 
interpretation. Th is model is then iteratively refi ned by 
modelling. IFP has developed a model builder and ray 
tracer soft ware appropriate to model complex geolog-
ical features and simulate seismic ray travel paths. Th e 
fl exibility of this technique allows using both block 
and smoothed parameterised models through which 
ray paths and traveltimes are computed for various 
seismic acquisition patterns. Th e ray shooting model-
ling is performed by 2-D and 3-D two-point paraxial 
ray tracing (Clarke, 1997) which is the kernel of many 
kinematic applications such as quality control of ve-
locity models, tomography and Kirchhoff  migration. 
A blocky model is made of blocks within which the ve-
locity is constant or variable with a vertical gradient. 

Fig. 2. Combined modelling and migration workfl ow allowing reliable velocity model building and depth seismic imaging. A pri-
ori information from geology and geophysics is used to build an initial depth model iteratively refi ned by comparison between 
synthetic and real seismic data
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Once the blocky model has been built, a smoothing 
is introduced in order to replace sharp interfaces with 
smooth velocity variations. 

Secondly, synthetic seismic travel times comput-
ed for zero and non-zero off set patterns are compared 
with picked traveltimes from real shot points and 
stacked traces. A satisfactory matching ensures a reli-
able kinematic computation and validates the estimat-
ed velocity model. Th en this model is introduced in 
the depth migration processing. In presence of rough  
topography and complex overburden, innovative mi-
gration algorithms using wave equation or Kirchhoff  
formalisms have been developed by IFP to accurately 
migrate 2D and 3D seismic data (Duquet et al., 2003), 
(Rousseau et al.; 2000). Finally the depth seismic im-
age is interpreted to give a depth structural model.

4 Synthetic Model Study

Two models based on the geometrical features of the 
schematic triangle structure of the fi gure 1 are built 
with high and low velocity contrasts within the duplex 
formation. Each refl ector is described by one interface 
and velocities are assigned to each block (Fig. 3). Th e 
constant velocity value (V) and the vertical velocity 
gradient (K) for each unit of the two models are sum-
marised in Table 1. Smooth versions of these blocky 
velocity models are computed to overcome the prop-
agation eff ects related to non realistic abrupt veloci-
ty contrasts. 

For kinematic ray-tracing modelling, various 2D 
acquisition patterns were used to model zero-off set 
sections (Fig. 4) and shot-point gathers (Fig. 5). Th e 
sources and receptors are located on the fi rst inter-
face which is used to simulate the curved topography. 
Th e green dots shown at this interface indicate a selec-
tion of geophone positions. Fig. 6 shows the zero-off set 
time seismic sections obtained with the two models. 

Dynamic modelling is also performed to obtain syn-
thetic traces. Th ese traces will be used to test the sensi-

tivity of depth seismic images to velocity variations by 
performing pre-stack depth migration (Fig. 7). 

4.1 Time Seismic Artefacts

Various eff ects of complex seismic-ray propagation are 
detected:

 Shadow zones at the deep interfaces are noticeable 
on the 2D ray-tracing results (Figs. 4, 5 and 6). Th e 
analysis of these results indicates that these refl ec-
tor discontinuities are generated either by the geo-
metrical features of the triangle zone or the velocity 
distribution within the duplex units. Figures 4 and 
5 show that the rays are distorted when they crossed 
the ramp or travelled through the duplex. As the 

Velocity
indexes

Depth
(km)

Velocity (km/s) Velocity
gradient (s-1)Model 1 Model 2

V0 0 1.5 1.5 0

V1 0.65 3.35 3.35 0.1

V2 3.5 5.88 5.88 0.2

V3 1.9 3.9 6 0

V4 2.3 3.52 4 0.1

V5 2.2 3.52 3.52 0.1

V6 1.98 3.52 5.5 0.1

V7 1.98 3.52 3.52 0.1

V8 2.8 3.52 5.5 0.1

V9 1.5 3.52 3.52 0.1

V10 4.6 5.7 5.7 0.1

V11 1.0 3.52 3.52 0.1

V12 1.26 3.52 3.52 0.1

Table 1. Velocity parameters for the two synthetic blocky mod-
els with low (MODEL 1) and high (MODEL 2) velocity con-
trasts. Structural features of the model are given on Figure 3

Fig. 3. Synthetic blocky velocity 
model with velocity values 
indicated in Table 1
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geological structure is common for both models, 
the impact of strong variations in the velocity dis-
tribution is analyzed on the seismic responses. We 
can say that this phenomenon of shadow zone ex-
tent is more important for the model with the du-
plex presenting high velocity contrast. 

 Particular attention is paid to the deep horizontal 
interface. Th e complicated travel paths of the seis-
mic waves yield pull up eff ect giving a geometrical 
deformation of the seismic event (Fig. 6). Th is may 
lead to errors in the seismic interpretation because 
a pull-up could be associated with an anticline. 
Fig. 6, we do not notice signifi cant kinematic varia-
tions on the time zero-off set sections computed 
with the high or low velocity contrast models, dem-
onstrating that the pull-up eff ect of the deep refl ec-
tor is mainly due to the velocity contrast between 
the dipping layers of the backthrust and the over-
burden gentle structure. We can conclude that the 
velocity variations of the duplex do not strongly 
modify the presence of this eff ect; they just change 
the size of the pull-up phenomenon.

4.2 Sensitivity of Depth Migrated Images 
 to Velocity Models

Pre-stack depth migration was applied on synthet-
ic traces to analyze depth-migration failures related 
to the triangle-zone geometry and velocity model un-
certainties. Several depth models used in migration 
processing were computed by producing increasing-
ly smoothed versions of the exact blocky models. Th e 
sensitivity of depth seismic images to these smoothed 
models could then be assessed. Th e results of depth im-
aging using three smoothed velocity models are shown 
in Fig. 7. To judge how good these depth images are, we 
pick the deepest refl ector and compare its depth to the 
exact value. From this comparison, it is clear that in 
the depth image A (top of Fig. 7), all elements of the 
model are correctly positioned and imaged. Th e depth 
images B and C (respectively middle and bottom parts 
of Fig. 7) show a slight degradation of the image as this 
deep refl ector is not positioned at the true depth. Th us, 
the degradation of the image with increasing smooth-
ing is gradual. Th is image degradation is strongest in 

Fig. 4. Zero off set ray tracing 
modeling for the synthetic 
models with low (top-
MODEL1) and high (bottom-
MODEL2) velocity contrasts 
showing ray path distortion 
through backthrust and duplex 
layers and possible shadow 
zones at the deep and horizon-
tal interface
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Fig. 5. Diff erent shot point 
tracing modeling through the 
synthetic models with low (top-
MODEL1) and high (middle 
and bottom-MODEL2) velocity 
contrasts showing raypath 
distortion through backthrust 
and duplex layers

Fig. 6. Synthetic zero off set time 
sections for the synthetic 
models with low (top-
MODEL1) and high (bottom-
MODEL2) velocity contrasts 
showing pull-up eff ect and non 
illuminated or shadow zones at 
the deepest interfaces
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Fig. 7.  Sensitivity analysis of 
depth seismic images to 
smoothness degrees of depth 
velocity models introduced in 
pre-stack depth migration of 
synthetic seismic traces 
computed by dynamic 
modelling. Depth accuracy of 
the target deep interface has 
changed with the increase of 
the smoothing parameters 
(increase from A to C)

Fig. 8: Geological map and 
location of the study area in the 
Polish Carpathian foredeep 
basin
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the deeper complex zone where the smoothing has the 
largest eff ect on wave propagation. 

If depth migration is performed via a wave-equa-
tion algorithm, a blocky representation of the veloc-
ity model could be used. However, the Kirckhoff  mi-
gration, the most oft en applied algorithm in complex 
area, requires a smooth velocity model. Th us, we pro-
pose to build a fi rst velocity model with a blocky rep-
resentation that allows the integration of geological 
information in the velocity model. Th en this model is 
smoothed and its kinematic coherency is checked by 
ray tracer modelling before performing a depth mi-
gration. 

5 Polish Carpathians Real Case Study

Th e geology of the Carpathians is very complex and 
seismic horizons are highly deformed by tectonics 
movements, numerous faults and thrusts. Th e Car-
pathian foredeep and the Carpathian overthrust be-
long to the largest petroleum provinces of central 

Fig. 9. Th e time migrated stack 
section 3_02_02K (top) and the 
vertical depth converted stack 
section with a constant velocity 
value (3500 m/s) (bottom)

Europe (Fig. 8). Th e Outer Carpathian orogenic belt 
consists of several imbricated thrust sheets built-up of 
Cretaceous to lower Miocene Flysch deposits and im-
bricated Miocene foredeep deposits (Lafargue et al., 
1994). Th e Zglobice and Stebnik units are the most 
external thrust sheets in the nape pile. Th e central 
part of the Zglobice Unit is a passive-roof duplex de-
fi ning a Miocene triangle zone. Fig. 9 (top) shows the 
time migrated section of the 2D seismic line 3-02-02K 
which was acquired across the triangle zone (Krzy-
wiec, 2001), (Krzywiec and et al., 2004). Above the du-
plex, in the roof of the triangle zone, major synclinal 
folds are recognised in the Miocene deposits. Some of 
the inferred tectonic structures are classifi ed as syn-
sedimentary structures that developed during depo-
sition of the post evaporitic Miocene siliciclastic fore-
deep infi ll. An important detachment level within the 
foredeep is defi ned by the Badenian evaporitic depos-
its (rock salt, anhydrites, and gypsum). Th is evaporit-
ic horizon forms an excellent marker for the analysis 
of seismic refl ection data. Beneath the fl oor thrust of 
the Zglobice unit, there is a deep buried erosional val-
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ley cuts into the Meso-Paleozoic basement. Th e verti-
cal depth conversion of the time migrated stack using 
constant velocity values is presented Fig. 9 (bottom). 
Th e geometrical features of several geological interfac-
es have been clearly modifi ed aft er this operation on 
the left  and right parts of this seismic image. 

An initial depth migration of the stack time section 
(i.e., post-stack depth migration) was performed using 
a priori velocity model derived from seismic stacking 
velocity analysis and velocities from projected well logs 
(Fig. 10). Aft er this processing, several ambiguities in 
structural interpretation below the triangle structure 
remain – e.g., real refl ected event or non migrated dif-
fraction. Structural model improvement still requires 
a more accurate velocity model for seismic depth im-
aging and will be obtained by application of the com-
bined modelling – migration approach.

5.1 Accurate velocity model building

A 2D subsurface model is built based on the interpre-
tation of the seismic stack 3-02-02K depth-convert-

ed using the a priori velocity model (Fig. 11). Th e sur-
faces selected for modelling are those which delimit 
the triangle structure: Flysch and Miocene surfaces in 
the deformed and undeformed Miocene foredeep in-
fi ll, the evaporitic formation, the incised valley, the 
fault and the main surfaces that composed its foot-
wall and hangingwall (Cretaceous, Jurassic and Car-
boniferous, Precambrian formations). Using interval 
velocity computed from vertical seismic profi le mea-
surements, P-velocity values are assigned to the dif-
ferent blocks of the horizontal extent of the 2D depth 
model (Table 2).  Th e depth of the model is calibrated 
against the interpreted depth seismic line 3-02-02K. 
Th us, the 2D model is defi ned in practice over 16 km 
is x-direction; 4.6 km is z-direction. Data on CMP ele-
vation and fl oating datum static corrections written in 
the trace header do not indicate great variations, im-
plying that we have, in this case, a relatively gentle to-
pography. Th e datum plane estimated around 200 m is 
taken into account in the model description. 

A kinematic modelling was performed using this 
initial velocity model. Seismic acquisition parameters 
used for modelling are derived from real acquisition 

Fig. 10. Th e depth seismic image 
(top) obtained by poststack 
depth migration. Residual 
hyperbolic events remain 
visible below the incised valley 
(Lower Badenian Deposits) and 
could be interpreted as real 
refl ectors or non-migrated 
diff ractions (top seismic 
image). Th e a priori constant 
velocity model (bottom) used 
in migration was built from 
stacking velocity mean values
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Fig. 11. Th e depth seismic 
image (top) obtained by 
poststack depth migration 
using a more detailed velocity 
model  (bottom). Th is model 
was computed by applying the 
combined modelling and 
imaging approach of the fi gure 
2 and contains  lateral and 
vertical gradient variations. A 
better focussing of the 
diff raction events below the 
incised valley is clearly visible 
due to the velocity model 
improvement

Geological units Layer velocity 
variations (m/s)

Carpathians Flysch 3500–3800

Deformed Miocene units 2700–3300

Undeformed Miocene units 2700–3300

Miocene evaporites 3800–4200

Sub-evaporitic lower Badenian siliciclastics 
(including infi ll of the erosional valley)

3400–3800

Cretaceous 3700–4600

Jurassic 4500–5000

Carboniferous 5500

Precambrian 5500

Table 2: Layer velocity variations for the geological units of the 
Polish Carparthians case study

parameters. Travel times are calculated by both shot-
gather and zero-off set ray-tracing modes through the 
velocity model for the horizons picked on the 3-02-
02K section: Flysch formation limits, interface base 
of deformed and undeformed Miocene units, incised 
valley interface base, Cretaceous and Jurassic interface 
bases. As the zero-off set mode simulates a time stack 
section, these travel times are superimposed on the 3-
02-02k real stack section to check the kinematic co-
herency between the real and synthetic data (Fig. 12). 
Th e aim is to assess the depth velocity model. 

Compared to the a priori velocity model (Fig. 10), 
this second velocity model is more sophisticated and 
showed velocity variations that could be correlated 
with structural and geological variations (Fig. 11). 
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Fig. 13.  Comparison of depth 
images using the a priori 
velocity model (top) and the 
detailed velocity model  
(bottom). Improvement of 
diff raction focussing and fault 
delineation are clearly visible. 
Th is is due to the better 
estimation of velocity 
variations in the overburden 
triangle zone

Fig. 12. Comparison of real 
times from direct interpreta-
tion of stack time section and 
synthetic times (in black 
curves). Synthetic times were 
computed by kinematic 
modelling through the depth 
velocity model of the fi gure 10. 
Th is analysis is done to check 
the kinematic consistencies of 
all the data used in seismic 
imaging processing
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5.2 Depth migration 

Th e blocky velocity model is slightly smoothed before 
performing the depth migration whatever the algo-
rithms used. Th e depth seismic images using the two 
velocity models in the area of the triangle structure are 
compared (Fig. 13). Th e seismic event located around 
2000-3000 m is better migrated and refl ector endings 
are more visible when the kinematically consistent ve-
locity model has been used. Th us the quality of the 
seismic image is improved. Th is will help in reducing 
the ambiguities in the seismic interpretation, especial-
ly those below the core of the triangle zone. To com-
plete this analysis, the time migrated stack section and 
the depth migrated stack image are compared (Fig. 
14). Even if time migration could also give a good dif-
fracted energy focussing, layer termination and local 
pinch outs are better resolved on depth images. Th e 
dips of the geological units are also more accurate-
ly and directly estimated. Further improvements can 
still be obtained by application of an effi  cient pre-stack 
depth migration on the pre-processed shot point gath-
ers followed by the stacking of partial angle traces. Th e 
checking of seismic event fl atness on depth migrated 
trace gathers ensures the reliability of the velocity data 
as an additional quality control of depth imaging pro-
cessing. 

6 Conclusion

In fold and thrust belt areas, structural features named 
“triangle zones” are characterized by complex lay-
er geometry and velocity variations. Th e poor quali-
ty of the seismic image encountered in such geological 
settings is due to the complex propagation of seismic 
energy through the overburden structure associated 
with strong velocity distribution. It results in shadow 
zones and in geometrically deformed seismic events, 
which make any interpretation diffi  cult. In order to se-
lect the seismic processing parameters like migration 
velocities and reduce the ambiguities in structural in-
terpretation, it is important to better understand the 
real seismic wave propagation for these specifi c seis-
mic events. In this study it was performed using adapt-
ed seismic modelling and the application of a com-
bined modelling and migration workfl ow.

Two examples, a synthetic example based on a 
schematic triangle zone and a real case from the Pol-
ish Carpathians, have been addressed. Velocity mod-
els were built and introduced in the seismic modelling 
soft ware. Using non-zero and zero-off set ray-tracing 
modelling, seismic interpretation has been carried out 
to analyse specifi c seismic travel paths encountered in 
these areas. We have demonstrated that these events 
could be generated by complex seismic wave propa-
gation which leads to ambiguities in time seismic in-

Fig. 14. Comparison of depth 
(top) and time (bottom) 
migrated seismic images. 
Depth migration has improved 
the layer delineation  (no 
crossing refl ectors) and the 
geometry of the deformed 
Miocene deposits (passive roof 
duplex and backthrust)
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terpretation because specifi c artefacts like pull-up and 
shadow-zone eff ects are present. 

Based on geophysical and geological framework, a 
velocity model was built using an interpretative ap-
proach. Th is depth model was next introduced in the 
seismic modelling soft ware in order to assess its kine-
matic accuracy. Th e aim was to compare the synthet-
ic and the real data. When the two agreed to within an 
acceptable level of accuracy, the depth velocity model 
has been used for depth migration.

Th ese two case studies illustrated the practical use 
of ray-tracing modelling to:

 Simulate and understand seismic wave propagation 
and analyse seismic processing and interpretation 
diffi  culties in this complex geological context. 

 Check the kinematic accuracy of the velocity mod-
el built by an interpretative and iterative approach.

Th e conclusion is that the combined analysis of real 
and synthetic gathers computed by adapted seismic 
modelling can provide the key elements for the deter-
mination of the structural origin and of the seismic 
nature of particular events which can not be clearly in-
terpreted on seismic time sections. In case of complex 
seismic propagation, their effi  cient identifi cation will 
guide the geologist interpreter for properly analysing 
the picked refl ections and the geophysicist processor 
for applying the adapted imaging processing with ap-
propriate parameters. 
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2D Depth Seismic Imaging in the Gaspé Belt,
a Structurally Complex Fold and Thrust Belt
in the Northern Appalachians, Québec, Canada

M. Bêche · D. Kirkwood · A. Jardin · E. Desaulniers · D. Saucier · F. Roure

Abstract. The Gaspé Belt is located in the Québec part of the 
Northern Appalachians. Its present geometry is complicated 
by the fact that the rocks were deposited on and deformed 
over previously structured fold and thrust belt. The objective 
of the recent (2000–2002) seismic survey of the Ministère des 
Ressources Naturelles et de la Faune du Québec was to obtain 
new seismic cross sections in this complex fold belt in order to 
better interpret its structural geometry. The surface geology 
displays high complexity, with sub-horizontal to sub-vertical 
bedding, open to tight folds and normal, reverse and strike-
slip faults. A depth seismic imaging study was carried out on 
a 2D cross section through the Gaspé Belt by integrating all 
available geological data throughout the processing proce-
dure. The challenge of seismic processing was the determina-
tion of the velocity model used for depth migration. For this 
case study, various methods for velocity model determina-
tion, from interpretative estimation to advanced travel time 
inversion, were applied and the combined interpretations of 
these depth migrated images were used to confi rm a recent 
structural model of Acadian foreland thrust and fold belt in 
the Gaspé Peninsula.

1 Introduction 

Fold and thrust belts are present on the majority of the 
continents and mark the compression zones of con-
tinental accretion. Th ese zones are characterized by 
complex geological features. 

Th e lateral displacement of broad volumes of rocks 
along faults juxtapose units that are deformed, folded, 
fractured and of contrasting petrophysical character-
istics. Th e geometrical and mechanical complexities 
within the geological units induce lateral and verti-
cal variations of seismic propagation velocities (Gray 
et al., 2002). From a seismic point of view, fold and 
thrust belts are also characterized by very heteroge-
neous conditions at the surface, from rough topogra-
phy to complex structures at the outcrop. Th e conse-
quences of these heterogeneities are on the one hand, 
the presence of blind areas, artefacts and refractions 
on seismic sections, and on the other hand, discon-
tinuous seismic events. Th e diffi  culty in transforming 
time sections into depth sections is one of the main 

causes of failure in petroleum exploration in fold and 
thrust belts. For example, large anticlinorial features 
imaged on time sections can in some cases correspond 
to seismic artefacts (i.e. pull-up eff ect), that are inex-
istent once tested by drilling. In fold and thrust belt 
settings, identifi cation of faults and determination of 
layer thickness are oft en diffi  cult due to poor seismic 
image quality. Seismic processing based on pre-stack 
depth migration associated with effi  cient depth veloci-
ty model building has been successfully applied to im-
prove knowledge of the subsurface (Muller et al., 2000; 
Gray et al., 2002). Such processing carries out a more 
accurate time to depth conversion and a better focus of 
seismic energy. Depth-migrated images are more suit-
able because they more accurately restore the geomet-
rical reality of the structures. 

Th e hydrocarbon potential in the Gaspé Penin-
sula of the Québec Northern Appalachians is most-
ly restricted to the Late Ordovician to Early Devoni-
an rocks of the Gaspé Belt. Rocks of the Gaspé Belt 
rest unconformably on the Mid-Ordovician Taconian 
fold and thrust belt that includes allochthonous Cam-
bro-Ordovician slope and rise deposits of the Lauren-
tian continental margin. Rocks of the Gaspé Belt were 
in turn deformed by the Mid-Devonian Acadian orog-
eny. Th e present geometry of the Gaspé Belt is thus 
complicated by the fact that the rocks were deposit-
ed on and deformed over a previously structured fold 
and thrust belt type basement. Most of the Silurian-
Devonian rock succession in the northeastern part of 
the Gaspé Peninsula is within the oil and gas window 
and potential reservoir rock units include clastic rocks 
as well as fractured limestones (Lavoie and Bourque, 
2001). Th e structural complexity of the Gaspé Belt has 
led us to develop an innovative method in the process-
ing of more than 300 km of regional geophysical seis-
mic refl ection data acquired by the Secteur Énergie of 
Ministère des Ressources naturelles et Faune du Qué-
bec (hereaft er referred to as MRNFQ) from 2000 to 
2002. Our purpose is to improve depth seismic im-
aging and the structural interpretation of the Gaspé 
Belt by integrating seismic and geological data into the 
processing of seismic profi les. 
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Th is paper presents the integrated method used for 
our case study of the Gaspé Belt. Th e fi rst step of seis-
mic imaging requires building depth velocity models 
by using available geological data and advanced travel 
time inversion. Secondly, the velocity model is intro-
duced in depth migration processing to compute the 
depth seismic images which in turn are validated for 
geophysical and geological consistency. Th e next step 
is to test and modify the structural framework pre-
sented by Kirkwood et al. (2004) for the mid-Devoni-
an Acadian orogeny. 

Results presented in this paper were obtained by 
applying advanced processing on data from line 2001-
MRN-10b acquired by the MRNFQ across the central 
part of the Gaspé Peninsula. 

To evaluate the structural improvements provided 
by the depth seismic images, we will discuss the re-
sults obtained for three selected geological areas illus-
trating the main structural features of the central zone 
of the Gaspé Belt: the “Lac des Huit-Miles” syncline, 
the Causapscal anticline, and the “Shickshock Sud” 
fault. Th e structural model proposed by Kirkwood et 
al. (2004) off ers a promising geological setting for po-
tential structural traps and new hydrocarbon plays. 
More detailed imaging and a better description of the 
main structural features including the faults, will help 
provide a more accurate evaluation of the petroleum 
system. 

2 Regional Geological Context of the Gaspé Belt 

In the Gaspé Peninsula, the Appalachian Orogen is 
made up of three distinct Paleozoic rock assemblag-
es: the Early Paleozoic rocks of the Taconian Belt to 
the north, its successor basin, the Gaspé Belt that com-
prises middle Paleozoic rocks, and the late Paleozoic 
Maritimes Basin at the southern tip of the peninsula 
(Figs. 1, 2). Th e Taconian Belt of the Gaspé Peninsu-
la crops out in the northern part of the peninsula and 
is divided into two Cambro-Ordovician tectonostrati-
graphic zones, the Humber and Dunnage zones, de-
fi ned throughout the Appalachians by Williams (1979) 
and Williams et al. (1988). Th e Humber zone contains 
slope and rise sediments and rift -associated volcanic 
mafi c rocks that have been thrust on the Cambro-Or-
dovician passive margin sequence during the late Or-
dovician Taconian Orogeny, and overlain by Upper 
Ordovician fl ysch (Sacks et al., 2004; Pincivy et al., 
2003; Malo, 2004). It is subdivided in to three tectonic 
domains, typical of fold and thrust belts: a parautoch-
thonous domain showing imbricate faults, an external 
thrust sheet domain and an internal thrust sheet do-
main. Northwest-verging folds and large-scale thrusts 
dominate the structural style of the Humber Zone, 
and are associated with the emplacement of the thrust 

sheets (St-Julien and Hubert, 1975) during the late Or-
dovician. Th e Dunnage Zone comprises ophiolites, 
melanges, volcanic arc sequences, and marine fl ysch 
deposits. In the Gaspé Peninsula, the Dunnage Zone is 
present only as inliers along major faults or as nappes 
and slices thrust on top of the internal domain of the 
Humber Zone (e.g. the Mont Albert Th rust Sheet). Th e 
limit between the Humber and the Dunnage zones is 
known as the Baie Verte - Brompton line (BBL), which 
follows the Shickshock Sud Fault (SSF) in the north-
western part of the Gaspé Peninsula. Some deforma-
tion features within the Dunnage Zone are attribut-
ed to Taconian accretionary processes (De Broucker 
1987; Tremblay et al.1995), but the major regional de-
formation is Acadian-related (Malo, 2004). 

Post-Taconian rocks of the Gaspé Peninsula oc-
cur within the Gaspé Belt, a deformed successor basin 
(Bourque et al., 1995) that overlies the exposed south-
ern part of the Humber zone. Th is basin developed 
following the Taconian orogeny and comprises Upper 
Ordovician to Middle Devonian clastic and carbonate 
rocks with some minor mafi c volcanic rocks (Bourque 
et al., 2000). Stratigraphically, the Gaspé Belt is made 
up of four main broad rock assemblages, from oldest 
to youngest (Fig. 3): 

1. Upper Ordovician-lowermost Silurian deep water 
fi ne-grained siliciclastic and carbonate facies of the 
Honorat and Matapedia groups.

2. Silurian-lowermost Devonian shallow to deep wa-
ter shelf facies of the Chaleurs Group.

3. Lower Devonian mixed siliciclastic and carbonate 
fi ne-grained deep shelf and basin facies of the Up-
per Gaspé Limestones and Fortin Group. 

4. Lower to Middle Devonian nearshore to terrestrial 
coarse-grained facies of the Gaspé Sandstones.

Th ree distinctive unconformities limit the sedimenta-
ry packages in the Gaspé Belt (Fig. 4). Th ey are:

 
1. Th e Taconian unconformity separating the Taconi-

an Belt rocks from the Gaspé Belt rocks. 
2. Th e Salinic unconformity, related to synsedimenta-

ry extensional faulting, in the Chaleurs Group;
3. Th e Acadian unconformity, occurring between 

Middle or Upper Devonian and Carboniferous 
rocks (Bourque et al., 2001). 

In northeastern and northwestern Gaspé, Silurian 
strata of the Gaspé Belt unconformably overly rocks of 
the Taconian Belt (Malo and Bourque, 1993). In north-
central Gaspé, the contact between both zones occurs 
along the Shickshock Sud fault, a regional fault with a 
long-lived, complex faulting history (see below) (Malo 
and Kirkwood, 1995). 
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Fig. 1. Simplifi ed geological map of Gaspé Peninsula, northern Appalachians. Modifi ed from Kirkwood et al. (2004). Note location 
of MRNFQ seismic lines 2001-MRN-10b, VB 04 and VB 06 in central Gaspé, and this study area in the boxed zone. LHMS: “Lac 
des Huit-Miles” syncline; FA: Faribault anticline; CA: Causapscal anticline; APA: Aroostook-Percé anticlinorium; GA: Gaston-
guay anticline; RS: Ristigouche syncline; CBS: Chaleurs Bay synclinorium; MA: Mont Albert Th rust Sheet. Transect AB: cross sec-
tion shown on Fig. 3

Fig. 2. Simplifi ed cross section of the Gaspé Peninsula, northern Appalachians. Modifi ed from Brisebois and Brun, in Hocq et al. 
(1994). CVGS: Connecticut Valley-Gaspé synclinorium; APA: Aroostook-Percé anticlinorium; CBS: Chaleurs Bay synclinorium; 
LF: Logan fault; SSF: Shickshock Sud fault; CA: Causapscal anticline; GPF: Grand-Pabos fault; RGF: Rivière Garin fault; DA: Du-
val anticline
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Structurally, the Gaspé Belt is divided into three 
regionally extensive zones (Fig. 1): the Connecticut 
Valley-Gaspé synclinorium (CVGS), the Aroostook-
Percé anticlinorium (APA), and the Chaleurs Bay syn-
clinorium (CBS). Th e structural style of these zones is 
for the most part attributed to the Devonian Acadi-
an deformation, although the contribution of a Siluri-
an Salinic Disturbance is increasingly regarded as an 
important tectonic event in the southern part of the 
peninsula (Malo, 2001). Regional northeast-trending 
open and upright folds dominate the Gaspé Belt, with 
minor reverse faults that parallel the axial trace of 
folds and major east-northeast- to east-trending dex-

tral strike-slip faults. Major faults either border (e.g. 
the Shickshock Sud fault) or cut across (e.g. the Grand 
Pabos and Ste-Florence faults) the three main struc-
tural zones. Also, a regional northeast-trending cleav-
age is well developed throughout the Gaspé Belt. 

Conceptions on the tectonic evolution of the Gas-
pé Peninsula during the Acadian Orogeny have varied 
from the development of a collisional fold belt domi-
nated by regional synclinoria and anticlinoria bound-
ed by reverse faults (Roksandic and Granger, 1981) to 
a wrench tectonic scenario (Malo and Béland, 1989) 
to a two-phase scenario of a fold and thrust belt cut 
by strike-slip faults (Kirkwood et al., 2004). Malo and 

Fig. 3. Generalized stratigraph-
ic columns for folded belts 
(Humber Zone and Gaspé 
Belt). From Kirkwood et al. 
(2004). GCR/OC: Griff on Cove 
River/Owl Cape; GS: Gaspé 
sandstones; RB: Ruisseau Bleu; 
RL: Ruisseau Louis; SU: Salinic 
unconformity; UGL: Upper 
Gaspé limestones
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Béland (1989) described a wrench tectonic model to 
explain folds, strike-slip faults, and cleavage based 
on their study of the Aroostook-Percé anticlinorium 
in the southern part of the peninsula. Kirkwood et 
al. (1995) and Malo and Kirkwood (1995) proposed a 
two-phase development of the Acadian Orogeny, be-
ginning with a fi rst phase of fold and cleavage develop-
ment accompanied by vertical extension, followed by 
a phase of dextral strike-slip deformation with a hori-
zontal extension component. Th e deformation phases 
were related to a transition from a pure shortening de-
formation to a simple shear dominant deformation in 
an overall transpressive setting. Kirkwood (1999) then 
showed that this transpressive setting is characterized 
fi rst by coaxial deformation, represented by folding 
and axial planar parallel extension, followed by dextral 
strike-slip shearing and orogen-parallel horizontal ex-
tension. Reverse and strike-slip faults are interpreted 
as probably related to a same crustal décollement lev-
el limiting the supracrustal sequence (Dunnage Zone 
and Gaspé Belt) and the Grenville basement of Lau-
rentia. Finally, based on detailed structural mapping 
in northeastern Gaspé and new public domain seismic 
refl ection data from the Québec government in west-
ern Gaspé, Kirkwood et al. (2004) reviewed the previ-
ous model and proposed the development of a fold and 
thrust belt during the earliest phase of the Acadian 
Orogeny, followed by strike-slip faulting in Mid De-
vonian time. Th e seismic images presented here pro-
vide a more accurate representation of the subsurface 
structural style of the Acadian belt as well as the un-
derlying Taconian basement. 

Th e structures imaged on the seismic profi les indi-
cate that broad open folds mapped at the surface in the 
Gaspé Belt formed above shallow dipping structures 
located in the deeper units. 

Th e structural geometry is much more compatible 
with a compressional fold and thrust belt than with 
the transpressive tectonic regime that has previously 
been invoked for the Acadian orogeny. 

3 Integrated Seismic and Geological Method 

In fold and thrust belt settings, processing results in 
time seismic sections, which can be far from a cor-
rect representation of the geological features and ef-
fective depth imaging procedures are required to pro-
duce seismic images that are consistent with the real 
subsurface geometry. Th e challenge of our work in the 
Gaspé Belt was to obtain reliable seismic images in this 
structurally complicated context to better interpret 
the subsurface structural style of the Mid-Devonian 
Acadian Gaspé Belt as well as the underlying Taconi-
an basement. Th e surface geology displays structural 
complexity, with sub-horizontal to sub-vertical bed-

ding, open to tight fold, a moderate to strong pervasive 
cleavage and normal, reverse and strike-slip faults. 

Th e rocks also present strong lateral velocity con-
trasts and seismic data show low signal-to-noise ra-
tio. Th e proposed depth seismic imaging workfl ow is 
divided into three main steps: 1) geological and geo-
physical data collection and integration, 2) depth seis-
mic imaging applying post- or pre-stack migration 
processing (Fig. 1), and 3) depth velocity model build-
ing using both blocky and smooth parameterizations. 
Th e depth velocity model is especially uncertain in 
complexly structured zones and must be estimated by 
combining and integrating both geological and geo-
physical data and techniques. 

3.1 Initial Geological and Geophysical Data 

All the geological background needed for the depth 
seismic imaging study was collected before reprocess-
ing of the seismic data, specifi cally regional geologi-
cal knowledge, available well data and outcrop studies 
essential in land exploration. A fi eld survey was car-
ried out along seismic line 2001-MRN-10b, which for 
the most part follows the NS striking Nouvelle river, 
from the Chaleurs Bay to the south, to the Lac-des-
Huit-Miles syncline to the north. 

Th is fi eld work consisted in the study of available 
outcrops and regional surface geology, with the aim of 
having a reference mark (a priori data) which would be 
of great help in the creation of realistic velocity models. 
Among other things, fracture systems and schistosity 
were observed with close attention, as they are of ut-
most importance in our understanding of wave prop-
agation and resulting seismic images. It is well known 
that a well-developed vertical cleavage or schistosity 
masks other geological structures, and is nearly invis-
ible on seismic refl ection (no refl ection is generated). 
During this fi eld survey, sampling of diff erent lithol-
ogies was conducted, and collected samples were later 
submitted for petrophysical analysis at the Cergy-Pon-
toise university labs. Th ese analyses gave rather poor 
results, as most samples were pervasively cleaved and 
thus improper for analysis. However, some samples 
were of suffi  cient quality to determine a range of mag-
nitude for compressional wave velocity (Vp). 

Moreover, using the sparse well data available 
(three wells :Vérendrye No1 (1972FC090), 1967FC086 
and 1969FC088)) have been drilled in a radius of 90 
km along the seismic profi le, the deepest to a depth of 
3800 meters), stratigraphic sections and velocities of 
some formations were deduced, again helping in the 
creation of realistic velocity models. 

Th e initial geophysical information results from the 
analysis of seismic stack sections obtained by standard 
and advanced time processing. Th is analysis provides 
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an identifi cation of shadow zones, an estimation of the 
structural sensitivity to post stack time migration ve-
locities and an evaluation of the complex propagation 
of the seismic signal through the complex overburden. 
Initial information for velocity model building is ob-
tained from stack velocity analysis (i.e. normal move-
out and dip moveout corrections). 

3.2 Depth Seismic Imaging Techniques 

Seismic processing relates to the process of altering the 
seismic data to suppress noise, enhancing the desired 
signal (higher signal-to-noise ratio) and migrating 
seismic events to their appropriate location in space 
and depth. Processing steps generally include analysis 
of velocities, static corrections, moveout corrections, 
stacking and migration. Optimal seismic processing 
results in depth profi les readily interpretable, showing 
clear and unambiguous subsurface structures and re-
fl ection geometries. 

Depth migration can be viewed as a two-step pro-
cessing procedure. Th e fi rst step is to focus the diff ract-
ed energy, as for any migration processing. Th e second 
step is to convert the seismic data from the time do-
main to the depth domain. Both pre-stack and post-
stack depth migration techniques directly provide 
depth seismic images, but require the construction of 
a detailed velocity model describing the geometry of 
the geological layers and the intra-bed velocity varia-
tions in the depth domain. Post-stack depth migration 
can be an adequate processing technique if the con-
ventional stack sections can be reasonably considered 
to represent a zero-off set section and if coherent seis-
mic refl ectors are visible. Post-stack depth migration 
application is an interpretative processing technique, 
requiring simple velocity scan analysis and several it-
erations between seismic interpreters and processors 
for structural consistency control. Post-stack depth 
migration allows only a few control points at well lo-
cations on velocity variations within the overburden 
layers. Pre-stack depth migration techniques (hereaf-
ter termed PSDM) provide the best seismic images in 
terms of geometry but present the disadvantage of be-
ing dependent on the reliability of the input velocity 
model. 

Th is processing technique off ers more control i.e., 
coherency checking and fl atness control of seismic 
event on prestacked depth migrated gathers. For the 
case study presented here, PSDM is carried out by ap-
plying an in-house migration soft ware (WaveEqua-
tion, developed at Institut Français du Pétrole), based 
on wavefi eld propagation for 2D land acquisitions. 

Common image gathers computed by pre-stack mi-
gration are available both in shot, in off set and in an-
gle domains. In complex structural settings where 

pre-stack seismic data are unavailable, it is diffi  cult 
to defi ne immediately a reliable depth velocity model 
from stacked seismic data only. To cope with this dif-
fi culty, an integrated approach has been developed at 
IFP (Ehinger et al., 2001), which combines pre-stack 
seismic interpretation and advanced travel time inver-
sion. Th e travel time inversion soft ware is quite appro-
priate to resolve the velocity model problem in complex 
areas: a reliable horizon picking in seismic pre-stack 
domain is required and geological constraints are tak-
en into account to limit the ambiguities of depth seis-
mic imaging in complex subsurface.

3.3 Depth Velocity Model Building 

Due to the fl exibility of the IFP travel time inversion 
soft ware, various types of velocity models adapted to 
the subsurface complexity can be built. Two main pa-
rameterizations of the computed velocity models can 
be selected depending on the pre-stack time picking 
diffi  culties. A blocky velocity model, with simple ve-
locity variations within the main sedimentary unit is 
built using geological framework, regional structur-
al geology and fi eldwork. With this parameterization, 
structural boundaries are modelled by velocity con-
trasts. A smooth velocity model is characterized by 
velocity values not necessarily linked with structur-
al boundaries. Th is parameterization is very useful to 
obtain reliable lateral and vertical velocity variations 
even if faults and sedimentary units can not obviously 
be detected. Th is approach is particularly well adapted 
to complex geological settings. 

Th e integrated method has been applied on line 
2001-MRN-10b located in the central part of the Gas-
pé Belt. Blocky and smooth velocity models were built 
using surface geology information, pre-stack time mi-
grated sections interpretation and travel time inver-
sion of selected dipping seismic events. Th ese velocity 
models were then used for PSDM processing. 

Flatness control of seismic events on common im-
age gathers, also known as the iso-X method, (Al-Ya-
hya, 1989; Deregowski, 1990; Robein, 2003) ensured 
the kinematic validity of the input velocity models. 
Th e interpretation of the diff erent seismic depth im-
ages provides additional information on the structur-
al model and more specifi cally on the nature of faults 
within the sedimentary layers and the geometry of 
deeper thrusts.
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4 The “Lac des Huit-Miles” Syncline 

4.1 Geological Setting 

Th e northernmost synclinal structure of the Connect-
icut Valley - Gaspé synclinorium in northcentral Gas-
pé Peninsula, the “Lac des Huits-Miles” syncline is a 
large open syncline 35 km wide that reaches 6.5 km 
in depth in its core (Fig.5). It comprises Lower Siluri-
an to Devonian rocks of the Chaleurs, Upper Gaspé 
Limestone and Gaspé Sandstone groups. Th e syncline 
is limited to the north by the Shickshock Sud fault and 
to the south by the Causapscal anticline and the Cau-
sapscal fault. Both PostSTM and PSDM provide qual-
ity seismic images that can be used to defi ne the broad 
stratigraphic architecture and regional structure of 
the syncline. Th e stratigraphy was extended at depth 
by tracing major refl ections guided by the surface ge-
ology. Th ere is no available borehole information in 
the syncline to help calibrate the stratigraphy at depth. 
Th e closest well is located some 50 km to the south-
west and did not penetrate the entire stratigraphic se-
quence. 

At the surface along the seismic line, the contact 
between the Humber Zone to the north and the Gas-
pé Belt to the south coincides to the Shickshock Sud 
fault. Th e fault is a major fault in the Gaspé Peninsu-
la and has a complex history. Field observations and 

timing relationships within the fault zone provide evi-
dence for thrusting during Ordovician times (Taconi-
an orogeny), normal faulting during the Silurian and 
Early Devonian times and dextral strike-slip move-
ment during the Middle Devonian Acadian Orog-
eny (Sacks et al., 2004). At the surface, the Ruisseau 
Isabelle Mélange crops out within the ~100–500 me-
ters wide Shickshock Sud fault zone and is made up of 
diff erent lithological components such as black mud-
stone, green sandstones and serpentinized ultra-mafi c 
blocks (Malo et al., 2001; Sacks et al., 2004). Th e com-
plex structural features of this mélange are attribut-
ed to repeated faulting along the Shickshock Sud fault, 
and it is reasonable to think that this structural feature 
extends at depth. 

Th e lithological characteristics and faunal assem-
blages of this mélange unit have prompted Malo and 
others (2001) to correlate the unit with similar rocks of 
the Humber zone (the Rivière Ouelle Formation) thus 
establishing its affi  nity to the continental margin. 

Deformation fabrics within the mélange are as-
cribed to the Acadian orogeny (Malo et al., 2001). 
To the south, the Causapscal fault is interpreted as a 
backthrust (Desaulniers, 2006), and is one of the ma-
jor faults related to transpressive deformation during 
the Acadian orogeny. 

At the very base of the syncline, the Chaleurs 
Group is represented by the Awantjish Formation, 
a lower deep-water claystone, 30 to 40 meters thick. 

Fig. 4. Th e proposed integrated 
seismic and geologic workfl ow 
in three steps. Th e fi rst step 
consists in collecting the initial 
geologic and geophysical data 
used during the depth seismic 
imaging and velocity model 
building steps. Th en both post-
stack and pre-stack depth 
migration processing applica-
tions are required to obtain the 
most realistic depth seismic 
images. Step three involves 
depth velocity model building 
and proposes to compute two 
types of model parameteriza-
tions adapted to the structural 
objective
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In the Northern part of the Gaspé Belt, these depos-
its are upper Llandoverian in age, and unconform-
ably overlie the Cambrian-Ordovician folded rocks 
(Bourque et al., 1999). In the area immediately south 
of the Schickschock Sud fault, in the vicinity of seis-
mic line 2001-MRN-10b rocks of the Awantish Forma-
tion rest unconformably over rocks of the Ruisseau Is-
abelle mélange. 

Locally, a thinly bedded fi ne-grained limestone 
unit, the Sources Formation, is interlayered with or 
replaces the Awantjish claystone. Th e Awantjish For-
mation is overlain by a lithological assemblage made 
of two formations, composed of a very distinctive 
nearshore quartz sandstone of the Val-Brillant For-
mation, gradually changing to platformal limestones 
of the Sayabec Formation (Bourque et al., 1999). Th e 
Val-Brillant Formation is estimated to be 50 to 90 me-
ters thick, while the Sayabec Formation ranges around 
80-150 meters in thickness (Lachambre, 1987). Th e 
platformal limestones of the Sayabec Formation are 
composed of peritidal, reefal, and various subtidal fa-
cies, and is considered a good chronological marker 
(Bourque et al., 2001). 

Th e Sayabec Formation gradually changes to the 
Saint-Léon Formation, with a minimum thickness of 
2200 meters (Brisebois and Morin, 2004). Th e Saint-
Léon Formation is typically fi ne-grained and is made 
of sandstone, mudrock, occasional conglomerate, and 
reef limestones (namely the West Point Formation). 
Of particular interest, this formation is contempora-
neous of the Salinic Disturbance (Ludlovian-Prido-
lian times), and has recorded the Salinic erosional un-
conformity that, although it is only locally observed, 
can be very important, cutting unequally into the Late 
Ordovician and Silurian sequence, in places indicat-
ing almost 1500 m of diff erential uplift . Conglomer-
ate bodies in the middle part of the St-Léon Forma-
tion found in the close-by Faribault anticline and the 
northeastern part of the peninsula (namely the Grif-
fon Cove River and Owl Capes members) are unequiv-
ocally associated with the Salinic unconformity (La-
chambre, 1987; Bourque et al., 2001; Brisebois and 
Morin, 2004). 

Conformably overlying the Chaleurs Group, the 
Upper Gaspé Limestone Group is composed of the Fo-
rillon, Shiphead and Indian Cove formations. It reach-
es up to 500 meters thick in western Gaspé (Lavoie, 
1992) and 950 meters in Central Gaspé (Desaulniers, 
2006). At its base, the Forillon Formation is a homoge-
neous succession of shaly dolomitic and siliceous cal-
cilutite or limy mudstone. On some outcrops, patches 
of high organic matter content give the rock a dark-
er color and a hydrocarbon odor (Brisebois and Mo-
rin, 2004). Th e overlying Shiphead Formation is more 
heterogeneous and has a higher siliciclastic content, 
consisting of alternating thin to very thick siliceous 

and dolomitic limestone and mudstone beds. In the 
Causapscal anticlinal, the Shiphead Formation con-
tains basalts, in the form of three or four pillowed lava 
fl ows, to 15 m thick each, interstratifi ed within the up-
permost mudstone beds. Th e upper part of the group 
is the Indian Cove Formation, a homogeneous unit 
of cherty to siliceous or silty calcilutite, which is also 
known to locally contain basalt fl ows and mafi c lapil-
li tuff s. Th e Upper Gaspé limestones are conformably 
overlain by the Gaspé Sandstone Group. 

Th e youngest rocks unit in the syncline, the Gas-
pé Sandstone Group, is composed of the York Lake, 
York River, and Battery Point formations. Th e York 
Lake Formation is made of alternating limestone and 
feldspathic sandstone layers. On the northern limb of 
the syncline, the York Lake Formation is composed of 
two layers of limestone alternating with two layers of 
sandstone, for a thickness of about 400 meters. On the 
southern limb of the syncline, thickness of the York 
Lake increases to up to 1000 meters. Th e York Lake 
limestones are quite similar to those of the underly-
ing Indian Cove Formation, although somewhat less 
siliceous, and like the latter, they contain some basalt 
fl ows. Th e last limestone layer is considered the top of 
the York Lake Formation, and gives place to the York 
River Formation, composed of a siltstone-mudstone-
sandstone sequence, where feldspathic wackes domi-
nate. It amounts to a total thickness of around 500 me-
ters. Th e last unit of the syncline is the Battery Point 
Formation, a felspathic-rich wacke and arenite as-
semblage, with some mudstone and minor limestone. 
Some basalt pillow fl ows are also associated with this 
unit. 

Some of these geological formations represent re-
markable stratigraphic and seismic markers. Worth 
mentioning, the Val-Brillant - Sayabec transition, at 
the base of the sequence, is very distinctive and shows 
up as almost continuous on the whole seismic section. 
Th is refl ector, comprising two couples of high-ampli-
tude refl ections, is known as the Val-Brillant - Sayabec 
Doublet (Desaulniers, 2006). Levels of very distinct 
refl ectors in the St-Leon Formation, interpreted as re-
markable sedimentary sequences (see next section), 
erosional (Salinic?) features, and possible reef build-
ups (Morin et al., 2002a), hint at a syntectonic deposi-
tion of this formation in a tectonically active environ-
ment. Finally, the base of the Upper Gaspé limestones 
(Forillon Formation) and of the Gaspé sandstones 
(York Lake Formation), showing both an important 
lithological change in the sedimentary sequence of the 
syncline, prove to be very good stratigraphic and seis-
mic markers as well. 
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5 Structural Interpretation 

Th e depth seismic imaging workfl ow presented above 
has been applied to seismic line 2001-MRN-10b. Th e 
depth seismic image obtained along the northernmost 
portion of the line, the ”Lac des Huit-Miles” syncline, 
shows more continuous refl ectors and provides de-
tailed information concerning the architecture of sed-
imentary layers and the geometry of faults and folds 
aff ecting the Gaspé Belt and their relationship to deep-
er structures (Fig. 5). Th e structural interpretation pre-
sented here focusses on three particular zones along 
the Lac des Huit Miles syncline (Fig. 5): 

1. Th e core of the syncline displaying a fault-related 
fold in the basal part of the Silurian-Devonian se-
quence; 

2. Th e zone directly underlying the southern limb of 
the syncline, where folds have been imaged in the 
underlying Taconian Belt; and 

3. Th e northern contact of the Gaspé Belt with the 
Humber Zone, along the Shickshock Sud fault.

5.1 The “Lac des Huit-Miles” Syncline 

At the base of the syncline, the Val-Brillant - Sayabec 
Doublet and overlying refl ectors are cut by small sub-
vertical faults, interpreted as normal, synsedimen-
tary faults (Desaulniers, 2006) and compatible with 
available stratigraphic and paleogeographic models 
(Bourque 2001). Th e lowermost units of the St-Léon 
Formation thicken dramatically, from 500 m on the 
north limb of the syncline to more than 1200 meters 
in the core of the syncline (Fig. 6). 

Th e drastic transition occurs very rapidly across 
the axial surface of the syncline and could be relat-
ed to structural thickening in the hinge of a small-
scale anticline located in the core of the regional syn-
cline (Fig. 6). However, a constant thickness of more 
than 1000 meters for the lowermost units of the St-
Léon Formation persists further south along the south 
limb of the syncline (Fig. 6). On our seismic profi les 
(Figs. 6, 7 and 8), normal faults aff ecting the Siluro-
Devonian are restricted to the lowermost part of the 
sedimentary sequence and cannot be followed high-

Fig. 5. PSDM image of the 
northern part of seismic line 
2001-MRN-10b, with the zones 
of particular interest (top, 
boxes 1 to 3), and with 
interpretations (bottom). For.: 
Forillon; Shp., S.: Shiphead; I.
C., I. Cove: Indian Cove; Y.L.: 
York Lake; RIM: Ruisseau 
Isabelle Mélange



84 M. Bêche · D. Kirkwood · A. Jardin · E. Desaulniers · D. Saucier · F. Roure

er up into the sequence. Th is is in agreement with doc-
umented normal faulting during the deposition of the 
St-Leon Formation (Bourque, 2001). We have inter-
preted the change in thickness of the lowermost units 
of the St-Léon Formation as syndepositional thick-
nening due to movement along a normal fault pres-
ently located in the core of the syncline (Desaulniers, 
2006). Based on the fact that the normal faults are re-
stricted to pre-Lower Devonian times, the age of the 
normal faulting event is assigned to the upper Siluri-

an/lowermost Devonian (Ludlovian to Pragian), and 
is attributed to Salinic extensional tectonics, an event 
that resulted in block faulting and tilting along nor-
mal listric faults in the northeastern part of the Gas-
pé Belt (Bourque, 2001). Our seismic images however 
help constrain the timing of the normal faulting event 
in the Lac des Huit-Miles syncline to the Ludlow-Pri-
doli since thickening is clearly restricted to the lower-
most St-Léon and stratigraphic markers higher up are 
not displaced. 

Fig. 6. a PSDM and b PostSTM images of the “Lac des Huit-Miles” syncline, c geological interpretation of a fault-bend fold in the 
core of the syncline showing a dramatic thickening of the lowermost units of the St-Leon Formation from north (left ) to south 
(right). Th e thickening is related to synsedimentary normal faulting during the deposition of the lower St-Léon (Wenlock-Ludlow). 
Th e reverse fault is interpreted as the reactivation of a major normal fault. On the Val-Brillant – Sayabec Doublet, normal faults are 
attributed to the Salinic Disturbance
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Of particular interest, Fig. 6 shows a fault-related 
fold geometry in the core of the syncline. 

Th e seismic section clearly shows a 100-m-scale an-
ticline cored by a 30 to 40 degrees south-dipping re-
verse fault. Th e Val-Brillant - Sayabec Doublet is 
displaced and the lowermost beds of the St-Léon For-
mation are also discontinuous across the fault. Th e 
fold shape of the asymmetrical anticline displays a 
steep but not overturned north limb. Th e dip of stra-
ta along the north limb decreases and the fault dis-
appears up section. Two axial surfaces can be traced 
along the steeply dipping north limb of the anticline 
and extend down to what seems to be a concave-down-
ward bend in the fault surface. Th ese features are typ-
ical of either a fault-propagation folding mechanism 
or a fault-bend folding mechanism (Shaw et al., 2005). 
Regardless of the fold category, the geometry of the 
fold clearly indicates that folding occurred due to beds 
moving upwards along the hanging wall of the fault, 
although the amount of displacement is diffi  cult to es-
timate. Th e fault most probably acted as a reverse fault 
at some stage during the formation of the syncline, re-
activating the normal fault located in the core of the 
syncline. Timing of the inversion can be constrained 
to post-Pragian time since stratigraphic markers of the 
Upper Gaspé Limestones are also folded. Higher up in 
the stratigraphic sequence, the fault eventually disap-
pears within the St-Léon and the uppermost units are 
simply folded. At depth, the fault seems to be rooted 
in the Taconian allochthon underlying the syncline. 
Th us, this fault could be strictly an Acadian structure 
that reactivated a Salinic normal fault or alternatively 
a Taconian thrust ramp reactivated as a normal fault 
during the Salinic event and then inverted as a thrust 
fault during the Acadian. 

5.2 The Causapscal Anticline 

Deep refl ectors under the syncline (between 6 to 8 km 
in depth) are quite diff erent from those of the Siluri-
an and Devonian sequences of the Gaspé Belt and de-
fi ne a large-scale anticline. Th ese structures are in fact 
located in the Taconian basement beneath the Gaspé 
Belt sequence, immediately below and slightly to the 
south of the fault-related fold at the base of the syn-
cline. Below the Lac des Huit-Miles syncline, a major 
fault cuts through the lowermost units of the Siluri-
an and Devonian sequence of the syncline, and can be 
followed at depth cutting through rocks of the Taconi-
an Belt. To the south of this major fault, north dipping 
refl ectors hint to the presence of a subsurface anticline 
located below the Causapscal anticline exposed at the 
surface. Th e folding involves the uppermost section of 
Taconian Belt as well as the overlying Siluro-Devoni-
an sedimentary package. Th is anticline is limited to 

the south by a major fault (Fig. 7). Normal faults cut-
ting through the folded refl ectors of the anticline are 
correlated to the normal faulting event (Salinic Event) 
responsible for faulting of the Val-Brillant – Sayabec 
doublet. Also, the core of the anticline displays back-
thrusts, within which the Causapscal north-dipping 
fault seems to be rooted. As no synsedimentary defor-
mation can be seen in the anticline, we conclude that 
the Causapscal backthrust postdated the deposition of 
its youngest sediments. It is our opinion that the cre-
ation of the backthrust is related to the locking of the 
major reverse fault, and resulted from the ongoing 
Acadian compressive phase. 

5.3 The Northern Contact of the Gaspé Belt
 Along the Shickshock-Sud Fault 

New images resulting from depth migration have 
clearly imaged the trace of the ShickShock Sud fault 
in the subsurface, which was positioned slightly to the 
north and with a steeper dip on previous interpreta-
tions based on post-stack time migrated (PostSTM) 
seismic images (Figs. 8a and b) (Morin and Laliberté, 
2002). Th is fault shows a maximum dip of 30–40° on 
our depth images (Desaulniers, 2006). Th e image pre-
sented here (Fig. 8c) shows the contact between the Ta-
conian and Acadian belts which at the surface is repre-
sented by the vertically dipping Shickshock-Sud fault 
and in the subsurface by the discontinuity between the 
syncline and the underlying rocks. Th e discontinuity 
could be either an angular unconformity or a major 
décollement level involving thrusting of the Acadian 
Belt over the Taconian Belt. On the northern limb of 
the “Lac des Huit-Miles” syncline, Siluro-Devonian 
sediments of the syncline rest unconformably either 
on rocks of the Ruisseau Isabelle Mélange or on rocks 
of the Taconian Belt, in the hanging wall of the Shick-
shock Sud fault. Below the syncline, a strong refl ec-
tor is similar to the Val-Brillant - Sayabec Doublet al-
though refl ections above do not seem to correlate well 
with the expected refl ectors of the overlying St-Léon 
Formation. Th e repetition of the Val-Brillant - Saya-
bec Doublet below would imply a cut-off  located near 
the core of the syncline and a major décollement zone 
with more than 20 km of off set. Alternatively, the re-
fl ector could belong to a slice from the Taconian al-
lochthon. 

6 Discussion 

Th is study aimed at elaborating an integrated meth-
od using a-priori geological information in the seismic 
imaging workfl ow. Th e method has proved successful 
to image small-scale structures and the detailed archi-
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tecture of the stratigraphic sequence of the Gaspé Belt, 
as shown by our preliminary results of the processing 
and interpretation of 2D line 2001-MRN-10b. Post-
stack time migrated sections are valuable to defi ne the 
regional structures and broad stratigraphic divisions 
in complex structural settings (Fig. 9a). However, in 
order to defi ne smaller-scale exploration targets, ve-
locity models must be built by integrating as much of 
the surface geology as possible. Travel-time inversions 
on specifi c refl ectors also help constrain and verify 
the velocity model. As shown in our case study of the 
Gaspé Belt, PSDM images provide the geologist with 
a more detailed representation of the subsurface ge-
ology and are a key part of the interpretation process 
(Fig. 9b). 

A great advantage of depth seismic imaging com-
pared to time seismic imaging (Fig. 9) is to provide 
direct geological interpretation without the need for 
time to depth conversion. By using this method, we 

were able to precisely determine the various thickness-
es of the geological units, which can be estimated by 
simple observation of the depth image. However, to 
obtain a good depth image, one must build the most 
realistic and precise velocity model. It is the inherent 
paradox in any use of the PSDM: optimal processing of 
the data requires an optimal model of the area, which 
means that one must know beforehand the answer one 
is looking for. Which is why taking into account geo-
logical data at the beginning of the imaging process is 
necessary and of paramount importance. 

For most stratigraphic plays and plays in simple 
structural settings, time migrated seismic profi les are 
more than adequate to image the subsurface. Howev-
er, for structural plays in more complex settings, depth 
seismic imaging is recognized as the best representa-
tion of the subsurface. In such settings, time imag-
ing oft en leads to inadequate imaging of steeply dip-
ping strata and faults as well as incorrect estimation of 

Fig. 7. a PSDM and b PostSTM images beneath the “Lac des Huit-Miles” syncline, c geological interpretation of a reverse fault root-
ed beneath the “Lac des Huit-Miles” syncline in the underlying Taconian Belt. Th e interpretation highlights a system of imbrica-
tions involving Taconian- and Acadian-deformed sediments
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depth. Our interpretation of the “Lac des Huit-Miles” 
syncline defi nes a thin-skinned structural style com-
patible with a fold and thrust belt environment. Folds 
are distorted or only partially imaged on time-migrat-
ed seismic sections. In our case study, the northern, 
steeply dipping limb of the fault-related fold in the 
core of the “Lac des Huit-Mile” syncline was poorly 
imaged on the post-stack time section. Previous inter-
pretations were unable to distinguish between a fault 
and a fold. Th e more detailed seismic profi le helped 
determine that the fault disappears up section. Our 
interpretation implies the reactivation of old Taconi-
an structures during the Acadian orogeny, as illustrat-
ed by the fault-related fold structure in the core of the 
syncline. 

PSDM profi les image more clearly the lithological 
contrasts in the sedimentary assemblages of the “Lac 
des Huit-Miles” syncline, and highlight what seem to 
be structural imbrications beneath the syncline. Ex-
tensional structures (normal faults) can be observed in 
the bottom-most part of the stratigraphic sequence at 

the Val-Brillant-Sayabec Doublet level, which we link 
to the Salinic Disturbance. Timing of normal faulting 
can be constrained to the Ludlow-Prodoli time period 
in the northern Gaspé Belt. Under the “Lac des Huit-
Miles” syncline, we can observe that Siluro-Devoni-
an sediments of the syncline rest unconformably on 
the Taconian allochthon, particularly in the northern 
part of the studied section in the hanging wall of the 
Shickshock Sud fault. Previous time imaging results 
were unable to image the subsurface expression con-
tact between the Gaspé Belt and the Taconian Belt. Th e 
Shickshock Sud fault is clearly visible on our PSDM 
images where it shows a maximum dip of 30–40° and 
can be traced down to 5000 meters with possible ex-
tension to lower depths. As inferred by surface geolo-
gy, the Shickshock Sud fault does represent the limit 
between the Taconian and Acadian belts at the north-
ern limit of the syncline. 

Our structural interpretation of these images pro-
vides new evidence in support of the fold and thrust 
belt model presented by Kirkwood et al. (2004). Struc-

Fig. 8. a PSDM and b PostSTM images of the northern contact of the “Lac des Huit-Miles” syncline. c Geological interpretation of 
the Shickshock-Sud fault zone, that separates the Taconian Belt and the Dunnage zone. On the Val-Brillant – Sayabec Doublet, 
normal faults are related to the extensive Salinic Event
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tural imbrications imaged beneath the core of the syn-
cline show similarities with previous interpretations 
of Morin and Laliberté (2001) on regional-scale seis-
mic lines (VB 06 and VB04 A-B-C) located ~70 km 
west of line 2001-MRN-10b. Th ese observations sup-
port our interpretation that the structural style de-
scribed to the Acadian Orogeny is a “fold and thrust 
belt” style. However, study of the deep Taconian struc-
tures remains diffi  cult, mainly because of data prov-
enance. Indeed, the seismic survey was designed for 
subsurface imaging and not for crustal-scale studies 
at depth of more than 5000 m. Th us, maximum off sets 
available on 2001-MRN-10b line are of 3000 meters, 
too small for optimal crustal studies.

7 Conclusion 

Our studies of the “Lac des Huit-Miles” syncline shows 
that our innovative method is well suited for fold and 
thrust belt investigation. Th is study was successful in 
integrating a-priori geological information in seismic 
modelling and imaging processes, and has demon-
strated the improvements in interpretation of struc-
tural style that can be obtained from depth seismic 

images. On these, correct thickness, dip, and depth 
of sediment packages and related structures (folds 
and faults) are directly observed, rather than deduced 
from time image approximate interpretation. Th us, 
based on our interpretation of normal faulting in Up-
per Silurian - Lower Devonian times (Val-Brillant – 
Sayabec doublet and lower St Léon), we have shown 
that the “Lac des Huit-Miles” syncline records defor-
mation related to the Salinic Disturbance and that re-
lated normal faulting can be constrained to the Lud-
low-Prodoli time period in the northern Gaspé Belt. 
Th e Shickshock Sud fault appears clearer on our depth 
image and shows a dip of 30–40° towards SE at depth, 
supporting the hypothesis of this fault being related 
to a major Acadian décollement level. Th in-skinned 
thrusting seems to dominate over the area, with pos-
sible reactivation of older faults during the Acadian 
Orogeny, as exemplifi ed by the reactivation of a Taco-
nian (or older) fault in the underlying rocks below the 
syncline, which led to the development of a fault-relat-
ed fold in the syncline.

To validate our interpretations, this study will serve 
as a starting point to a basin modelling study of the 
Gaspé Peninsula. Balanced cross-sections of the 2001-
MRN-10b line will be constructed. Th ey will be incor-

Fig. 9. a PostSTM image and 
b PSDM image on the “Lac des 
Huit – Miles” Syncline



Chapter 4  ·  2D Depth Seismic Imaging in the Gaspé Belt, a Structurally Complex Fold and Thrust Belt in the Northern Appalachians, Québec, Canada 89

porated in kinematic modelling, using IFP soft ware 
(Th rustpack). Petrophysical, log and thermal matura-
tion data will be added to the kinematic modelling and 
help defi ne the evolution of the Gaspé Belt and evalu-
ate the petroleum potential of the area. 
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Part III
Exploration of Thrust Belts (2) :
Fluid Flow and Hydrocarbon Systems

Chapter 5
Fluid Systems in Foreland Fold-and-
Thrust Belts: An Overview from the 
Southern Pyrenees

Chapter 6
The Miocene Petroleum System of 
the Northern Apennines in the 
Central Po Plain (Italy)

III

Recent advances in analytical resolution, integration of stable isotope and fl u-
id inclusion studies with classic petrography and basin modelling, provide a 

new understanding of paleo-fl uid circulations, diagenesis and evolution of pe-
troleum systems in foreland fold-and-thrust belts. Part III illustrates fl uid fl ow 
reconstructions and hydrocarbon systems in two Alpine orogens, i.e., the South-
ern Pyrenees in Spain, and the Northern Apennines in Italy, respectively.

Travé et al. (Chapter 5) document the evolution of fl uid fl ow in the Southern 
Pyrenees with compartmentalization of the hydrologic system in time and space 
in the foreland fold and thrust belt and progressive exhumation of the internal 
parts of the belt through the complex interactions between formation, meteoric 
and evaporites derived fl uids.

Picotti et al. (Chapter 6) describe the geochemistry and maturity of the hy-
drocarbons trapped in Miocene reservoirs of the Northern Apennines, and dis-
cuss the timing of the petroleum charge as a function of the burial of the diff er-
ent source rock horizons and tectonic agenda.
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Fluid Systems in Foreland Fold-and-Thrust Belts:
An Overview from the Southern Pyrenees
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Abstract. The analysis of three diff erent regions of the South-
Pyrenean fold-and-thrust belt reveals that during the Tertiary 
compression the hydrological system was compartmental-
ised in time and space. During the early-middle Eocene, when 
the thrust front aff ected marine soft-sediments in the Ainsa 
basin, the thrust fault zones were dominated by formation 
fl uids derived from Eocene marine waters trapped in the un-
derlying Eocene marls, although infl uences of meteoric wa-
ters were also present. During the middle-late Eocene, when 
the thrust front emplaced marine rocks over continental red-
beds in the eastern Catalan basin (L’Escala thrust), the thrust 
fault zones were dominated by meteoric fl uids. These fl uids 
fl owed preferentially along these faults, draining laterally the 
meteoric fl uids and acting as barriers hindering their fl owing 
towards more external parts of the belt. During the Oligo-
cene, the most external part of the fold-and-thrust belt in the 
eastern Catalan basin developed on top of a salt detachment 
horizon. The thrust front aff ected continental materials of late 
Eocene-Oligocene age. At this moment, the thrusts were con-
duits for meteoric fl uids arriving from the surface and also for 
evolved meteoric fl uids migrating over short distance up-
wards after being in contact with the underlying evaporitic 
beds.

Most of the fractures show a similar sequence of micro-
fractures. Microfractures of stage 1 formed when the sedi-
ment was poorly lithifi ed. Microfractures of stage 2 represent 
the main episode of vein formation which developed when a 
progressive induration of the host sediment occurred. During 
microfracture stage 3, formed in an extensional regime, the 
host sediment was more indurated. The repetition of this se-
quence of microfractures in diff erent fracture generations of 
the same outcrop indicates that the sediment induration was 
restricted to the vicinity of the vein. Away from the veins, the 
sediment remained poorly lithifi ed during the entire defor-
mation cycle. Calcite cement within the host rock precipitat-
ed later than the syn-compressive veins, when the sediment 
was more indurated.

Elemental geochemistry and stable isotopes of the calcite 
veins indicates that early generation of microfractures is in-
fi lled by local fl uids (either marine or meteoric), whereas ex-
ternal fl uids (meteoric or evolved meteoric) infi lled the main 
compressive stage of microfractures. The hot temperature of 
these fl uids (157ºC to 183ºC in the Atiart-Arro example) indi-
cates their circulation through deep parts of the thrust belt. 

The progressive increase of the 87Sr/86Sr ratio through time is 
due to the progressive uplift, exposure and erosion of the in-
ternal Pyrenean Axial Zone.

1 Introduction

Geofl uids are related to the formation and deforma-
tion of the fold-and-thrust belts and sedimentary fore-
land basins. Th e geodynamic evolution of the belt - 
foreland basin system moves geofl uids and, in their 
turn, geofl uids condition the geodynamic evolution 
of the system by controlling the propagation of frac-
tures and faults and the dynamics of fault activity. Th e 
fl uid sources are likely to change during this coupled 
evolution, in particular because most foreland basins 
evolve from marine and largely underfi lled to conti-
nenta overfi lled and largely bypassing (e.g. Allen et al., 
1986) (Fig. 1).  Fractures and faults may have a major 
control on fl uid distribution and migration pathways, 
acting as barriers or as conduits. Th e detailed petrolo-
gy of the vein fi lling fractures, coupled with their dis-
tribution, geometry and microstructural study, is a 
key to understanding the coupling between fractures, 
faults and fl uid, in particular 1) the mechanisms and 
kinematics of fl uid-deformation relationships, 2) the 
fl uid fl ow events and their relative timing, and 3) the 
synchronism, or not, between fracturation and fl uid 
fl ow. Th e geochemical composition of the fracture-fi ll-
ing minerals and their comparison with the geochem-
istry and mineralogy of their host rocks allow to assess 
1) the physico-chemical characteristics of the fl uid, 
and therefore the fl uid type and origin, 2) the degree 
of fl uid/rock interaction (high versus low), 3) the type 
of fl uid fl ow regime (closed versus open), and 4) the 
fl uid pathways (pervasive versus channelized). Finally, 
the integration of all these data within a specifi c geo-
logical setting constrains the relative timing of fl uid 
fl ow and the fl uid driving force. 

Th e main fl uid fl ow systems in foreland-orogen con-
texts are driven by tectonics (Oliver, 1986; Burkhard & 
Kerrich, 1988; Machel & Cavell, 1999) and topography 
(Garven 1985, 1989, 1995). Structural and microstruc-
tural study of faults related to compression indicates 
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that a high-fl uid pressure highly favours thrusting 
(Roure et al., 1994, 2005) although it is not a prereq-
uisite (Dietrich et al., 1983; Cosgrove, 1993). Orogenic 
compression may drive fl uid migration directly (Oli-
ver, 1986), and signifi cant fl uid fl ow may migrate to-
wards the foreland coevally with thrusting (Ge and 
Garven, 1992; Qing & Mountjoy, 1992). Bradbury & 
Woodwell (1987) inferred that each thrust sheet act-
ed as a separate hydrodynamic unit for expulsion of 
fl uids into the foreland. Geochemical studies of cal-
cite cements in compressive fault zones indicate in 
some cases high fl uid-rock interaction and relatively 
closed palaeohydrogeological regime (Dietrich et al., 
1983; Budai, 1985; Kyser & Kerrich, 1990; Muchez et 
al., 1995; Calvet et al., 1996; Travé et al., 1997, 1998; 
Ferket et al., 2004) but, in other cases calcite cements 
indicate low fl uid-rock interaction and relatively open 
palaeohydrogeological regime (Burkhard & Kerrich, 
1988; Marquer & Burkhard, 1992). Quantitative mod-
elling of fl uid migration in active foreland basins re-
veals that fl uid fl ow derived from basin sediment com-
paction is subordinate to that resulting from the rising 
hinterland topographic relief of the orogen (Ge & Gar-
ven, 1992; Bethke & Marshak, 1990; Bitzer et al., 1998). 

Ge & Garven (1994) calculated that the total volume of 
fl uid expelled during thrusting is in the order of 1% of 
the total volume of pore fl uid that moved through the 
section aft er thrusting (i.e., by topographically-driv-
en fl ow), and these fl uids did not travel more than a 
few km into the foreland. Low fl uxes of tectonically-
expelled fl uids are also indicated in the Rocky Moun-
tain Foreland Basin (Machel & Cavell, 1999) and in the 
Variscan foreland because recrystallization and lithifi -
cation of the host rocks occurred earlier than thrust-
ing (Muchez et al., 1995).

Th e South-Pyrenean fold-and-thrust belt represents 
an ideal natural fi eld laboratory for the study of fl uid 
migration during orogenic compression because the 
evolution of the foreland basin from marine under-
fi lled to continental overfi lled and the coupled thrust 
front propagation are particularly well recorded. Th e 
aims of this paper are to compare the type and ori-
gin of the synkinematic fl uids and the type of palaeo-
hydrogeological regime at diff erent moments of the 
thrust front propagation. For this, we use data from 
three areas in three diff erent parts of the belt repre-
sentative of the main situations of the belt front dur-
ing the main tectonic events: the Atiart-Arro thrust-
fold system in the Ainsa basin, and the L’Escala thrust 
and El Guix anticline, both located in the eastern Cat-
alan basin (Fig. 2). Data from Atiart-Arro and El Guix 
are synthesised from detailed works already published 
separately elsewhere (Atiart-Arro: Travé et al., 1997, 
1998; El Guix: Travé et al., 2000), whereas data from 
L‘Escala are new data presented here for the fi rst time. 
Details of analytical techniques and methods, as well 
as the detailed petrology in the cases of Atiart-Arro 
and El Guix, are not presented in this paper and the 
readers are referred to the previouly published papers.

We will also discuss the place of oil migration in 
the fl uid history from an example in the eastern Cat-
alan basin (Caja et al., 2006), and compare fl uid fl ow 
in the thrust front with that associated with the em-
placement of basement thrust sheets in inner parts of 
the belt (Grant et al., 1990; Banks et al., 1991; McCaig 
et al., 1995).

2 South-Pyrenean Fold-and-Thrust Belt

Th e continental collision of Iberia and Europe pro-
duced the formation of the Pyrenean orogen with a 
partial subduction of the Iberian lithosphere to the 
north (Choukroune et al., 1989; Roure et al., 1989; Mu-
ñoz, 1992; Beaumont et al., 2000). Convergence began 
during the Campanian and most of compressional de-
formation ceased during the early Miocene. Two large 
fl exural foreland basins formed on both sides of the 
growing mountain chain: the Aquitaine retroforeland 
and the Ebro foreland basins (Fig. 2). Aft er an early 

Fig. 1. Evolution of a foreland basin from marine and largely 
underfi lled to continental. overfi lled and largely bypassing. 
Post-orogenic vertical motions are mainly controlled by the in-
terplay between tectonic and surfi cial denudation with con-
comitant isostatic rebound
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period of low subsidence rate and mainly continental 
or marine platform sedimentation, the South-Pyrene-
an foreland basin developed as underfi lled and ma-
rine during the early-middle Eocene, with turbiditic 
troughs both in the eastermost and westernmost parts 
(the eastern Catalan and the Ainsa-Jaca basins, respec-
tively). Subsequently, the basin became overfi lled and 
continental from the middle-late Eocene to the end of 
shortening during the late Oligocene (Puigdefàbregas 
et al., 1986, 1992; Vergés et al., 1995, 1998). At the mid-
dle-upper Eocene boundary (~37 Ma) the uplift  of the 
Western Pyrenees triggered the end of the marine fore-
land basin stage and originated an intermountain ba-
sin limited by the Pyrenees, the Catalan Coastal Rang-
es and the Iberian Range (Vergés & Burbank, 1996). 
An internal fl uvial network delivered sediments to the 
Ebro Basin characterized by a large central lake (e.g., 
Anadón et al., 1979; Arenas & Pardo 1999). In the east-
ern Catalan basin, the deposition of the Cardona salts 
(~37 Ma) coincides with this transition from marine to 
continental conditions. Th e end of deformation along 
the South-Pyrenean thrust front occurred during the 
late Oligocene as determined by magnetostratigraphy 
on growth strata (~24.7 Ma) (Meigs et al., 1996). Fis-
sion track cooling ages in the Axial Zone of the central 
Pyrenees, however, reveal that basement uplift  in the 
back of the fold-and-thrust belt ended its major up-
lift  at about 30 Ma (Fitzgerald et al., 1999), and that 
younger movements occurred around 20 Ma along the 
southern edge of the Axial Zone (Sinclair et al., 2005; 
Campani et al., 2005). Th e Ebro basin infi lled up to 
the late Miocene times when it was captured by Med-
iterranean rivers and thus ending its endorheic char-

acter (e.g., Coney et al., 1996; García-Castellanos et al., 
2003).

During Pyrenean shortening there was a gener-
al migration of tectonic activity towards the foreland 
as well as of the sedimentary depocentres. Th ree main 
periods of thrust sheet movements can be diff erenti-
ated with diff erent rates of motion (e.g. Vergés et al., 
2002), namely: 

1. An early period during the Late Cretaceous-Pa-
leocene, related to the emplacement of the upper-
most thrust sheets, with very low rates of about 
0.5 mm/a; 

2. A second period, during the early and middle Eo-
cene, which is characterized by fast rates of thrust 
sheet emplacement in the order of 4.0 to 4.4 mm/a 
in submarine conditions; 

3. During the third period (late Eocene – Oligocene) 
there was a decrease of the rates of thrust emplace-
ment down to 1.5 to 2.6 mm/a. 

Th e second and third periods largely coincide with the 
underfi lled and overfi lled stages of basin evolution, re-
spectively.

Th e three selected structural domains (Fig. 2) to 
conduct this geofl uid study are representative of the 
two last stages of the thrust front – foreland basin sys-
tem migration. Th e Atiart-Arro fold-and-thrust sys-
tem represents the submarine stage, during the ear-
ly-middle Eocene. Th e L’Escala thrust represents an 
intermediate stage, during the middle-late Eocene in 
transitional marine-continental conditions. Th e El 
Guix anticline represents the latest stage, during the 
Oligocene, with continental conditions (Fig. 3).

Fig. 2. Structural sketch of the 
Pyrenean belt and location of 
the studied outcrops. A: Atiart-
Arro (early-middle Eocene); B: 
L’Escala (middle-late Eocene); 
C: El Guix (Oligocene); D: 
outcrop zone of Armanciès 
Formation marls (lower 
Eocene); E: outcrop area of 
Gavarnie basement thrust 
discussed in the text
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Fig. 3. Cross-sections of the studied areas. a) Atiart-Arro fold-and-thrust system  (schematic section before erosion of the inner 
part of the Cotiella nappe). Th e box corresponds to Fig. 4. b) L’Escala thrust. c) El Guix anticline. Th e box corresponds to Fig. 8

a

b

c
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3 Early Development
 of Submarine Thrust Front: 
 Atiart-Arro Fold-and-Thrust System

3.1 Geological Framework

Th e Atiart-Arro fold-and-thrust system is located in 
the eastern part of the Ainsa sub-basin, a marine dep-
ocentre in the inner part of the central South-Pyrenean 
basin. Th e Ainsa sub-basin is mainly fi lled up by low-
er and middle Eocene marls with sandstone and con-
glomerate intercalations forming turbiditic channel-
levee complexes, and comprises westward prograding 
outer-shelf/slope facies intercalations in the eastern 
part (e.g. Mutti et al., 1988). Th ese deposits rest above 
Upper Cretaceous-Paleocene shelf carbonates, Permo-
Triassic marls and sandstones, and a Paleozoic base-
ment. Th e northern part of the basin-fi ll is thrust by 
the Cotiella Nappe, detached in the Triassic sediments 
and mainly consisting of Upper Cretaceous-Paleocene 
carbonates (Fig. 4) (Séguret, 1972). Th e nappe moved 
southwards for at least 20 km and was probably root-
ed in the Paleozoic basement of the Axial Zone of the 
belt, although this root cannot be precisely identifi ed 
due to subsequent deformation and erosion (e.g. Mar-
tinez-Peña & Casas-Sainz, 2003). Th e Atiart-Arro fold-
and-thrust system is a SW-verging imbricate structure 
developed in the basin-fi ll at the front of the nappe. 
Erosional surfaces and unconformities related to the 
fold-and-thrust system show that the main movement 
of the Cotiella Nappe occurred during the early Eo-

cene (Ypresian), and that deformation continued dur-
ing the middle Eocene (Mutti et al., 1988). 

Th e study of the fl uid behaviour was carried out 
on four hectometric-scale outcrops, correspond-
ing to three thrust-fault zones and one syncline: the 
Sampert, Atiart, and Los Molinos thrusts, from the 
NE to the SW (and structurally from top to bottom), 
and the Arro syncline in the footwall of the Los Moli-
nos thrust (Fig. 4) (Travé et al., 1998). Th e Atiart and 
Los Molinos thrusts probably root within the Cotiella 
thrust, whereas the Samper thrust is a rootless “out-of-
the-syncline” thrust. Th e Arro syncline is asymmet-
ric, with a steeply-dipping eastern limb and a gently-
dipping western limb.

Th e studied mesostructures aff ect mainly marly li-
thologies. Th e thrust fault zones consist in a-few-me-
tres thick intervals where deformation is marked by the 
association of shear bands in marls and calcite shear 
veins. Calcite veins are also observed over a few tens of 
metres in the thrust-fault footwalls, but they are rare 
or absent in the hangingwalls. Th e shear bands feature 
S-C structures related to the development of pressure-
solution cleavage. Th e most intensely strained shear 
bands have mineral assemblages characterised by the 
occurrence of dickite, which is absent in the protolith 
as well as in the less strained domains of fault zones 
(Buatier et al., 1997). Many calcite veins show a three-
stage evolution of their microstructure with 1) diff use 
veinlet networks associated with sand disaggregation, 
2) crack-seal shear microstructures forming most of 
the vein volume, and 3) late extensional openings. Th e 
geometry of stage 1 and 2 microstructures is coher-

Fig. 4. Detailed cross-section of 
the Atiart-Arro fold-and-thrust 
system
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ent with the syn-thrust shearing kinematics and their 
chronology relates to the progressive induration of 
the sediment during vein formation, whereas stage 3 
corresponds to a syn- or post-shear boudinage of the 
veins forming tabular bodies more competent than the 
surrounding marls. Th e crack-seal microstructures at-
test the episodic nature of fault slip and calcite precipi-
tation. Similar shear veins are also present in the Arro 
syncline, with three generations that formed before, 
during and aft er folding, respectively. Th e most-abun-
dant ones are the syn-folding veins, which formed 
along the bedding planes in relation to bedding-slip in 
the steep limb of the syncline. In the Arro syncline, as 
well as in the Samper and Los Molinos thrusts, calcite 
veins contain minor amounts of celestite. Other pe-
trographic features of the veins are described in Travé 
et al., (1997).

Macroscopic deformation is weak outside the thrust 
fault zones and regional cleavage is absent. However, a 
locality in the western limb of the Arro syncline fea-
tures oval burrows that attest about 20% of NE-SW 
horizontal shortening prior to sediment lithifi cation 
(Travé et al., 1998). Sand disaggregation observed in 
the earliest stages of shear vein formation also shows 
that deformation aff ected initially poorly-lithifi ed sed-
iments. 

3.2 δ18O and δ13C of Host Rock and Calcite Veins

Th e δ18O and δ13C values from the host marls range 
from -8.2‰ to -5.8‰, and from -3.3 ‰ to -0.7‰ PDB, 
respectively (Fig. 5, Table 1). Th ey are thus lower than 
those of the Eocene marine carbonates which range 
from -4‰ to +2‰ and from -0.3‰ to +2.8‰ PDB, 

respectively (Shackleton & Kennett, 1975; Veizer & 
Hoefs, 1976; Hudson & Anderson, 1989), this deple-
tion most probably resulting from burial diagenesis.

Calcite cements from the three microscopic stages 
of vein development, as well as the pre-, syn- and post-
syncline veins at Arro do not show signifi cant diff er-
ences of isotopic values. On each outcrop, the oxygen 
isotopic values of the calcite cements in veins are sys-
tematically depleted between 1.3 and 2.8‰ PDB in re-
lation to the host marl calcite, probably indicating a 
higher temperature of the fl uid from which the vein 
calcite precipitated with respect to its adjacent host 
rock (Marshall, 1992), or a deeper setting of precipi-
tation. 

Th e Atiart and Los Molinos thrusts, which are 
deep-rooted thrusts, also show depletion in 13C of 
the calcite in veins with respect to the host marl cal-
cite. Th is is interpreted as an input of an external 13C-
depleted mineralising fl uid channelized through the 
thrust-fault zones. On the contrary, in the Arro syn-
cline and the Samper thrust, which have no roots to-
wards deeper domains, the similar δ13C in the calcite 
from veins and host marls shows that the δ13C of the 
mineralising fl uid was mainly controlled by that of the 
host sediment.

Th e isotopic values of calcite from the dickite-bear-
ing marls in thrust zones range from -9.0‰ to -5.8‰ 
PDB in δ18O, and from -2.6‰ to -1.5 ‰ PDB in δ13C, 
respectively, i.e. without signifi cant diff erences with 
respect to calcite from the less deformed marls. How-
ever, the calcite veinlets inside these dickite-bear-
ing marls show higher δ18O values (from -7.3‰ to -
4.4‰ PDB in δ18O, and from -2.5‰ to -1.6‰ PDB in 
δ13C), probably resulting from in situ clay-water reac-
tions, i.e. the dickite formation through partial disso-

Fig. 5. δ18O versus δ13C of calcite 
cements in the veins and host-
rocks
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lution of illite and drainage of potassium by fl uid fl ow 
along the shear zones (Buatier et al., 1997). Altera-
tion of rock-fragments and feldspars has been proved 
to produce an 18O increase in the fl uid (Yeh & Savin, 
1977; Longstaff e, 1993). In the context of the Atiart-
Arro thrust system, the kinematics of dickite forma-
tion are inferred to have been promoted by strain and 
fl uid fl ow (Buatier et al., 1997), rather than by temper-
ature as classically described in diagenetic or hydro-
thermal environments. Comparing the values of the 
four outcrops, both the host marl calcite and the cal-
cite cements in veins show a progressive depletion in 
both 18O and 13C from the Atiart thrust and Arro syn-
cline to Los Molinos thrust and to the Samper thrust 
(Travé et al., 1997). Th e structural location and buri-
al history of the four outcrops make it diffi  cult to ex-
plain the trend of isotopic depletion by diff erences in 
burial of the structures. A possible explanation could 
be a higher meteoric infl uence in the structures locat-
ed closer to the emerged part of the belt (i.e. the Sam-
per thrust).

3.3 87Sr/86Sr Values of Host Rock and Veins

In the Arro syncline, the calcite and celestite veins and 
the calcite fraction of the host marls, show 87Sr/86Sr ra-
tio ranging between 0.70774 and 0.70795, without a 
signifi cant diff erence between the pre-, syn- and post-
syncline veins (Fig. 6, Table 1). Th is range of values is 
consistent with the 87Sr/86Sr ratio of the Eocene seawa-
ter (Katz et al., 1972; Burke et al., 1982; DePaolo & In-
gram, 1985), indicating that the source of strontium 
to precipitate the calcite and celestite in veins and the 
calcite cement in the host sediment was the same. Th e 
later was controlled by the 87Sr/86Sr ratio of the Eo-
cene seawater during the whole evolution of the Arro 

syncline. Th e 34S values of the celestite also indicates 
precipitation from an Eocene marine water (Travé et 
al., 1997). Th erefore, the vein-forming fl uid was prob-
ably the interstitial water trapped in the Eocene ma-
rine marls derived from the Eocene seawater, or a fl uid 
equilibrated with the Eocene calcitic sediments.

Th e siliciclastic detrital fraction in the marls has 
substantially higher 87Sr/86Sr ratios (0.71723–0.71894) 
with respect to the Eocene seawater, giving rise to 
the more radiogenic 87Sr/86Sr ratios in the bulk marl 
(0.70976–0.70987) than in the calcite fraction. Th is in-
dicates that this detrital fraction originates from the 
erosion of Paleozoic rocks outcropping in the paleo-
Axial Zone.

In the Atiart and Los Molinos thrust-fault zones, 
the 87Sr/86Sr ratios in vein calcite range from 0.70815 
to 0.70927, i.e. more radiogenic than the Eocene sea-
water values. Th ese relatively high values indicate that 
the vein calcite in fault zones precipitated from a fl u-
id with a diff erent composition than the fl uid present 
outside the fault zones and, consequently, that these 
zones acted as fl uid conduits during shear deforma-
tion. Th is more radiogenic fl uid composition could 
originate from 1) interaction with the Paleozoic rocks 
or the Eocene marls existing in deeper settings, 2) 
in-situ mineralogical transformations of the Eocene 
marls in the intensely strained sediments (e.g. the il-
lite to dickite transformation), or 3) the weathering by 
meteoric water of the Paleozoic rocks in the emerged 
part of the belt. In the case that the source was the Eo-
cene marls, either from deeper settings or from local 
more deformed part of the thrust-fault zones, the de-
trital phyllosilicates submitted to higher temperature 
and/or pressure could have expelled their more radio-
genic Sr during dissolution and mineralogical trans-
formations. Th e three sources are possible and they 
could have acted alone or simultaneously.

Fig. 6. 87Sr/86Sr ratio versus δ13C 
values of calcite cements in the 
veins and host-rocks
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3.4 Elemental Geochemistry

Th e elemental composition of the fl uid from which 
calcite precipitated was determined from the elemen-
tal geochemistry of the calcite cements (Travé et al., 
1997). Th e results show that the elemental composi-
tion of the fl uid from which all types of calcite precip-
itated had a Mg/Ca ratio between 0.006 and 0.126, a 
Sr/Ca ratio between 0.012 and 0.39, a Mg/Sr ratio be-
tween 0.089 and 4.938, a Ca/Fe ratio between 79 and 
8286, and a Mn/Ca ratio between 0.1 × 10-4 and 4 × 
10-4. Most of these values are consistent with forma-
tion water and not with unmodifi ed marine waters or 
oxidizing/reducing meteoric waters. Th e samples from 
the Atiart thrust and Arro syncline have higher val-
ues of Sr/Ca and lower values of Mg/Sr than the sam-
ples from the other two outcrops, refl ecting original 
seawater composition to a certain extent (Travé et al., 
1997).

3.5 Fluid Circulation in the Early Development 
 of the Submarine Thrust Front

Syn-kinematic fl uid fl ow in the submarine thrust front 
during the early-middle Eocene is evidenced macro-
scopically by the abundance of calcite shear veins 
within the marls involved in the Atiart-Arro fold-and-
thrust system.

Microstructures indicate that deformation aff ected 
initially poorly lithifi ed sediment, and the crack-seal 
mechanism of formation of the shear veins attests the 
episodic nature of fault-slip and associated fl uid fl ow 
in fractures. Distribution of the veins suggests that the 
main source of fl uid was dewatering of the poorly per-
meable marls from the thrust footwalls, probably relat-
ed to both (i) vertical compaction due to burial under 
thrust sheets, and (ii) tectonic horizontal shortening. 
Th ese fl uids were drained upwards towards the thrust-
fault zones, in which they migrated laterally towards 
the thrust front due to the anisotropy of the fracture 
permeability in these zones.

Th e 87Sr/86Sr ratios of the host marl calcite and of 
the calcite and celestite in the veins away from the 
thrust-fault zones indicate that the original water 
trapped interstitially in the marls was Eocene seawa-
ter. Th is is corroborated by the δ34S in the vein celestite 
from the Arro syncline, which yielded values ranging 
from 18.3 to 21.7‰ (CDT) (Travé et al., 1997), consis-
tent with those of the Eocene seawater sulphate (Clay-
pool et al., 1980). Th e δ18O and δ13C values of the same 
samples reveal a change of the porewater composi-
tion from marine to formation-water during the ear-
ly burial stage. Fluid inclusion microthermometry of 
the celestite in the Arro syncline veins, indicating ho-

mogenization temperatures ranging between 157 and 
183ºC and salinities around 7 wt% eq. NaCl (Travé et 
al., 1998), reveal the presence of a hot, saline ascending 
fl uid restricted to the veins, where it was mixed with 
the local formation water (Travé et al., 1998). Th ese 
two types of fl uids were drained towards the thrust-
fault zones where they acquired a higher 87Sr/86Sr ra-
tio, probably related to local fl uid-sediment reactions 
(the dickite formation). Th e δ13C depletion in vein cal-
cite from the Atiart and Los Molinos thrusts may re-
sult from the input along the thrust zones of 13C-de-
pleted mineralising fl uids, whereas the δ18O depletion 
in the calcite from the structurally highest/innermost 
thrust-fault zones suggests also the infl uence of mete-
oric water derived from the emerged part of the belt in 
these structures.

Th e earliest fl uid regime in the Ainsa basin was an 
intergranular (porous) fl ow of the local fl uid (compac-
tional fl ow) allowing for a pervasive isotopic and ele-
mental exchange with the marls prior to vein forma-
tion. With the onset of compressional deformation, 
channelized fl ow along tectonic slip surfaces became 
dominant, contributing to local sediment dewatering, 
but also to the input of external fl uids along the thrust 
fault zones. Th e geochemical data do not record sig-
nifi cant evolution of fl uid composition during the suc-
cessive episodes of vein formation along the slip sur-
faces at a same locality. Such a fl uid regime dominated 
by the dewatering of local sediments is consistent with 
the submarine context of deformation that aff ected re-
cently deposited, poorly lithifi ed sediments. Th is tec-
tonic context suggests that fl uids may have been over-
pressured.

4 Intermediate Development 
 of the Fold-and-Thrust System 
 within a Marine-Continental 
 Transitional Environment: L’Escala Thrust

4.1 Geological Framework

Th e L’Escala thrust is part of the Alpens-L‘Escala an-
tiformal structure within the south-eastern Pyrene-
an foreland basin (eastern Catalan basin) (Muñoz et 
al., 1986). Th e structure is constituted by thrusts and 
folds aff ecting the middle and upper Eocene alluvial 
fan and deltaic syn-tectonic deposits of the Bellmunt 
and Puigsacalm Formations, respectively (Fig. 7). Th e 
folded foreland is limited at the north by the Vallfogo-
na thrust and, at the south, by the Bellmunt anticline 
from the subhorizontal sediments of the Ebro basin 
(Fig. 3b).

Th e L’Escala anticline developed in the hanging-
wall of a thrust which places middle-upper Lutetian 
continental sediments of the Bellmunt Formation over 
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lower Bartonian marine sediments of the Puigsacalm 
Formation (Muñoz et al., 1986).

Th e Bellmunt Formation is constituted by a clastic 
succession evolving from fl uvio-deltaic to alluvial red 
deposits prograding from the Pyrenean Axial Zone to-
wards the south margin of the Lutetian basin (Ramos 
et al., 2002). Th e limit between the Bellmunt Forma-
tion and the Puigsacalm Formation is sharp and cor-
responds to a marine transgression at a basin scale. 
Th e Puigsacalm Formation is constituted by grey mi-
croconglomerates and sandstones with glauconite 
prograding from the east and forming metric-thick 
sequences interpreted as deltaic systems.

In the studied outcrop, the Bellmunt Formation is 
formed by decimetric to metric intervals of clays, silt-
ites, sandstones, and conglomerates interpreted as 
channel and fl ood plain deposits. Th e Puigsacalm For-
mation in the studied outcrop basically consists of cal-
cite cemented sandstones. 

Th e sampled section comprises three diff erent 
thrust fault zones. Th e main fault places materials 
of the Bellmunt Formation on top of the Puigsacalm 
Formation, and the other two faults aff ect only the 
Bellmunt Formation. Th ree sets of cross-cut calcite-
fi lled fractures have been recognised: 1) extensional 
pre-thrust fractures (cut and deformed by the thrust 
plane), 2) thrust-related shear-fractures (thrust faults 
and associated bed to bed sliding), and 3) post-thrust 
fractures cutting the thrust planes. Th e latter consists 
of:  3a) sinistral strike-slip faults, and 3b) NW-SE ex-
tensional fractures. Th e pre-thrust fractures have only 
been observed in the Bellmunt Formation. Calcite ce-
ments within the thrust faults have been observed 
in the three thrust faults and calcite cements in the 

bedding planes have been only observed in the Bell-
munt Formation. Calcite cements in the thrust faults 
and in the bedding planes precipitated synchronous-
ly to thrust activity due to successive shear openings, 
as indicated by the occurrence of shear bands formed 
by the crack-seal mechanism. Th e post-thrust sinis-
tral strike-slip faults and NW-SE fractures have been 
only observed in the footwall of the lower thrust in the 
Puigsacalm Formation. Th e former are fi lled by cal-
cite cement precipitated synchronously to shear-fault 
opening, whereas the NW-SE fractures correspond to 
extensional diaclases, parallel to the compression-re-
lated cleavage planes, and fi lled by calcite cement not 
aff ected by pressure-solution related to cleavage for-
mation.

Th e pre-thrust fractures are diaclases with sharp, 
straight or undulated walls and are fi lled by calcite ce-
ments constituting veins from 1 cm to 5 cm thick and 
up to several metres long. Th ese fractures are fi lled by 
two generations of cement: a fi rst generation constitut-
ed by a non isopachous rim of euhedral calcite crystals 
and a second generation of anhedral sparry calcite ce-
ment from few millimetres up to 2 centimetres thick, 
with deformed mechanical twin planes and undulat-
ing extinction.

Th e thrust fractures are the thrust faults and the as-
sociated stratifi cation planes which moved synchro-
nously to the thrust movement due to bed to bed slid-
ing and are fi lled by calcite cements constituting veins 
from 1 to 10 cm thick. Th e veins within the thrust frac-
tures are constituted by calcite cement, forming diff er-
ent shear bands (up to 6 successive shear bands have 
been observed in a single fracture) parallels to the frac-
ture wall. Locally, the limits between the shear bands 

Fig. 7. Stratigraphic framework of the south-eastern Pyrenean foreland basin with location of the El Guix outcrop (upper square), 
L’Escala outcrop (two intermediate squares), and Armancies Formation (lower square)
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are stylolitic surfaces. Each shear band is formed by a 
crack-seal mechanism. Th e calcite crystals are brown-
ish-greenish, anhedral or subeuhedral, locally elon-
gated, variable in size from 30 µm up to 2 mm, small-
er close to the crack-seal border and increasing in size 
farward. Th e bigger crystals show abundant mechani-
cal twinning planes and undulating extinction. 

Th e post-thrust fractures include two sets of frac-
tures: the sinistral faults and the NW-SE fractures. Th e 
veins fi lling the sinistral faults are constituted by cal-
cite crystals, with planar or interpenetrated borders. 
Th e crystals are transparent and up to 5 mm large and 
show mechanical twinning planes and undulating ex-
tinction. Th e NW-SE fractures are diaclases. Th e frac-
ture walls are sharp and straight. Th e fractures are 
fi lled by euhedral sparry transparent calcite crystals 
up to 5 millimetre large, with planar or interpenetrat-
ed borders, abundant deformed mechanical twinning 
planes and undulating extinction.

4.2 δ18O and δ13C of Host Rock 
 and Calcite Veins

Th e δ18O of the Puigsacalm Formation host rock range 
from -7.4 to -6.5‰ PDB and the δ13C range from -0.8 
to 0.0‰ PDB (Fig. 5, Table 1). Th ese values are more 
depleted in δ18O and within the same range for δ13C 
than the isotopic values of the Eocene marine carbon-
ates (from -4 to +2‰ PDB and from -0.3 and +2.8‰ 
PDB, respectively). Th ese depleted δ18O values of the 
bulk host rock are probably a mixture of depleted δ18O 
values of the calcite cement precipitated in the inter-
particle porosity during relative burial conditions 
and a more enriched δ18O values of the marine com-
ponents. Th e δ13C values around 0‰ probably indi-
cate that the main source for C to produce the calcite 
cements may have been the marine bioclastic com-
ponents (Discocyclines, Nummulites, echinoderms, 
bivalvia, bryozoans,..) which form 50% of the Puigsa-
calm Formation host rock. 

Th e carbonate fraction of the Bellmunt Formation 
host rock has not been analysed because the texture of 
the rock did not allow to analyse separately the calcite 
cement from the abundant Paleozoic, Mesozoic and 
older Tertiary carbonate clasts.

Th e δ18O and the δ13C values of the calcite cement 
in the pre-thrust fractures range from -8.5 to -8.3‰ 
PDB and from -2.8 and -1.9‰ PDB, respectively. Th e 
δ18O and the δ13C of the calcite cement in fractures 
related to bed to bed sliding and in the thrust faults 
are very similar, ranging from -8.8 to -8.3‰ PDB and 
from -3.1 to -2.1‰ PDB, respectively. Th e similarity of 
the δ18O and δ13C between the calcite cements within 
pre-thrust and thrust-related fractures indicates that 
both precipitated from the same fl uid or from diff er-

ent fl uids with similar composition, which is less prob-
able. Hence, during thrusting, the pre-thrust fractures 
became open for fl uid circulation and for precipitation 
of calcite cements.

Th e δ18O of the calcite cement in the post-thrust 
strike-slip faults range from -9.5 to -9.2‰ PDB and 
the δ13C range from -0.6 to -0.5‰ PDB. Th ese δ18O 
values are on average 2-3‰ more depleted than those 
of the Puigsacalm Formation bulk host rock, whereas 
the δ13C values are within the same range as those of 
the host rock. Th e similarity between the δ13C values 
between the host rock and the calcite cement within 
the fractures indicates host-rock buff ering. Th e diff er-
ence in δ18O between the bulk host rock and the calcite 
cement within the pre-thrust and thrust-related frac-
tures and post-thrust strike-slip faults, is probably be-
cause δ18O of the bulk host rock is a mixture between 
a lower δ18O of the interparticle calcite cement and 
a δ18O closer to 0‰ of the marine bioclastic compo-
nents, whereas the δ18O of the calcite cements within 
the fractures refl ect only the composition of the calcite 
cement which has a non marine origin, either precipi-
tated from meteoric or from formation waters.

Th e δ18O of the calcite cement in the post-thrust 
NW-SE fractures range from -14.4 to -12.6‰ PDB and 
the δ13C range from -4.0 to -3.1‰ PDB. Th e δ18O of 
the calcite cement in the post-thrust NW-SE fractures 
is in average 6-7‰ more depleted than the Puigsacalm 
Formation host rock, and the δ13C is in average 3-4‰ 
more depleted than the host rock. Th e very low δ18O 
values suggest a relatively hot fl uid. Th e depleted δ13C 
values indicate that this external fl uid was probably, in 
origin, a meteoric fl uid enriched in 12C probably due 
to the ingress of isotopically light soil-CO2 (Cerling, 
1984; Cerling et al., 1989). Th is fl uid did not interact 
with the Puigsacalm Formation host rock.

4.3 87Sr/86Sr Values of Host Rock
 and Calcite Veins

Th e 87Sr/86Sr ratio of the Puigsacalm Formation bulk 
host rock is 0.70895. In the calcite cements, values are 
0.70818 in the pre-thrust fractures, 0.70816 to 0.70817 
in the thrust fault zones, 0.70819 in the bedding-par-
allel veins, 0.70857 in the post-thrust strike-slip faults, 
and 0.70847 in the post-thrust NW-SE fractures 
(Fig. 6, Table 1).

Th e 87Sr/86Sr ratio of the Bartonian sea (age of the 
Puigsacalm Formation) was 0.7077–0.7078 (DePaolo 
& Ingram, 1985; Hess et al., 1986; Koepnick et al., 
1985; Mead & Hodell, 1995; Palmer & Elderfi eld, 1985) 
and, therefore, all the studied cements are non marine 
in origin.

Th e 87Sr/86Sr ratio of the Puigsacalm Formation 
bulk host rock (0.70895) refl ects the mixture of the 
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bioclastic Eocene marine components and the silici-
clastic fraction derived from an external source, prob-
ably the interaction of fl uids with Paleozoic rocks.

Th e 87Sr/86Sr ratio homogeneity of calcite cements 
in the pre-thrust fractures, thrust fault zones and bed-
ding-parallel veins, indicates a common origin for 
the fl uid, as already suggested by the oxygen and car-
bon isotopic values. Th is radiogenic fl uid composition 
could originate from 1) interaction with the Paleozo-
ic rocks or the Paleozoic siliciclastic components of 
the Puigsacalm Formation host rock existing in deep-
er settings, 2) in-situ mineralogical transformations of 
the Paleozoic siliciclastic components of the host rock, 
or 3) the weathering by meteoric water of the Paleozo-
ic rocks in the emerged part of the belt.

Th e calcite cements in the post-thrust strike-slip 
faults and in the post-thrust NW-SE fractures show 
87Sr/86Sr values closer to the Puigsacalm Formation 
host rock values than the cements in the former frac-
tures indicating a higher contribution either of the Pa-
leozoic rocks or of the Paleozoic siliciclastic compo-
nents of the host rock. In the case of the post-thrust 
strike-slip faults, the similar δ13C values are more in 
agreement with a high contribution of the Paleozo-
ic siliciclastic components of the host rock, whereas 
in case of the post-thrust NW-SE fractures the low-
er δ18O and lower δ13C of the calcite cement better ac-
count for an origin of the 87Sr/86Sr values by miner-
alogical transformations of the underlying Paleozoic 
rocks, at higher temperature. 

4.4 Elemental Geochemistry

Th e calcite veins fi lling the pre-thrust and thrust-re-
lated fractures show a similar range of values charac-
terised by low Fe (between 405 and 2770 ppm), low Sr 
values (from below the detection limit up to 1735 ppm 
of Sr), Mn content from 370 up to 1815 ppm, and Mg 
content between 645 and 7945 ppm.

Th e calcite veins fi lling the post-thrust strike-slip 
faults are characterised by a very high Fe content (be-
tween 2915 and 9105 ppm), between 365 and 1260 ppm 
of Mn, between 885 and 5715 ppm of Mg and from be-
low the detection limit up to 1515 ppm of Sr.

Th e calcite veins fi lling the post-thrust NW-SE frac-
tures are characterised by very high Sr content (from 
655 and 3535 ppm), between 345 and 1185 ppm of Mn, 
between 400 and 3195 ppm of Fe, and from below the 
detection limit up to 1795 ppm of Mg. 

Th e calcite cement fi lling the porosity within the 
Puigsacalm Formation host rock has a composition 
similar to the post-thrust strike-slip faults, with Mn 
content between 265 and 705 ppm, Fe content between 
2595 and 6900 ppm, Mg content between 1230 and 

3605 ppm and from below the detection limit up to 
445 ppm of Sr.

Th e cement in the pre-thrust and thrust-related 
fractures precipitated from a fl uid consistent with a 
meteoric water composition. 

Th e cement in the Puigsacalm Formation host rock 
and in the post-thrust strike-slip faults precipitated 
from a fl uid consistent with a formation water compo-
sition, probably because a deeper burial location of the 
structure aft er the thrust emplacement. 

Th e cement in the NW-SE fractures precipitated 
from a fl uid consistent either with a meteoric modifi ed 
to a formation water composition.

4.5 Fluid Circulation During 
 the Intermediate Development of 
 the Fold-and-Thrust System within a 
 Marine-Continental Transition Environment

Th e diff erent stages of vein formations, characterised 
by diff erent geochemical signatures, attest the evolu-
tion of the fl uid system during the tectonic history.

4.5.1 Prior to the Main Tectonic Shortening

No evidences of fl uid circulation exist during the de-
velopment of the pre-thrust fractures because no pre-
cipitation of cement took place. Precipitation of calcite 
cements within these fractures did not occurred until 
the main tectonic shortening.

4.5.2 The Main Thrust Event

Compressive deformation and thrust emplacement 
occurred while sedimentation was still active in the 
basin. Th e veins related to the main tectonic shorten-
ing occur either in the thrust faults or related to bed-
ding slip during fl exural folding. Th e concentration of 
veins inside and in the few tens of metres below and 
above the thrust faults and their absence far from the 
thrust faults indicates that these zones were zones of 
preferential fl uid fl ow during compressive deforma-
tion. As it also occurred in the Ainsa area, the crack-
seal mechanism of formation of the calcite shear veins 
indicates synchronicity between vein formation and 
fault movement within the thrust-related fractures 
and attests the episodic nature of fault-slip and asso-
ciated fl uid fl ow.

A meteoric fl uid, with relatively low Fe, low Sr and 
high Mg content, δ18O ranging from -8.8 to -8.3‰ 
PDB and δ13C ranging from -3.1 to -2.1‰ PDB, and 
87Sr/86Sr ranging from 0.70816 to 0.70819, circulated 
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through the thrust-related fractures as well as through 
the pre-thrust fractures during thrust development. 
Th is fl uid had no or very low interaction with the host 
rock. Th e identical chemical composition of the calcite 
cement fi lling the three main thrust faults, the bed-
ding planes and the previously formed fractures indi-
cates that they belonged to the same interconnected 
fl uid system and therefore, the presence of a wide-
spread distributed homogeneous fl uid.

Th e meteoric fl uids, derived from the emerged part 
of the belt and arriving to the thrust fault zones, fl owed 
preferentially along these zones, in a drainage pattern 
dominated by higher fracture permeability parallel 
to the thrust faults. Due to this lateral drainage, the 
thrust fault zones probably acted as barriers hindering 
their fl owing towards more external parts of the belt.

Th e diff erences in the 87Sr/86Sr ratio and δ13C be-
tween the calcite cement in the pre-thrust and thrust-
related fractures and the Puigsacalm Formation host 
rock indicates that the geochemistry of cement was 
poorly controlled by that of the host rock and, there-
fore, that the fl uid was not buff ered by the host rock 
and an open palaeohydrological system  during the 
main thrust event.

4.5.3 The Post-Thrust Strike-Slip Event

Calcite shear veins precipitated synchronously to 
strike-slip fault activity following thrusting. Th e el-
emental geochemistry of the calcite cements in these 
faults is consistent with precipitation from a fl uid with 
a formation water composition. Th e calcite cements 
precipitated from this fl uid are characterised by very 
high Fe content, δ18O ranging from -9.5 to -9.2‰ PDB, 
δ13C ranging from -0.6 to -0.5‰ PDB and 87Sr/86Sr of 
0.70857. Th ese 87Sr/86Sr ratio and δ13C values are clos-
er to the Puigsacalm Formation bulk host rock values 
than the calcite cements in all the other fractures in-
dicating the higher intensity of fl uid-rock interaction. 
A high interaction between the fl uid and the host rock 
seems to be restricted, in the studied section, at this 
episode of the geodynamic evolution, and cementa-
tion of the Puigsacalm Formation host rock proba-
bly occurred at this time. Th e δ18O values of the Puig-
sacalm Formation bulk host rock probably indicate a 
mixture between the marine contribution of the bio-
clastic components and a more depleted contribution 
of the calcite cement precipitated during burial condi-
tions. Th e δ13C values indicate that the main source for 
carbon to produce the calcite cements may have been 
the marine bioclastic components which form 50% of 
the host rock. Th e 87Sr/86Sr ratio indicates the non ma-
rine origin of the fl uid trapped in the sediment, and 
the great infl uence of the siliciclastic components of 
the host rock. Th e 87Sr/86Sr anomaly in the calcite ce-

ment in the fault probably results from local clay min-
eral reactions.

4.5.4 The Late Extensional Tectonic Phase

Th e post-thrust NW-SE extensional fractures are the 
latest observed features, formed by the opening of the 
pre-existing cleavage planes. Th ey thus post-date the 
compressional deformation. 

Th e calcite cements in these NW-SE fractures, with 
relatively low Mg and Fe and relatively high Sr content, 
low δ18O values ranging from -14.4 to -12.6‰ PDB, 
δ13C ranging from -4.0 to -3.1‰ PDB and 87Sr/86Sr ra-
tio of 0.70847, are interpreted as precipitated from a 
hot meteoric fl uid. Th is fl uid had no or very low inter-
action with the carbonate fraction of the Puigsacalm 
Formation host rock, whereas the 87Sr/86Sr ratio indi-
cates contribution of the Palaeozoic rocks. Th e high 
temperature during calcite precipitation indicates a 
deep-circulating fl uid. 

Th us, at this stage, the paleohydrogeological system 
remained open to external meteoric fl uids arriving 
from more internal and emerged parts of the belt, but 
with rather long circulation in relatively deep struc-
tures.

Th e extensional character of these fractures is in-
terpreted as a stage of compressive stress relaxation as-
sociated with tectonic uplift  and relief formation.

5 Late Development of Continental Thrust
 and Fold system: El Guix Anticline

5.1 Geological Framework

Th e El Guix anticline corresponds to the southern-
most structure of the south-eastern Pyrenean fore-
land basin, detached above the Priabonian Cardona 
salt separating the non-deformed strata from the fold-
ed and thrusted strata. Compressional activity in the 
area represents the latest stages of the Alpine compres-
sional tectonics (Sans & Vergés, 1995).

Th e El Guix anticline is a double structure com-
posed of two anticlines (Fig. 3c). Th e sampled section 
displays two sets of linked fractures rooted at diff erent 
depths and aff ecting diff erent lithologies. Structurally, 
it is located in the northern anticline in which a major 
north-directed thrust (backthrust) merges with sever-
al south-directed thrusts (forethrusts) (Fig. 8). Short-
ening across the anticline is approximately 21%, con-
sisting of 16% of layer-parallel shortening prior to 
folding and thrusting, and only 5% during folding and 
thrusting (Sans et al., 2003).

Th e deformed sedimentary pile is made up of fi ne-
grained, fl uvio-lacustrine deposits, consisting of clays, 
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sandstones and limestones of late Eocene-Oligocene 
age, overlying the evaporite sequence. Th ese rocks are 
located approximately 300 metres above the detach-
ment horizon. During thrusting, the maximum burial 
determined by vitrinite refl ectance was 2 km, indicat-
ing that the folding and thrusting occurred at depth 
(Vergés et al., 1998), which is consistent with the pre-
growth nature of the deformed rocks. 

Th e backthrust is an intensely deformed, 2 m thick 
zone, which has an off set of 30 m, formed by an ar-
ray of four north-directed faults. Only two of them 
present calcite veins, and they henceforth are refered 
as lower and upper mineralised backthrust. Th e foot-
wall of the upper mineralised backthrust presents mi-
nor fractures fi lled with calcite veins. Th e sediments 
located between the main forethrust and the back-
thrust array are deformed by a set of south-directed 
thrusts (forethrusts) which branch in layer parallel de-
tachments and, at a deeper level, merge with the back-
thrust (Fig. 8). Forethrusts I to IV only cut sandstone 
beds, whereas forethrusts V and VI cut sandstone beds 
and a lower gypsum horizon. None of these forethrusts 
is mineralised and their slip ranges from half a metre 
to a few metres. Th e footwall of forethrust V presents 

a set of cross-cutting south and north-directed minor 
faults with an off set of several centimetres. Th ese mi-
nor faults are fi lled with calcite veins. 

Less deformed areas of the anticline also present 
small fractures fi lled with calcite. We studied fractures 
located about 20 m to the north of the backthrust ar-
ray aff ecting subhorizontal beds of grey marls and fi ne 
sandstones, and 200 m above the other samples aff ect-
ing horizontal lacustrine limestones in the hanging-
wall of the backthrust array.

In the El Guix anticline, calcite veins are mostly 
found where the host rocks are clays and limestones, 
and are almost absent in the fractures aff ecting sand-
stones. Th e calcite veins range from millimetres to 
centimetres in thickness and show slickensides. 

Th e evolution pattern of the calcite-sealed frac-
tures consists of three stages (Fig. 9) which refl ect an 
evolution of the microstructures very similar to that 
observed at Atiart-Arro. In each fracture, deforma-
tion started with a network of discontinuous micro-
fractures (stage 1), slightly oblique to the sedimentary 
lamination and associated with a ductile deformation 
of the host sediment. Later, crack-seal shear veins, lo-
cally aff ected by micro-stylolitic surfaces, record the 

Fig. 8. Detail of the sampled structures in the El Guix area
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main thrust activity (stage 2). Finally, extensional 
fractures, cross-cut at a large angle the microfractures 
of stage 2 (stage 3).

Th e cement fi lling microfracture stage 3 also fi lls 
the vuggy porosity aff ecting the calcite cement fi lling 
microfracture stage 2 and the intergranular porosity 
of the host rock.

Further petrographic features of the veins are de-
scribed in Travé et al. (2000).

5.2 δ18O and δ13C Values 
 of Host Rock and Calcite Veins

Th e δ18O values of the host rock (lacustrine limestones 
and carbonate fraction in the marls) range from -7.1‰ 
to -4.7‰ PDB, and the δ13C values vary between -
5.7‰ and -3.5‰ PDB (Fig. 5, Table 1), which are con-
sistent with freshwater limestones and meteoric calcite 
cements (Veizer, 1992).

Th e oxygen and carbon isotopic composition of the 
calcite cements fi lling the diff erent fractures (from –
8.6 to -7.7‰ PDB and from -5.3 to -4.1‰ PDB, respec-
tively) plot within a much narrower range of values 
than the isotopic composition of the host rocks adja-
cent to the fractures.

Th e calcite veins fi lling the upper mineralised back-
thrust have more negative isotopic values than the val-
ues of their adjacent host rock by 1.8 to 2.3‰ for δ18O 
values and 0.4 to 0.9 ‰ for δ13C. Th e calcite veins fi ll-
ing small fractures in the upper mineralised back-
thrust footwall have δ18O values between 1.6 and 
1.9‰ and δ13C values 0.4‰ more negative than the 
values of their adjacent host rock. Th e calcite veins fi ll-
ing the lower mineralised backthrust have δ18O val-
ues between 2.2 and 2.5‰ more negative and δ13C 
values between 0.3 and 0.4 more positive than the val-
ues of their adjacent host rock. Th e calcite veins fi lling 
minor faults in the forethrust footwall have δ18O val-
ues between 3.8 and 3.9‰ and δ13C values 1.1‰ more 
negative than the values of their adjacent host rock. 
Th e calcite veins fi lling small fractures in the less de-
formed areas have δ18O values between 1.3 and 2.0‰ 
more negative than the values of their adjacent host 
rock and δ13C values between 0.4 and 0.5‰ more pos-
itive than their adjacent host rock (Fig. 5, Table 1).

Th e oxygen isotopic compositions of all the calcite 
veins in the El Guix anticline are consistent with pre-
cipitation from a meteoric or an evolved meteoric fl u-
id (Hudson, 1977; Marshall, 1992). Th e carbon isotopic 
compositions of the calcite veins with values within 
the same range of values as the calcite fraction of the 
host rocks indicate that the carbon for these veins pro-
ceeded from homogenising C derived from the host 
rock.

Th e values of the calcite cements in microfracture 
stages 1, 2, and 3 are all within the same range, be-
tween -8.6‰ and -7.7‰ PDB for δ18O and between -
5.3‰ to -4.1‰ PDB for δ13C, indicating a common 
fl uid responsible for calcite precipitation during the 
diff erent stages.

5.3 87Sr/86Sr Values of Host Rock
 and Calcite Veins

Th e calcite fractions of the host rock have a 87Sr/86Sr 
ratio ranging from 0.70865 to 0.70941 (Fig. 6, Table 1). 
Th e calcite veins in the diff erent fractures have a 87Sr/
86Sr ratio varying from 0.70887 to 0.70911. Th e ha-
lite and gypsum samples from the underlying Cardo-
na Salt Formation have values ranging from 0.70793 
to 0.70797, which are slightly higher than the late Eo-
cene-early Oligocene marine signal ranging from 
0.7077 to 0.7079 (Hess et al., 1986; Hess et al., 1989; 
Denison et al., 1993).

Although the host rocks adjacent to the diff er-
ent fractures have a diff erent 87Sr/86Sr ratio, the cal-
cite veins in the diverse fractures plot within a nar-
row range of values, averaging those of the host rocks, 
as has been already obseved for the stable isotope val-
ues. An 87Sr/86Sr versus δ13C plot gives a well defi ned 

Fig. 9. Petrology  of the veins showing the three microfracture 
stages
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correlation of the 7 values (r=0.91), with the two ex-
treme values determined by the calcite fraction of the 
host rocks and the intermediate values defi ned by the 
calcite veins in the fractures. Th is correlation indicates 
that the 87Sr/86Sr isotopic composition of the calcite 
veins in the fractures was sourced within the adjacent 
host rocks. Infl uences from the underlying Cardona 
Salt Formation are not refl ected by the 87Sr/86Sr ratio 
of the calcite veins in the fractures.

5.4 Elemental Geochemistry

Th e elemental composition of the fl uid from which 
calcite precipitated was determined from the elemen-
tal geochemistry of the calcite cements (Travé et al., 
2000). Th e results show that most of the mineralising 
fl uids for the analysed calcite veins have Mg/Ca molar 
ratios lower than 0.2, which is consistent with a forma-
tion water composition. Only three samples from the 
small fractures in the upper mineralised backthrust 
footwall have a Mg/Ca molar ratio higher than 0.2, 
which is consistent with a meteoric water composition. 
Th e Sr/Ca molar ratio of the mineralising fl uid for cal-
cite veins in the small fractures in the upper miner-
alised backthrust footwall, in the lower mineralised 
backthrust, and in the minor faults in the forethrust 
footwall is higher than 0.007, which is consistent with 
a formation water composition. Th e Sr content in the 
upper mineralised backthrust and in the small frac-
tures in the less deformed areas is always below the 
detection limit. Most of the mineralising fl uids for cal-
cite veins in the upper mineralised backthrust have a 
Ca/Fe molar ratio higher than 1000, consistent with a 
meteoric water composition. By contrast, most of the 
mineralising fl uids for calcite veins in the small frac-
tures in the upper mineralised backthrust footwall, in 
the lower mineralised backthrust, in the minor faults 
in the forethrust footwall and in the small fractures in 
the less deformed areas have a Ca/Fe molar ratio low-
er than 1000, consistent with a formation water com-
position. Most of the mineralising fl uids for calcite 
veins in all the studied samples have a Mn/Ca molar 
ratio higher than 0.0002, consistent with a meteoric 
water composition. Th e presence of Na is restricted to 
the upper mineralised backthrust, the small fractures 
in the upper mineralised backthrust footwall and the 
lower mineralised backthrust, indicating that only the 
backthrust array allowed precipitation from a fl uid de-
rived from the underlying Cardona Salt Formation.

To sum up, the fl uid precipitating the calcite veins 
in the upper mineralised backthrust was basical-
ly consistent with a meteoric origin, whereas the fl u-
id precipitating the calcite veins in the other fractures 
was basically consistent with a formation water ori-
gin. However, the presence of Na in all the fractures of 

the backthrust array including the upper mineralised 
backthrust indicates that these fractures also served as 
a pathway for a fl uid which has been in contact with 
the underlying evaporites. 

Diff erences between the three microfracture stages 
are not evident in the Mg/Ca, Ca/Fe and Mn/Ca mo-
lar ratios of the precipitating fl uids. However, the pres-
ence of Sr and Na only in microfracture stage 2 indi-
cates that during this stage the topographycally-driven 
fl uid fl ow, arrived deeper, at the underlying Cardona 
Salt Formation.

Th e intergranular porosity of the host rock was 
fi lled during precipitation of cement in microfracture 
stage 3.

5.5 Fluid Circulation During 
 the Late Development of 
 Continental Fold-and-Thrust System 

In the El Guix area, meteoric fl uids, with high Fe/Mn 
and Fe/Mg ratios, without Na and Sr, enriched with 
13C and with low 87Sr/86Sr with respect to their host 
rock were widely distributed in the structure through-
out all its evolution, within a relatively open palaeohy-
drological system. Evolved meteoric fl uids, with lower 
Fe/Mn and Fe/Mg ratios, with Na and Sr, depleted in 
13C and with high 87Sr/86Sr with respect to their host 
rock were only present during thrust faults develop-
ment within a relatively closed palaeohydrological 
system. Th e underlying evaporites acted as the lower 
boundary of the aquifer.

6 Discussion and Conclusions

In this section we summarize the existing links be-
tween fl uid history and tectonic evolution in the 
South-Pyrenean foreland basin during the Tertiary. 
Th ese relationships show a mutual interaction, also 
detected in other foreland basins, which are working 
together during the forwards propagation of tecton-
ic stresses through the sedimentary basin. Th e under-
standing of the role of fl uids before, during and aft er 
thrusting as well as the role of the thrust faults as con-
duits or seals for fl uid migration are key questions to 
be addressed. Understanding this interaction may help 
to clarify and better explore the migration of hydro-
carbons in fold-and-thrust belts and foreland basins.

Timing of Th rusting, Fluid Migration, Th ermal His-
tory and Relationships With Hydrocarbons

Fluid migration has been detected through the entire 
Tertiary evolution of the South-Pyrenean thrust front 
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as revealed by the three analysed examples (Atiart-
Arro, L‘Escala and El Guix) with diff erent ages of de-
formation (Table 2).

In Atiart-Arro and El Guix sites, a similar sequence 
of microstructures, formed during the main compres-
sive event, has been recognised. Microfracture stage 1 
is characterised by sediment disaggregation showing 
that vein formation began in poorly lithifi ed sediment. 
Microfracture stage 2 corresponds to the main episode 
of shear vein formation indicating a change in the de-
formation mechanism due to progressive induration 
of the host sediment. Microfracture stage 3 indicates a 
decrease of intensity of compressive deformation and 
could correspond to local extensional rebound in the 
veins that form tabular bodies more competent than 
the host-sediment host sediment.

Because veins of diff erent generations in a same 
outcrop show a similar chronology of microfractures, 
we conclude that sediment induration was restricted 
to the vicinity of the vein, probably due to cement pre-
cipitation in the vein, and that the sediment away from 
the veins remained poorly lithifi ed during the whole 
deformation sequence.

In both areas, Atiart-Arro and El Guix, geochem-
ical characteristics of the calcite cements in the three 
microfracture stages are similar, and the main episode 
of bulk host-rock cementation by calcite occurred af-
ter compressive deformation. Th is occurred because in 
this foreland basin the front of deformation advanced 
within the soft  sediment early aft er its deposition.

Diff erently, in the L’Escala site, the sequence of mi-
crofractures coeval with thrusting has not been recog-
nised. In this outcrop, the analysed structures corre-
spond to pre-thrusting fractures, probably developed 
coevally to the fi rst shortening events characterised by 
intense spread layer-parallel shortening (Casas et al., 
1996; Sans et al., 2003), syn-thrusting fractures, and 
post-thrusting fractures. As occurred in the other two 
areas, the main episode of bulk host-rock cementation 
by calcite occurred aft er the main compressive defor-
mation, i.e., synchronously to the development of the 
post-thrust strike-slip faults.

Th e sequence of calcite veins in the Atiart-Arro 
fold-and-thrust system developed under submarine 
thrusting during early-middle Eocene times. Th e se-
quence of calcite veins in the L‘Escala thrust precipi-
tated during middle-late Eocene times under transi-
tional marine-continental conditions. And fi nally, the 
calcite veins fi lling the fractures at the El Guix anti-
cline precipitated during early Oligocene times un-
der continental conditions (Fig. 10). Th ese continen-
tal conditions were established in the entire basin at 
the Priabonian (late Eocene), when the uplift  of the 
western Pyrenees closed up the foreland connection to 
the Atlantic (e.g., Vergés et al., 1995; Serra-Kiel et al., 
2003a, b). 

A good correlation for the 87Sr/86Sr values of the 
calcite veins in the Arro fold (Atiart-Arro fold-and-
thrust system) with the Eocene marine waters is ob-
served (Fig. 6). However, the samples from L‘Escala 

Evolution pattern

Structures Fractures Fluids Hydrologic system Fluid type

Atiart-Arro 3 thrusts faults
1 footwall syncline

3 stages of
microfractures
in syn-thrust
shear veins

local and deep 
derived hot fl uids
(in the syncline)
+ 
larger distance*
(in the thrusts)

closed (in the syn-
cline) and more open* 
(in the thrusts)

Seawater to formation water (in 
the syncline)
and
Deep derived + meteoric + local 
transformations* 
(in the thrusts)

L’Escala pre-thrust diaclases

3 thrust faults

post-thrust sinistral 
faults 

post-thrust
NW-SE diaclases

3 stages of
macrofractures
(pre, syn and
post-thrust)

no fl uid recorded

larger distance*

local

larger distance

open*

closed

open

Meteoric*

Evolved meteoric

Hot meteoric or deeply derived

El Guix forethrusts
backthrusts

3 stages of
microfractures
in syn-thrust 
shear veins

local

larger distance*

local

closed

open*

closed

Meteoric

Evolved meteoric*

Meteoric

Table 2. Evolution pattern of the structures, microstructures, fl uids, hydrologic regime, and fl uid type. Th e “*” indicate the main 
thrusting event. Th e arrows indicate chronology
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and El Guix show a progressive more radiogenic 87Sr/
86Sr ratio and more depleted δ13C values.

Th e 87Sr/86Sr ratios in lake water and in non ma-
rine carbonates refl ect the ages and Rb/Sr ratios of the 
rocks exposed to weathering in the drainage basin in 
which carbonates were deposited (Neat et al., 1979). 
Th us, these 87Sr/86Sr ratios may increase by exposure 
of crystalline basement rocks to weathering (Brass, 
1976), and the stratigraphic variations of the 87Sr/86Sr 
ratios of non marine carbonate rocks can be used to de-
tect changes in the geology or hydrology of the drain-
age basin (Neat et al., 1979). Similarly, the 87Sr/86Sr ra-
tios of calcite cements have been attributed to refl ect 
the isotopic composition of Sr release into the pore fl u-
id by diff erent Rb-bearing rocks and minerals (Stan-
ley & Faure, 1979). On the other hand, the homogenei-
ty of 87Sr/86Sr ratios of calcite cements in a lithological 

unit is a refl ection of the rate of fl ow of formation wa-
ter through the lithologic unit or aquifer. Relatively 
rapid water fl ow tends to make 87Sr/86Sr ratios homo-
geneous, whereas stagnant conditions caused by low 
permeability or a low hydrostatic gradient permit local 
variations to develop in the isotopic composition of Sr 
of calcite cements (Stanley & Faure, 1979).

Th e progressive increase in the 87Sr/86Sr ratio ob-
served in the studied samples (Fig. 6), from the Arro-
Atiart thrust system to L’Escala thrust and, fi nally, to 
the El Guix anticline, is interpreted to have been pro-
duced by a progressive increase of exposure of crys-
talline basement rocks to weathering and progressive 
erosion of the Axial Zone of the belt. An increase of 
the basement clasts, reaching up to about 70% at the 
top of a middle Eocene succession, has been observed 
from the lower Lutetian to middle Bartonian succes-

Fig. 10. Model of fl uid fl ow 
pattern during the geodynamic 
evolution of the Southern 
Pyrenean fold-and-thrust belt. 
Th e diff erent studied areas are 
drawn in the diff erent sections 
although they did not develope 
at the same time or within the 
same section. Th ey should be 
regarded as “type” outcrops
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sion of the Ripoll syncline, in the northern part of the 
eastern Catalan basin (Ramos et al., 2002).

All the host rock samples of the three studied re-
gions show a great overlap of the δ18O values, around -
6.5‰ PDB (from -8.2 to -4.7‰) (Fig. 5). Th e calcite ce-
ments within the fractures in the three studied regions 
also show a great overlap of the δ18O values, around 
-8.5‰ PDB (from -9.6 to -5.9‰). Systematically, the 
calcite veins of each locality show a shift  around -2 ‰ 
(always lower than -3.9‰) of the δ18O values with re-
spect to their adjacent host rock. Conversely, the host 
rock samples of the three studied regions show dis-
tinct δ13C values (from -5.7 to -3.5‰ at El Guix, from 
-3.3 to -0.7‰ at Atiart-Arro and from -0.8 to 0‰ at 
L’Escala). Th e δ13C values of the calcite cements within 
the fractures in the three studied regions are all com-
prised from -5.3 to -0.4‰. In Atiart-Arro and L’Escala 
regions they show a major overlap of the values, where-
as at El Guix the calcite cements show more depleted 
δ13C values than in the former areas (Figs. 5 and 6). In 
all the cases the maximum diff erence between the cal-
cite cement in the fracture and their adjacent host rock 
is lower than 2.3‰ for δ13C. 

In the three studied regions, calcite cement within 
the host rock precipitated later than in the syn-com-
pressive veins, in a more evolved stage of the defor-
mation history, when the sediment was more indurat-
ed. Th at means that in the earlier stage of deformation 
the fractures permeability was higher than the host 
rock permeability even when the porosity within 
the host rock was still important. In the Atiart-Arro 
and L’Escala outcrops the δ18O and δ13C values of the 
host rock probably is a mixture of the marine com-
ponents and the calcite cements precipitated aft er the 
main compressive event, with more negative δ18O val-
ues. Th e lower δ13C values of the El Guix (both host 
rocks and calcites cements in veins) could be indica-
tive of the increase of meteoric waters involved in the 
system, as also deduced from the 87Sr/86Sr ratios. Th is 
progressive depletion of the δ13C values of host rock 
and calcite cements have also been observed in the 
Atiart-Arro region when comparing the four diff erent 
outcrops, with possible higher meteoric infl uences in 
the structures located closer to the emerged parts of 
the belt (Travé et al., 1998).

Hot temperature of fl uids moving through the frac-
tures during thrusting seems to be coherent with two 
additional results. In the Atiart-Arro example, micro-
thermometry of fl uid inclusions give temperatures be-
tween 157ºC and 183ºC (Travé et al., 1998), which are 
too high for the constrained burial depth between a 
few hundred of metres and 3 km (Travé et al., 1998). 
Temperatures between 120ºC and 145ºC have also 
been reported in calcite veins from the lower Eo-
cene Armancies carbonates (Caja et al., 2006) locat-
ed in the northern fl ank of the Ripoll syncline (Fig. 2), 

which developed coeval to Bellmunt Formation depo-
sition, and which were buried about 3 km (Vergés et 
al., 1998). So, with a geothermal gradient of 30ºC km-
1, that is slightly high for foreland basins, the observed 
temperatures for the fl uids are higher than the ones re-
sulting from only burial depths. 

So, we interpret that the thrust-fault zones acted as 
drains for the fl uids derived from both the emerged 
part of the belt (meteoric fl uids) and deeper settings 
of the thrust systems (footwall dewatering and hot as-
cending fl uids).

Th is fault control on the fl uid system was relat-
ed to the architecture of the fold-and thrust belt, it-
self controlled by the organisation of the stratigraphy. 
Indeed, the main sole thrust of the wedge is located 
within evaporites (salt or gypsum) horizons, either in 
the Triassic (Ainsa), the middle Eocene (l’Escala) or 
the upper Eocene (El Guix), according to the distri-
bution of the various depocentres (Séguret, 1972; Ver-
gés et al.1992). Th ese evaporite detachment levels were 
barriers for deep fl uids migrating from the underly-
ing basement, whereas thrusts within the wedge may 
have drained laterally deep fl uids originating from the 
hinterland thrust basement units forming the Axial 
Zone. Th us, the hot and high radiogenic fl uids that ar-
rived at the thrust front most probably correspond to 
originally meteoric fl uids involved in topographical-
ly-driven fl ow between the Axial Zone relief and the 
thrust front, and that could interact at depth with the 
Axial Zone thrust basement before migrating upward 
through the frontal thrusts.

Other than the thrust fault zones, the only strati-
graphic level potentially capable to drain the fl u-
ids at a regional scale is the Paleocene to middle Eo-
cene limestone unit below the detritic basin-fi ll (cf. 
Fig. 3A for Ainsa, and Fig. 7 for L’Escala and El Guix). 
Th ese limestones are sealed upward by marly or evap-
orite horizons and may have drained deep fl uids to-
ward the foreland, preventing them to go further up-
ward in the tectonic wedge. Nevertheless, in the Ainsa 
area, these limestones are also present in the Cotiella 
nappe, where they could drain meteoric fl uids toward 
the frontal thrusts in the detritic basin-fi ll (Fig. 3A). 
By contrasts, the detritic units, which constitute the 
main part of the wedge and its foreland are constitut-
ed by lenticular bodies of sandstones and conglomer-
ates embedded within marly units. Th ese bodies may 
have acted as local drains, but could not compete with 
the thrust faults for long-distance circulation within 
the wedge.

Th e close interaction between thrusting and fl uids 
can be used to decipher the timing of fl uid migration. 
As in many fold-and-thrust belts, the thrust system 
propagates towards the foreland involving younger 
undeformed strata. We suggest that the thrusts are not 
only the primary conduits for fl uids moving from up-
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lift ed internal areas of the belt to buried external re-
gions of the foreland, but also that the fl uids also mi-
grate through time along the propagating thrust 
system, carrying hot fl uids from deeper areas of the 
thrust system.

 Diff erent structures, mesostructures and micro-
structures were embedded by fl uids of diff erent origin 
and composition (i.e., dewatering of connate waters, 
diff erent degree of interaction with meteoric waters, 
hot ascending fl uids, fl uids having interacted with 
salts, etc.), showing an important coupling of thrust 
geometry and fl uid composition. Specifi cally, the evo-
lution of the nature of the fl uids and of their interac-
tions with the host rocks are consistent with the evo-
lution of the South-Pyrenean thrust front from deep 
submarine (Atiart-Arro) to mixed shallow marine - 
continental (L‘Escala), and eventually to intra-moun-
tainous continental (El Guix), coevally to the increase 
of relief forming and Palaeozoic rock exhumation and 
erosion in the Axial Zone of the belt (Table 3). Th e 
type of structure/microstructure and the existence or 
not of a high relief seems to be the main factors con-
trolling the fl uid dynamics (Table 3), whereas the host 
rock type do not seem to have played a specifi c role.

Evidences of oil seep or hydrocarbon bearing fl u-
id inclusions have not been observed in the three stud-
ied regions, however an interesting point in the South-
ern Pyrenean belt is in the northern fl ank of the Ripoll 
syncline where the lower part of the Armancies For-
mation is a good hydrocarbon source rock and pres-
ents many oil shows along more than 100 km of E-W 
trending outcrops. A recent study of the calcite ce-
ments fi lling fractures in the Armancies Formation re-
veals the presence of two main generations of cements 
(Caja et al., 2006). Th e fi rst is attributed to the syn-
thrusting event whereas the second, which presents oil 
inclusions, evidences hydrocarbon migration through 
the Armancies Formation coeval with this late calcite 
cement precipitation. Th e petrological and geochemi-
cal characters of this second generation of calcite ce-
ments allow us to correlate them to the post-thrusting 
calcite cements fi lling the late extensional fracture-
sat L‘Escala, and ascribed to a late shortening or post-
shortening event. Th e Armancies Formation went into 
the oil window under burial of about 3 km during de-
position of Bellmunt redbeds (Vergés et al., 1998), and 
was subsequently incorporated into the hanging-wall 

of the Vallfogona thrust during deposition of the up-
per part of the Bellmunt redbeds. Consequently, oil 
generation probably spanned a short period of time 
before signifi cant thrusting took place and oil migra-
tion probably occurred soon aft er its generation and 
on limited distance, most of the oil shows being locat-
ed in the same Armancies formation. 

Th e frontal thrusts studied in this paper were con-
nected to basement thrusts in the inner part of the belt. 
In the central Pyrenees, the major Gavarnie basement 
thrust deformed and uplift ed the inner part of the 
Cotiella thrust sheet from the middle Eocene. In the 
Pic de Port Vieux-Plan de Larri area where the Gavar-
nie thrust places Palaeozoic strata (Silurian to Devoni-
an sediments) above Permo-Triassic redbeds (Fig. 2), 
an hypersaline Sr-rich brine was pumped by fault ac-
tivity from the underlying redbeds (Grant et al., 1990; 
Banks et al., 1991; McCaig et al., 1995). Th e fl ow pat-
tern was highly organised and unidirectional, paral-
lel to the limestone mylonites in the thrust zone. Flu-
id extraction from the footwall was over short (metric) 
distances, but fl ow along the mylonite was rapid and at 
a kilometre-scale, veins also attesting episodic upward 
escape of fl uid from the fault zone into the hanging-
wall (McCaig et al., 1995). By contrast, no evidences 
were found for a signifi cant input of either surface or 
metamorphic fl uids during thrusting. Synchronous-
ly, in the Pineta thrust complex that aff ected the Up-
per Cretaceous-Paleocene cover in the hangingwall of 
the Gavarnie thrust, the fl uid fl ow system was dom-
inated by two fl uids, an external fl uid resulting from 
metamorphic devolatilisation reactions in the un-
derlying silicate rocks (Permo-Triassic slates or Her-
cynian granodiorites), and a descending connate fl u-
id from the overlying carbonates, both transported at 
least several kilometres (Bradbury & Woodwell, 1987; 
Rye & Bradbury, 1988).

Th ese works and our results thus show that thrust 
fault zones are likely to focus long distance transport 
of fl uids pumped from the surrounding rocks and dis-
placed from the basement to the foreland basin.
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Abstract. We describe the Miocene petroleum system in the 
context of the geology of the Northern Apennines as a sys-
tem fed by multiple sources including some potential for 
deep oil accumulation. The presence of sources deeper than 
the Miocene reservoir is required by the high thermal maturi-
ty of the oils, the thermogenic nature of methane and the 
high ion content, in the reservoir brines, deriving from decay-
ing organic matter. This is in contrast with the lower thermal 
maturity measured in the Miocene reservoir coupled with its 
low organic matter content. A  Miocene secondary source, 
however, is required by the presence of a Tertiary organic 
marker in the oil. The deeper sources charged reservoirs of 
diff erent age, geometry and sediment provenance, mostly as 
a function of stepwise migration of the foredeep and the 
overlying Ligurian units toward the foreland, which provided 
rapid overburden. The porosity of the reservoir was preserved 
in the anticlines mostly because of up-dip migration into ear-
ly formed structures in the foredeep units. Therefore, the 
structural evolution of the area, especially the time interval 
between deposition and deformation of the foredeep units, 
is crucial for the defi nition of the quality of the reservoirs. Fi-
nally, the Quaternary reactivation of the thrust sheets in the 
foothills changed the geometry of the reservoirs, inducing 
new accumulations and/or dismigration from deeper and 
older traps.

1 Introduction

Th e petroleum exploration and production history of 
the Northern Apennines and the facing Po Plain go 
back to the end of the XIX century (around 1870), 
when natural oil seepages were exploited in the foot-
hills close to Parma.  Th e fi rst wells producing oil and 
thermogenic gas from a Miocene reservoir in the same 
area of the central Po plain between Parma and Pi-
acenza were drilled around 1923–1925. In 1932 82% 
of the oil production of Italy came from the Vallezza 
oil fi eld (Parma) (Scicli, 1972; AGIP, 1984). Research, 
however, was expanded aft er 1950, when biogenic gas 
from various pools of Pliocene and Pleistocene reser-
voirs were discovered around the Po river delta and 
some tens years aft er with the discovery of deep reser-
voirs in the western Po Plain, sourced by Triassic rocks 

(Errico et al., 1979). At the end of the last century, the 
wells drilled in the Po Plain province were more than 
2600.

Today the Po Plain is a mature area from the explo-
ration point of view, however, in the foothills of the 
Northern Apennines and the adjacent Po Plain, the 
so-called Miocene petroleum province, some open 
problems exist. Th ey are mainly due to scarce quali-
ty of the available aged seismic lines, and to the occur-
rence of surface lithologies, such as highly deformed 
Ligurian units (see Pini, 1999 and Zattin et al., 2002), 
which makes it diffi  cult to reconstruct the geological 
structures. Th ese diffi  culties could be partially over-
come using surface geological data that, however, are 
diffi  cult to obtain in a densely vegetated, poorly out-
cropping, area.

Most important to defi ne is the source rock that 
charged the Miocene reservoirs. Riva et al. (1986) pro-
vided geochemical data documenting an origin from 
siliciclastic formations and the presence of a Terti-
ary geochemical marker for these oils; therefore these 
authors suggested that the Miocene deep-water clas-
tics of the Apennine foredeep succession represent 
a source – reservoir system. Whereas such a source 
could account for the occurrence of the gas in the Mi-
ocene reservoirs, volumetrically the most abundant 
hydrocarbons, two important arguments make it dif-
fi cult to accept this for the oil: fi rst, the occurrence of 
the oil in the central portion of the Po Plain, although 
the foredeep basins were originally much wider, and, 
in the present deformed state, build the backbone of 
the Northern Apennines; second, the low TOC con-
tent and the type III kerogen, highly diluted within the 
foredeep succession, makes it diffi  cult to infer a high 
oil generation potential for the Miocene units. 

A last problem, still open to discussion is the pre-
diction of porosity in the foredeep units, that is highly 
variable and for which no published models are avail-
able. In our paper we address these problems in or-
der to better defi ne the petroleum system and even-
tually to open new perspectives for the evaluation of 
the residual reserves in this province. For this purpose 
we discuss the structures and the geochemistry of fl u-
ids (brines, oil and gas) stored in some Miocene reser-
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voir. As many aspects of the study case have been al-
ready treated by previous authors, we concentrate on 
our data and discuss them in the frame of the open 
problems presented above. 

2 Geological Background

Th e Northern Apennines are a fold-and-thrust belt 
evolving during the Tertiary as a response to the sub-
duction of the Adriatic plate under the European lith-
osphere. Th e fl exuring of the lithosphere brought 
about the evolution of subsiding foreland basins and 
thick foredeep successions, which developed since the 
Oligocene and which were progressively incorporated 
within the thrust belt. Th e evolution of the pronounced 
foredeep and the stretching of the back-arc area (Ligu-
rian – Provençal and Tyrrhenian basins, Late Oligo-
cene to Early Miocene and Late Miocene to Pliocene 
respectively) have been interpreted as the result of the 
retreat of the Adriatic slab (Elter et al., 1975; Malinver-
no and Ryan, 1986). Th e residual oceanic accretionary 
wedge, the so-called Ligurian unit, encroached onto 

the foredeep and travelled toward the foreland from 
the Oligocene to the Early Pliocene as a surface nappe, 
overthrusting, as a rule, the youngest foredeep turbi-
dites (Zattin et al., 2002). 

Th e central Po Plain (Fig. 1) includes also, along its 
northern side, the front of the Southern Alps, which 
are of a fold-and-thrust belt of Middle to Late Miocene 
age. Th is belt developed during the post-collisional 
history of the Alps as a retro-wedge with southern ver-
gence (Bertotti et al., 1998), that however was deacti-
vated during the Messinian (see discussion in Willet et 
al., 2006), and fi nally tilted to the south and included 
into the foreland of the Northern Apennines.

Th e front of the Apennines, covered by Plio-Pleis-
tocene sediments, presently lies below the Po Plain 
where it forms three arcuate thrust systems, from 
west to east: the Monferrato, the Emilia and the Ferr-
ara arcs (Fig. 1). Th e growth of the three arcuate belts 
was strongly diachronous: the Monferrato arc started 
in the Early Miocene, the Emilia arc in the Tortoni-
an and the Ferrara arc in the Messinian (Castellarin 
and Vai, 1986). Th e eastward progression of deforma-
tion is related to the counterclockwise rotation of the 

Fig. 1. Simplifi ed structural sketch map of the Northern Apennines and adjacent Po Plain, with location of the wells quoted in 
the text and tracks of the cross-sections
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Apennine orogen (LePichon et al., 1971), apparently 
due to the along-strike increasing importance of the 
slab retreat toward the southeast. Th e youngest arcu-
ate system is apparently inactive, since all the struc-
tures are sealed by Middle to Upper Pleistocene de-
posits. Within the Emilia arc, a few structures are still 
active, namely the San Colombano thrust, that forms 
an isolated hill within the Po Plain (in the sector of 
the Emilia arc close to the San Colombano well, Fig. 1). 
Th e Monferrato arc is an active thrust system, espe-
cially in its western part, where it interacts with the 
fl uvial network (e.g. Carraro et al., 1995).

In the Northern Apennines, the mountain front 
does not coincide with the tip of the orogenic wedge, 
and, even in the presence of some neotectonic activity 
in the foothills (Bernini and Papani, 1987), there is no 
clear correlation between this major geomorphic fea-
ture and any large-scale tectonic structure. 

Our study area extending along the foothills and 
the adjacent Po Plain west of Parma (Fig. 1), belongs to 
the structure of the Emilia arc. It comprises the front 
of the Ligurian nappe, the underlying Tertiary fore-
deep deposits, outcropping in a half-window (the Sal-
somaggiore structure), and the Plio-Pleistocene de-
posits, progressively less deformed and covering the 
most external thrusts below the Po Plain.

3 Stratigraphy of the Petroleum System

3.1 Looking for a Source:
 The Organic-Rich Deposits of the Central Po Plain

In this paragraph we will briefl y recall the main char-
acteristics of the sediments that potentially could be 
the source rocks of the oils of the Miocene province. 
We do not intend to provide an exhaustive review, and 
the reader is referred to the cited literature for the ad-
opted stratigraphic nomenclature.

Th e oldest proven source rock is the Upper Anisian 
to Ladinian interval of the northwestern Po Plain. 
It consists of two formations: the older is the Up-
per Anisian and the Lower Ladinian Besano Shale 
(=Grenzbitumenzone of Swiss authors, e.g. Bernasco-
ni and Riva, 1993), a reduced succession (around 15 
m) of interbedded black shales and organic-rich dolos-
tones, deposited in a small intraplatform basin (Riva 
and Bernasconi, 1993; Bernasconi, 1994). Its organic 
content is very high (ranging 1 to 15% TOC), but its 
paleogeographic distribution is limited to the west-
ern Southalpine foothills, and very probably does 
not reach the subsurface of the Po Plain. Th e young-
er formation is the Upper Ladinian Meride Limestone, 
again an intraplatform succession of limestones, dolo-
mites and thin black shales, but much thicker (250 to 
600 m) even though poorer in organic carbon, averag-

ing around 1% TOC. Its distribution is wider in the Po 
Plain, where it has been documented to be the source 
of the oil of the Villafortuna-Trecate and Gaggiano 
fi elds (Riva et al., 1986; Mattavelli and Novelli, 1990); 
however, to the south, it is limited by facies changes 
toward continental clastics, drilled in the Rea 1 dir 
well (Fig.1) and eventually by emerged land, below the 
present-day Apennines (Fig. 2). Th e potential of these 
Middle Triassic successions to generate the oils of the 
Northern Apennines is therefore nil, as confi rmed by 
geochemical data (Riva et al., 1986).

Th e other important source rock in the region is 
part of the Upper Triassic succession. It consists of 
two formations: the older Zorzino Limestone, never 
drilled in the subsurface of the Po Plain, consists of a 
thick interval of organic-rich carbonates, also depos-
ited in fault-bounded intraplatform basins, created by 
rift ing associated with the onset of the stretching of 
the Adriatic margin (Bertotti et al., 1993). Th is inter-
val could be the source of the Cavone oil that has been 
generally referred to an anoxic carbonate source rock 
(Riva et al., 1986). Th e younger formation is overlying 
the Riva di Solto Shale (Th ery et al., 1989; Stefani and 
Burchell, 1990; 1993) , a thick (locally more than 1 km) 
succession of prevailing shales with an average 1% of 
TOC that is much more widespread and is considered 
to be the source of the oil of the Malossa fi eld (Riva 
et al., 1986; Mattavelli and Novelli, 1990). Together 
with the overlying Zu limestone (again interbedded 
with organic-rich shales), they probably were extend-
ing toward the south below the Northern Apennines 
(Fig. 2), where coeval and similar, although thinner, 
succession outcrop again (Upper Triassic of the Tus-
can nappe system of the Apennines).

Th e last potential source rock of the Mesozoic are 
two well-known intervals of black shales, representing 
the two Oceanic Anoxic Events (OAE) of the late early 
Aptian (OAE 1a, the so-called Selli level) and the Late 
Cenomanian (OAE 2, the Bonarelli level) (e.g. Jenkyns 
1980; Erba, 2004, and references therein). Th ey consist 
of decimetre-thick black shales, intercalated within a 
pelagic succession of limestones and marlstones. Al-
though they have a limited thickness, these intervals 
could have some minor petroleum potential, mainly 
because their widespread distribution in the Tethyan 
basins and their richness of organic carbon (2 to 13%, 
Jenkyns, 1980). In the literature we fi nd, however, no 
evidence that this interval was a source rock for oil ac-
cumulation in Italy (Riva et al., 1986; Mattavelli and 
Novelli, 1990).

Finally, Tertiary successions have been considered 
as possible source rocks for the oils of the Miocene 
system (Cortemaggiore group). Th ese include the sed-
iments of the foredeep succession (Marnoso-arenacea 
Formation) or their foreland ramp counterparts (Gal-
lare Marls). Th is hypothesis is based on the occurrence 
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in the oils of biomarkers typical of the Tertiary, such 
as 18α(H)oleanane and sterane X, whereas other geo-
chemical parameters of the Cortemaggiore group oils 
do not fi t well with the rock extracts (Riva et al., 1986). 
Th ese and other Oligocene and Miocene sediments 
of the area have been sampled by us for their organic 
matter content; our results confi rm the literature data 
in most cases. With an average TOC content of less 
than 0.4% and a terrestrial origin of the kerogen, these 
successions appear gas prone, but can hardly account 
for the oil of the Miocene reservoirs. 

3.2 The Reservoirs: Stratigraphy 
 of the Tertiary Foredeeps 

Th e Miocene petroleum system of the central Po Plain 
has been referred to a general “Marnoso-arenacea” res-
ervoir (Riva et al., 1986; Mattavelli and Novelli, 1990). 
Th is is the name of a formation of the northern Apen-
nines of Romagna that was deposited in the foredeep 
of the Apennines during the Middle and Late Miocene 

(e.g. Gandolfi  et al., 1983; Dondi and D’Andrea, 1986; 
Zattin et al., 2002). Th ere is a discrepancy between the 
stratigraphy of the original Marnoso- arenacea  For-
mation and the use of the term that has been suggested 
by Riva et al. (1986) and Mattavelli and Novelli (1990). 
Th ese authors included in this name all clastic depos-
its from the Early Miocene to the onset of the Messin-
ian (Late Miocene). During this time period, however, 
the confi guration of the Northern Apennines foredeep 
was changing, as well as the source of the clastic mate-
rial, refl ecting, the dramatic changes in the paleogeog-
raphy (Boccaletti et al., 1990). In fact, diff erent basin 
geometries developed through time as will be briefl y 
described in the following.  Th is stratigraphic uncer-
tainty renders shaky the Riva et al. (1986) oil-rock ex-
tracts correlation. 

In order to distinguish the diff erent sedimentary 
formations we constructed a cross correlation along 
a section crossing the Piedmont Tertiary Basin along 
dip and the Northern Apennines foothills along strike 
(Fig. 1 and Figs. 3, 4), with a datum line at the top of 
the Serravallian. 

Fig. 2. Distribution of Triassic organic-rich successions in the Southalpine foothills (aft er Bertotti et al., 1993) and the subsurface 
of the central Po Plain
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Th e Burdigalian to Serravallian evolution of the 
Tertiary Piedmont Basin (TPB), crossed by our sec-
tion in its eastern sector (Fig. 3), is typical of a thrust 
top basin, perched above the evolving thrust of the 
Monferrato arc. Overlying foreland slope marls (Rig-
oroso Marls), a turbiditic lobe, developing through-
out the Burdigalian and early Langhian (Costa Areasa 
Formation), gradually passes into a prograding slope 
to platform unit (Cessole Marls) deposited during the 
Langhian. At the top of this unit, an abrupt unconfor-
mity developed, overlain by a coarse-grained unit of 
deltaic environment: the Serravalle Sandstone that de-
veloped throughout the Serravallian (Ghibaudo et al., 
1985). Th e evolution of the TPB was independent from 
the southeastern area since the Burdigalian, both with 
respect to sediment provenance, located in the Alpine 
sector to the south and west (Carrapa, 2002), and its 
depocenters that were not communicating with the 
less deformed foredeep to the east.

In the subsurface of the western Po Plain and the 
westernmost foothills of the Apennines, east  of the 
Monferrato thrust (at its footwall), few data are avail-
able on the Middle Miocene, based on only a few wells 
and small outcrops. A coarse-grained unit has been 
defi ned in the Middle Miocene, called Rio Lora sand-
stone from the name of a small window below the Li-
gurian unit in the foothills west of Piacenza, with prov-
enance from the Alps to the northwest, as documented 
by the presence of glaucophane (for the use of marker 
minerals, see discussion in Gandolfi  et al., 1983). Poor 
data exist on facies characteristics of this unit (scat-
tered data based on cores of the Ponte dell’Olio well), 
but this sector was during the Serravalian the center of 
the foredeep, even though we cannot precise its paleo-
bathymetry. To accumulate detritus from a source at 

least 150 km to the Nortwest, the most suitable mech-
anism is gravity-driven transport: this means that a 
turbiditic origin of the sand-rich intervals of the Rio 
Lora sandstone is most likely.

Th e Burdigalian to lower Langhian clastic unit is the 
Cervarola Sandstone, derived from the Alps, and con-
sisting of lithic arkoses, rich in clasts derived from a 
shallow metamorphic basement (presumably the Aus-
troalpine) located to the northwest. Th e geometry of 
this unit shows a depocenter located close to the pres-
ent-day foothills in the western portion of the North-
ern Apennines (Fig. 3): at the Bobbio window (Fig. 1) 
where about 3000 m are exposed. In the Salsomaggio-
re well (Fig. 1), the reconstructed thickness is around 
1600 m (see next chapter). Moving to the southeast 
along strike of the Apennines, we found the Cervaro-
la depocenter shift ed in a more internal position, close 
to the present-day water divide. Th e profi le, running 
along the foothills (Fig. 3), therefore, is oblique with 
respect to the depocenter axis, and slowly moves from 
the vicinity of the depocenter in the northwest to the 
foreland in the southeast. Figure 3 shows the decreas-
ing thickness of the Cervarola Sandstone and the lat-
eral passage to the foreland slope marls of the Schlier 
unit. At Salsomaggiore, many wells penetrated the up-
permost few hundred meters of this unit, drilled more 
than 70 years ago. As a whole, the Cervarola Sand-
stone can be described as a succession of interbedded 
marls (mostly sandy marls) and sandstones, whose ce-
mentation strongly varies both vertically and laterally, 
suggesting a possible carbonate origin of these patchy 
cements, as it is the case for other outcropping suc-
cessions in a central basin location (e.g. the Tortonian 
Marnoso-arenacea, Fontana et al., 1986). Th e oil-bear-

Fig. 3. Stratigraphic cross-sec-
tion reconstructed at the top 
Serravallian, providing lo-
cal stratigraphic nomenclature  
(see the track in Fig. 1 and text 
for diff erent sources)



122 Vincenzo Picotti · Rossella Capozzi · Giuseppe Bertozzi · Fausto Mosca · Andrea Sitta · Maria Tornaghi

ing beds consist of sand with a high porosity. Th e cor-
relability of the coarser intervals is good, documenting 
a lateral continuity of the sand layers  that represent 
more or less 50% of the entire succession.

During the Langhian, a dramatic paleogeographic 
change took place in the western part of the foredeep, 
likely related to tectonic activity of the Salsomaggiore 
structure. It was associated with a change of the clastic 
transport system, which brought about the local de-
activation of the Cervarola turbiditic lobe: the sand-
stones gradually pass up-section into a succession of 
marls, with minor interbedded coarser layers: the Sal-
somaggiore marls (Figs. 3 and 4) that locally acted as 
a seal for the Cervarola Sandstone. At the end of the 

Langhian, a sharp seaward shift  of the coastline oc-
curred in the Tertiary Piedmont Basin with the rap-
id progradation of the deltaic system of the Serra-
valle Sandstone (Figs 3 and 4). Within the foredeep, 
a renewed input of coarse-grained clastics is record-
ed both over the growing Salsomaggiore structure and 
the undeformed basin to the southeast. Here, another 
turbiditic lobe developed: the Marnoso-arenacea unit, 
still supplied from the northwest, but along diff erent 
transport routes, with the upper Langhian sand-rich 
Premilcuore member (Fig. 4). Atop the Salsomaggiore 
anticline, a thickening and coarsening upward succes-
sion of interbedded sandstones and marls occurs, the 
Recchio sandstone. Th is coarse unit (Figs. 3 and 4), be-

Fig. 4. Chronostratigrapic 
scheme along the same cross 
section of  Fig. 3, including 
the Tortonian. Time scale af-
ter Gradstein et al., 2004. Th e 
lithostratigraphic subdivision 
of the Marnoso-arenacea Fm is 
from Antolini et al., (2001); S:P 
is the sandstone:pelite ratio. To 
the right, dots represent tim-
ing of the δ18O-positive peaks 
of Abreu and Anderson (1998), 
proportional to their intensity. 
Th e bars indicate the duration 
of the third-order lowstand sys-
tem tracts aft er Haq et al. (1987) 
and Hentz and Zeng (2003), 
blue and yellow, respectively
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ing the reservoir for the fi elds immediately east of Sal-
somaggiore, still contains glaucophane like the coeval 
Rio Lora Sandstone (Spinelli, 1964) but mixed with 
coarser-grained detritus derived from the north: it 
possibly represents a laterally confi ned basin, closed to 
the west by the growing Salsomaggiore thrust, toward 
which it shows clear onlap relationships in the fi eld, 
and to the south by the front of the Ligurian unit.

Th e late Langhian sharply defi ned arrival of detri-
tus over most the Northern Apenninic foredeep nice-
ly coincides with a positive peak of the δ18O (the stron-
gest of the Miocene, Abreu and Anderson, 1998) and 
with a pronounced lowstand on the curve of Haq et al. 
(1987) (Fig. 4). Th is suggests that the deforming fore-
deep recorded the eustatic sea-level variations, as doc-
umented for the Pliocene of the Northern Apennines 
(Capozzi and Picotti, 2003). 

Aft er the Serravallian, the foredeep shift ed north-
ward in the central Po Plain: fi ne-grained deposits 
occur in the foothills of the westernmost Northern 
Apennines, whereas coarse-grained successions still 
were deposited in the Marnoso-arenacea basin to the 
southeast (Figs. 3 and 4). Upper Miocene equivalents 
of the Marnoso-arenacea, deposited north of the Sal-
somaggiore structure, are the reservoirs of the Cor-
temaggiore fi eld (see Fig. 1) (Pieri, 1992).

4 Tectonic Evolution of the 
 Northern Apenninic Foredeep 

Th e structural evolution of the Northern Apennines 
will be discussed by means of two cross sections (Fig. 
5). Profi le AA’, running across the foothills and the 
Po Plain, is based on a re-interpretation  of the depth-
converted seismic line  of  Pieri (1987; his line BB’), 
combined with a cross section across the Northern 
Apennines north of the water divide, interpreted at 
depth aft er a profi le of Zanzucchi (1980). Profi le BB’ is 
a cross section oriented along strike of the main Apen-
ninic features, crossing the Salsomaggiore culmina-
tion. It has been constructed aft er the map of Zanzuc-
chi (1980), checked on the fi eld and fi nally compared 
with an unpublished seismic line running parallel to 
its western portion.

4.1 Profi le AA’. The Tip of the Orogenic Wedge
 and the Foreland Deformation

Four main features characterize the external front of 
the Northern Apennines in the area studied: 1) the Li-
gurian nappe; 2) the Salsomaggiore thrust; 3) the Cor-
temaggiore thrust; and 4) the Piadena-Brè inverted ba-
sin.

1. Ligurian nappe. Th e northeastward advanc-
ing thrusting of the Ligurian allochthonous units 
over the sediments of the foredeep is refl ected by 
the northeastward younging of sediments under-
lying the allochthonous units. For this reason, the 
age of the deposits underlying the Ligurian nappe 
constrains the timing of this advancement (Zat-
tin et al., 2002). Along our transect three tecton-
ic windows in the Ligurian nappes document this 
relationship (Fig. 1). Th e Zuccone window (Fig. 5), 
close to the watershed, shows an Aquitanian age 
for the youngest foredeep formation. In the Bobbio 
window, some ten km west of the cross section (see 
Figs. 1 and 5), the youngest deposit is Burdigalian 
in age, whereas the northern Salsomaggiore win-
dow shows diff erent ages: to the south of the anti-
cline the Ligurian units overlie Langhian rocks, to 
the north of the anticline Upper Messinian depos-
its. Th is age diff erence documents the growth of the 
structure during Serravallian and Tortonian times 
and confi rms the role of structural highs growing 
in the foredeep and hampering the advancement 
of the nappe, as discussed by Zattin et al., 2002. In 
fact, during the Burdigalian, the front of the nappe 
advanced 3 km/My, abruptly slowing in the Lang-
hian to 0.5 km/My and fi nally stopping, in the area 
of the growing thrust, during the Serravallian and 
Tortonian. Both, emplacement of the Ligurian 
units and the Tertiary foredeep deposits produced 
rapid overburden of the underlying sediments. Th e 
Zuccone window that rather appears as a horst, is 
bounded by normal faults, that possibly reactivated 
ancient thrust contacts. Th e cross-cutting relation-
ships of these high-angle faults with the deeper low-
angle thrusts are not clear, even though their activi-
ty should be contemporaneous for the Pliocene and 
Pleistocene.

2. Salsomaggiore thrust. Close to the northern tip 
of the Cervarola clastic wedge, this thrust started 
growing in the Langhian, as suggested by the Sal-
somaggiore marls (see discussion in Chapt. 3). Th e 
anticline grew during the Serravallian as an in-
trabasinal structure close to the depocenter of the 
Recchio Sandstone, whereas during the Tortonian 
it started to create a submarine relief and the top 
of the structure became eroded. Th e reconstructed 
shortening is about 6 km. Again, in this structure 
a prominent southwest-dipping normal fault now 
juxtaposes the Ligurian units with the Salsomag-
giore thrust. Th is extensional structure, which 
shows evidence of Quaternary activity, plays an un-
clear kinematic role on the regional evolution of 
the foothill belt that seems to be controlled rather 
by compression. However, important normal faults 
active close to the mountain front of the Northern 
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Apennines have been reported (Bertotti et al., 1997; 
Capozzi and Picotti, 2002; 2006).

3. Cortemaggiore thrust. Th is 20-km-long thrust 
sheet started to grow at the end of the Tortonian, 
again close to the tip of the Tortonian clastic wedge 
(the subsurface Marnoso-arenacea; see Fig. 3), as 
suggested by convergence of the uppermost refl ec-
tors of the wedge. Th e thrust was particularly active 
forming a submarine structure during the Mes-
sinian, the deposits of which are in fact reduced in 
thickness above the thrust sheet. Aft er formation of 
the late Messinian unconformity, the eroded thrust 
top was onlapped by uppermost Messinian sedi-
ments that include the Ligurian wedge (Artoni et 
al., 2004), and fi nally by a reduced prism of Pliocene 
sediments, which still shows convergence toward 
the thrust top. Th e very rapid emplacement of the 
Ligurian unit (up to 10 cm /y), aft er many million 
years of local inactivity of this nappe in the back 
of the Salsomaggiore structure, can be explained by 
gravity emplacement re-establishing the equilibri-
um of the thickened wedge. Th e Pleistocene is very 
thin and only slightly deformed close to the tip of 
the fault, which is clearly sealed by these deposits. 
Th e overall shortening attains 7 km.

4. Piadena – Brè basin. Th e Messinian depocenter, in 
the footwall of the Cortemaggiore thrust, is partic-
ularly clearly developed over this 22 km-long-ba-
sin. Th e seismic stratigraphy of the basin suggests 
the possible presence of an Upper Triassic succes-
sion with Lombardian facies, i.e. organic-rich de-
posits (Zorzino Limestone, and/or Argillite di Riva 
di Solto and Zu Limestone), which are known as 
good source rocks (see Chapt. 3). Th e sharp later-
al truncation of these refl ectors suggests the pres-
ence of a basin bounded by faults, which could have 
been active during the Late Triassic to Early Juras-
sic rift ing period (Bertotti et al., 1993). Th ese nor-
mal faults appear to have been reactivated during 
the Messinian, when this sector was aff ected by rap-
id subsidence with the deposition of a thick fore-
deep wedge (Fig. 3). Th e sedimentary prism, whose 
geometry was perturbated by the fault reactivation, 
is wider than the Serravallian and Tortonian ba-
sins, and located more externally in the foreland. 
North of the basin, the Messinian tends to cover 
the tip of a northward thickening Miocene wedge 
of the Southalpine retroforeland, documenting its 
deactivation. Finally, during the Pliocene, the ba-
sin was inverted, as documented by the the growth 
pattern of the refl ectors close to the anticlines of Brè 
and Piadena (Fig. 5). Th e depocenter of the Pliocene 
and Lower Pleistocene clastic wedge was the same 
as during the Messinian, suggesting that the Mes-
sinian was the last step of the encroachment of the 
Northern Apenninic foredeep onto the foreland.

4.2 Profi le BB’. The Quaternary 
 Northwest Verging Reactivation 
 of the External Thrust Sheet

In map view, the Salsomaggiore anticline shows a dom-
al shape, that suggests possible lateral ramps or strain 
interferences (Fig. 5). In order to highlight its lateral 
culminations and depressions, we constructed a cross 
section oriented along strike of the main structures of 
the Apennines and running along the axis of the Sal-
somaggiore anticline (section BB’, Fig. 5).  Th e geome-
try of the eroded portion of the anticline has been re-
constructed aft er projecting about 4 km to the south 
the unit boundaries along their dip toward the crest 
of the anticline, mainly using our section AA’ (Fig. 5) 
and other available dip sections crossing the anticline 
(Zanzucchi, 1980). Th e section BB’, has been interpret-
ed into depth mainly aft er fi eld geology, with the aid 
of few subsurface informations, such as the stratigra-
phy of Chero Carpaneto 2 and Salsomaggiore 1 wells, 
whereas the eastward termination of some Pliocene re-
fl ectors (under Bacedasco, see BB’, Fig. 5), come from 
an unpublished seismic line, running parallel, but few 
km north of the section BB’. 

Th e bottom of the Pleistocene is clearly deformed 
and uplift ed, defi ning a wide asymmetric anticline 
with culmination at Salsomaggiore (at the intersec-
tion with section AA’, see section BB”, Fig. 5), a longer 
limb to the southeast and a vergence to the northwest. 
Th e shape of this anticline has not been the same in 
previous times, such as the Messinian, when the Ligu-
rian units passed over the thrust top (as described in 
sect. 4.1.). In our reconstruction of the eroded portion 
of the anticline, in fact, the Ligurian units (fl oored by a 
purple line in section BB’) are thicker close to the cul-
mination, pinching-out to disappearance in the vicin-
ity of the creek Recchio, and eventually reappearing 
toward the river Taro (Fig. 5). Th is suggest that, dur-
ing the Messinian, the period of the rapid gravitation-
al emplacement of the Ligurian units, the actual cul-
mination of the Salsomaggiore anticline was located 
between the Recchio and the Taro channels, whereas 
the present-day culmination was morphologically less 
pronounced, providing accommodation for the thick 
(around 1.5 km) Ligurian wedge.

Th e shape of the culmination was even diff erent 
during Serravallian, as suggested by the westward 
thinning of the Recchio sandstone, which defi nes an-
other relative culmination during this time: Th is Ser-
ravallian culmination has been explored by the Che-
ro-Carpaneto 2 well, that documents the absence of 
the units comprised between the Burdigalian (Cer-
varola Sandstone) and the upper Messinian period, 
marking the onset of a new subsidence pulse for the 



Chapter 6  ·  The Miocene Petroleum System of the Northern Apennines in the Central Po Plain (Italy) 125

Fi
g.

 5
. 
C
ro
ss
-s
ec
tio

ns
 a
lo
ng

 d
ip

 a
nd

 st
ri
ke

 o
f t
he

 fr
on

t o
f t
he

 N
or
th
er
n 
A
pe
nn

in
es

 in
 th

e  
ar
ea

 st
u d

ie
d.

 D
ee
p 
in
te
rp
re
ta
tio

n 
aft

 e
r  t
he

 se
is
m
ic

 li
ne

 o
f P

ie
ri

 (1
98
7)

 in
 th

e  
su
bs
ur
fa
ce

 o
f t
he

 
Po

 P
la
in

. A
pe
nn

in
e 
su
rf
ac
e 

da
ta

 a
ft  e

r  Z
an

zu
cc
hi

 (1
98
0)

 a
nd

 o
ur

 o
w
n  
fi e
ld

 w
or
k



126 Vincenzo Picotti · Rossella Capozzi · Giuseppe Bertozzi · Fausto Mosca · Andrea Sitta · Maria Tornaghi

western half of the section BB’, providing accommo-
dation for the Plio-Quaternary deposits.

Th e described diachronous culminations are asso-
ciated to diff erent kinematic behaviour along strike 
of the hangingwall of the Salsomaggiore thrust. Th e 
oldest (Chero Carpaneto: Serravallian to Messinian; 
Recchio-Taro: ?Tortonian to Messinian) have similar 
wavelengths of about 10 km and likely represent dif-
ferent asperities of the footwall ramp of the Salsomag-
giore thrust. As an alternative, they could be due to the 
inversion of previous (normal) faults in the hanging-
wall. Th is latter phenomenon, indeed diffi  cult to ascer-
tain in this case, is quite common in this sector of the 
Northen Apennines. Th e Salsomaggiore culmination, 
associated with a wider anticline (about 20 km) has 
been related  to the Quaternary activity of the deep-
er Cortemaggiore thrust, ramping toward the north-
west with a shortening of about 2 km. Note that the 
same Cortemaggiore thrust along the perpendicular 
section (AA’ in Fig 5), practically do not show Pleis-
tocene deformation, if we except some folding. Th is 
inferred deep northwest verging ramp, and associat-
ed anticline, could explain the observed Quaternary 
features such as the important local exhumation (up 
to 2 km eroded) and the high relief of the Salsomag-
giore hills, as well as the activity of the main south-
west dipping normal fault, located in the upper thrust 
sheet (described at point ii of sect. 4.1, section AA’, Fig. 
5). Th is fault, oriented perpendicular to the axis of the 
culmination, could play the role of southern boundary 
of the culmination.

5 Fluid Composition: 
 Origin, Evolution and Migration

At Salsomaggiore, saline waters and hydrocarbons 
from spontaneous emissions have been described 
since 193 B.C., and were widely exploited for centu-
ries. We collected samples from seven drilled wells, lo-
cated around  and in the center of the village of Sal-
somaggiore, at the culmination of the structure (see 
Figs. 1 and 5) in an area of about 20 km2. Th ese wells 
reached an average depth of about 1000 m. Th e stratig-
raphy of the wells indicates various interbedded sand 
and marly layers yielding hydrocarbons and brines, 
and minor cemented sandstones, within the Langhi-
an interval. Sandy-marly interbeds, more regularly 
arranged, occur in the underlying Burdigalian inter-
val. Th e measured porosity reaches up to 20%, howev-
er, the occurrence of hydrocarbons and saline waters 
is discontinuous, essentially due to the patchy cemen-
tation.  Sampling was carried out during spring 2004 
and samples were analysed for their physical, chemi-
cal and isotopic characteristics. All chemical and iso-
topic analyses have been duplicated and some of the 

wells were resampled, to validate the analyses, during 
the fall of 2004. 

Th e water temperature is very constant among the 
diff erent wells and in the range of 16–18°C. 

5.1 Composition of Brines

Th e content of major ions in the Salsomaggiore sa-
line water is very high (Table. 1 and Fig. 6), in a range 
which is quite unique amongst the known cold vents 
of Italy.

Within connate saline waters the increase of Na and 
Cl ions becomes signifi cant in the case of water com-
ing from intermediate depth, deeper than 700 m. Ca 
increases with depth and formation age, likely in as-
sociation with sulphate reduction due to bacterial ac-
tivity (White, 1965). Th e concentration of the diff er-
ent ions depends on membrane-fi ltering mechanisms 
that, as described in the literature (e.g. White, 1965; 
Hanor, 1987), could account for an increase of water 
salinity with depth to up to 10 times that of seawa-
ter. Th ese changes in interstitial water chemistry re-
fl ect the interaction with solid phases during burial 
and with time. When subsurface waters move along 
steep hydraulic gradients through shales or clays, the 
matrix can act like a reverse-osmosis membrane, re-
tarding the movement of larger molecules. Th e main 
diff erences between the Salsomaggiore brines and 
seawater are a huge increase of chloride and calcium 
(Fig. 6), whereas Mg and SO4 are depleted or absent, 
respectively; however, H2S does not occur.  Signifi cant 
contents of iron and NH4 occur (see Table. 1) together 
with iodine (54 mg/L) and bromine (up to 245 mg/L). 

Th e ion content of the Salsomaggiore waters fi t 
the range of values of “membrane-concentrate saline 
water” and matches a depth of origin between 1000 
and 4000 m. A ten mineral phase system, which re-
acts to a chloride enrichment, is most suitable to ex-
plain the interactions between water and solid phases 

Fig. 6. Major ions content in seawater and in Salsomaggiore 
brines, normalized to Cl–
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within the Salsomaggiore siliciclastic reservoir (Ha-
nor, 1996). In this case, we assume that the system de-
veloped in the absence of CO2, as normal under sub-
surface condition. In fact, the δ2H- and δ18O-values 
provide evidence that the analysed saline waters nev-
er mixed with meteoric water (see next chapter) doc-
umenting a system closed to the supply of CO2 from 
the surface.  In the absence of CO2, calcite and dolo-
mite interact no longer with the system and the alka-
linity does not change.  With high chloride content, 
quartz is mobilized: however, Si in the brines increas-
es slowly, because it is incorporated into other miner-
al phases. In this system, anorthite partially dissolves 
and the calcium concentration increases in the solu-
tion, whereas K and Na do not increase because they 
are involved in the precipitation of K-feldspar and al-
bite (Hanor, 1996). Th is mass transfer between miner-
al phases can locally increase the porosity of the reser-
voir, as could be the case for Salsomaggiore. 

NH4, bromine and iodine are likely due to the in situ 
reduction of abundant organic matter, even if we can-
not establish the source of this from the water compo-
sition. However, most Northern Apenninic brines, de-
rived from Miocene reservoirs as in the Regnano mud 
volcano system (Capozzi and Picotti, 2002), do not 
show a similar enrichment. In this case, there was not 
enough organic matter to generate high amounts of 
these ions: in fact, in this case, the hydrocarbon com-
position includes only thermogenic methane with mi-
nor retrograde condensate. Th erefore, the high NH4, 
bromine and iodine concentrations could only be sup-
plied to the brine by the oil that characterizes the Sal-
somaggiore to Cortemaggiore area.

As sulphate is totally depleted, we would expect the 
occurrence of bacterially mediated sulphide. Howev-
er, as sulphide no longer occurs, a possible subsur-
face equilibrium could have been reached. At the mea-
sured values of pH and alkalinity, relatively moderate 
sulphate reduction process probably occurred in the 
system and prevented the precipitation of calcium car-
bonate (Morse, 2003). 

Th e total removal of H2S can be ascribed to the very 
high Fe content which can precipitate, in the mea-
sured range of pH and Eh, mainly as marcasite (See-
man, 1987).

5.2 Brine Isotopes 

Isotopic measurements of brines in sedimentary ba-
sin (Fig. 7 and Table. 2) typically show a trend toward 
18O enrichment with minor 2H enrichment (Clayton, 
1966, Clark and Fritz, 1997). δ2H enrichment in basin-
al brines can be partially explained by dehydration of 
clay minerals, but can also be generated through ex-
change with H2S or hydrocarbons that, in turn, can 
impart a positive shift  in δ18OH2O. Th e hyperfi ltration 
mechanism hypothesized to explain the high ion con-
tents in the Salsomaggiore waters, is likely a more suit-
able mechanism that can account for the enrichment in 
Cl–, 18O and 2H. Th is interpretation could be support-
ed by a comparison with the Regnano isotopic values 
that have been correlated to membrane-fi ltered forma-
tion waters (Capozzi and Picotti, 2002). Th e fi ltrate wa-
ter is expected to be depleted in heavier isotopes and, 
in fact, even if the reservoir of both Salsomaggiore and 
Regnano water is constituted by Tertiary siliciclastic 

Samples pH Eh
mV

Ca2+ Mg2+ Na+ K+ Cl– SO4
2– HCO3

– NH4
+ Fe Si

Well 25
25/05/04

6.72 -130 2725.4 1021.4 47900 153 72318 43 73.2 126 14.47 2.1

Well 27
25/05/04

7.22 -181 2324.6 559.36 42750 116 64164 38 109.8 108 11.63 2.3

Well 20
25/05/04

6.65 -117 4388.8 1422.7 63100 184 95715 22 97.6 144 13.46 3.3

Well 
Salsomaggiore 1 
22/04/04

6.79 -103 5852 1556.5 60900 269 95006 90 170.8 135 11.53 3.4

Well 210
25/05/04

6.75 -240 4028 790.40 59100 185 92170 22 109.8 153 22.59 2.4

Well 24
22/04/04

7.16 -203 4509 620.16 47950 102 70900 24 109.8 99 10 1

Well 8
22/04/04

6. 4 -100 4306 1280 51180 292 93588 8.93 104 200 63.3 8.69

Seawater 400 1272 10560 380 18980 2649 140 0.07 0.02 7

Table 1. Chemical analyses on the Salsomaggiore brines. Ion content in ppm
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sediments, in the Regnano case fi ltration through the 
fault zone crossing the topmost Ligurian unit is clearly 
testifi ed by chloride and isotope depletion.

5.3 Hydrocarbons

Th e main compositional characteristics of the Sal-
somaggiore oil indicate some diff erences from the 
oil of the northern Cortemaggiore group (Riva et al., 
1986), occurring in the subsurface of the adjacent Po 
Plain. Both Salsomaggiore and Cortemaggiore group 
oils indicate an oxic environment of deposition of 
marine/deltaic siliciclastic source rocks and include 
18α(H)oleanane that has been reported  in source 
rocks and oils of Tertiary age.  Th e thermal evolu-
tionary stage of Salsomaggiore is late mature and cor-
responds to Ro >1 as in the Cortemaggiore oil, that 
comes from a younger, Tortonian reservoir. In con-
trast, in the Cortemaggiore group, Langhian to Ser-
ravallian reservoirs yield oil of less thermal maturity 
(peak mature Ro = 0.7–0.8) as at Vallezza, S. Giorgio 
and Podenzano (Riva et al., 1986). Th e Salsomaggio-
re reservoir is Burdigalian in age and the thermal ma-
turity of its oil is high, Ro% > 1.1, whereas the Ro% in 
host rock cuttings is well below 1. Th is suggests possi-
ble oil migration, together with methane, from a deep-
er source. Th is hypothesis is strengthened by the oc-
currence of thermogenic methane with δ13C values in 
the range from -40.5 to -45 ppt and δ2H in the range 
from -152 to -165 ppt in the Cortemaggiore fi eld (Pieri, 
1992). Th ese isotopic values are very similar to those 
measured in the Regnano mud volcano and are inter-
preted as signatures of methane migrating from a deep 
(Mesozoic) source into the Tertiary reservoir, where it 
was mixed with the saline waters (Capozzi and Picot-
ti, 2002). At Salsomaggiore, a further source of organ-
ic matter in the Tertiary siliciclastic system could be 
supported by the high NH4, iodine and bromine con-
tents in the saline waters which clearly depends on the 
decaying proteins of organisms. Th e Tertiary succes-

sions, in fact, with their low TOC content, cannot ac-
count for such values.

6 Discussion: An Integrated Model 
 for the Miocene Petroleum System

Th e kinematic history we reconstructed for the Sal-
somaggiore structure provides a model to integrate the 
described characters of hydrocarbons and brines. Th is 
model, although valid for the Salsomaggiore struc-
ture, bears fundamental insights for the whole Mio-
cene petroleum system.

Th e data presented above document that the Sal-
somaggiore petroleum system is comparable to those 
of Cortemaggiore and Regnano, in agreement with 
Riva et al. (1986), which in fact grouped these oils in 
the same “Cortemaggiore group”. 

Th e main point of diff erence with respect to the 
Riva et al. (1986) interpretation is the deep origin of 
the hydrocarbons, even if some Miocene contribute is 
required by the presence of a Tertiary organic mark-
er in the oil. To the best of our knowledge, the fore-
deep units of the Northern Apennines are devoid of 
organic-rich intervals. A possibility exists, that the 
oil leached the organic molecules, markers of the Ter-
tiary, from the reservoir during its residence into the 
reservoir itself. Whatever the Tertiary contribution, 
however, the deep origin of the hydrocarbons is docu-

Fig. 7. δ2H versus δ18O of the 
Regnano and Salsomaggire wa-
ters. Th e Salsomaggiore and 
Regnano isotope composition 
of brines falls in the fi eld of for-
mation water without meteoric 
mixing. Th e more positive iso-
tope values in the Salsomag-
giore brines suggest they un-
derwent to hyperfi ltration 
processes. GMWL: Global Me-
teoric Water Line; Local MWL: 
Local Meteoric Water Line

Samples
δ18O
(VSMOW)

δ2H
(VSMOW)

W 25 Salsomaggiore 10.57 -9.1

W 27 Salsomaggiore 11.05 -19.7

W 20 Salsomaggiore 11.45 -13.3

W  1 Salsomaggiore 9.14 -9.2

W 210 Salsomaggiore 12.63 -11.7

Table 2. Hydrogen and oxygen isotope composition of brines of 
the Salsomaggiore oil fi eld
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mented by the high fractionation and maturity of the 
oil and the thermogenic imprint of the methane. Th ese 
deep sources have never been drilled, or documented 
indirectly in the Northern Apennines, but should be 
Mesozoic, Upper Triassic (see Fig. 2) and/or (?) Cre-
taceous. Furthermore, the distribution of the oil of 
the Cortemaggiore group does not match that of the 
Miocene foredeep that is elongated along strike of the 
Apennines. Rather, it matches the distribution of the 
Upper Triassic source rocks, as illustrated in Fig. 2. As 
a matter of fact, the brines spontaneously leaking at 
surface from the Regnano mud volcano to the south-
east diff er from Salsomaggiore in that they never came 
into contact with oil, as documented by the low con-
tent of NH4, bromine and iodine. 

Within the Miocene province, the stratigraphic 
age of the reservoirs changes frequently, ranging from 
the Burdigalian Cervarola Sandstone of Salsomaggio-
re to the Serravallian Recchio sandstone in Torrente 
Baganza, to the Tortonian Marnoso-arenacea of Cor-
temaggiore. In the literature, all these diff erent res-
ervoirs, charged with the same oil of the “Cortemag-
giore group”, have been treated as the same formation 
and proposed as a source-reservoir system (Riva et al., 
1986). Th e presence of the same oil in so diff erent res-
ervoirs implies common and deeper, source(s).

Th e geochemistry of brines of Salsomaggiore docu-
ments their origin from formation waters of the Ter-
tiary foredeep units, in this case the Burdigalian Cer-
varola Sandstone. Th e formation waters have been 
trapped in the early formed (Langhian) structure, pre-
venting the late compaction and loss of porosity in the 
tectonic culmination.

Th e ?Plio- Quaternary northwest verging reactiva-
tion of the Miocene thrust belt produced a domal cul-
mination in the Salsomaggiore anticline, creating new 
gradients and the migration of oil via water-washing.

7 Conclusions

We described the main elements of the Miocene petro-
leum system of the central Po in order to reassess the 
petroleum potential of this province.
Th e Miocene reservoirs range from Burdigalian to Tor-
tonian. Th eir locally good porosity is related to their 
deformation, occurring soon aft er their deposition 
and allowing for fl uid trapping, preventing complete 
mechanical compaction that, in contrast, occurred in 
the intervening structural depressions. Another factor 
of permeability reduction, i.e. the carbonate cementa-
tion, is a process very diffi  cult to predict, both for its 
patchy nature and late dissolution during brine migra-
tion. 

Th e source is suggested to be multiple, likely dom-
inated by Mesozoic (Upper Triassic, ?Cretaceous), in 

our cross sections located at depth ranging from 7 to 
10 km (Fig. 5). Th e sand-rich units of the Miocene are 
rather gas prone, but they have contributed with un-
known percentage of normal maturity oil, bearing the 
Tertiary biomarker recorded by Riva et al. (1986). 

Overburden to the source(s) is mainly due to the Ter-
tiary foredeep units, tectonically covered by the Ligu-
rian units. Th is foreland-ward moving couple brought 
about the rapid maturation of the source rocks during 
the Miocene, with hydrocarbons migrating up-dip to-
ward the foreland where they could be trapped in the 
growing structures.

Finally, natural leakage of oil and brines occur in 
the Salsomaggiore culmination that is part of a wid-
er Serravallian – Tortonian anticlinal trap deformed 
during the Quaternary. Th e recent tectonically in-
duced changes in the geometry of this prominent cul-
mination allowed further migration of oil via water-
washing. Th is still active migration process could be 
too young to have generated important accumulation 
at the culmination of the structure. Alternatively, the 
oil could have dismigrated from a deeper trap whose 
sealing eff ects could have deteriorated aft er the recent 
deformation. Th is second hypothesis implies the pos-
sible presence of deeper accumulations of unspecifi ed 
potential.
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IV

Part IV of the volume reports structural/kinematic modelling at the scale of 
individual fold structures or at the scale of the entire thrust belt, as well as the 

use of 2D restorations to derive internal strain. 
Mercier et al. (Chapter 7) review the diff erent types of markers (growth stra-

ta and collapse-structures, morphology, microtectonics) used as kinematic re-
cords of folding, and how they can account for hinge migration, the occurrence 
of which being a pending question in individual fold kinematics. Th e authors 
show that few hinge kinematics can be explicitly established from fi eld observa-
tions, and that mobile hinges are extremely scarce in the literature, leading to an 
overrepresentation of fi xed hinge cases. 

Moretti et al. (Chapter 8) discuss the various methods used to restore horizon 
surfaces (simple shear or fl exural slip). Th ey show that surface restoration pro-
cess allows to compute a strain fi eld, and that resulting eigen values, main strain 
direction and dilatation may in turn allow to predict fracture patterns. Th ey ap-
ply their method to a set of thrust sheets located in the southern Sub-Andean 
Zone in the Neogene Andean Foothills of Bolivia. Because the computed inter-
nal strain tensor is highly dependent on the method used for the restoration, 
they discuss the results expected from each method.

Lingrey (Chapter 9) address the problem of the restoration of fold-thrust 
belts in a setting of signifi cant wrench deformation where the condition of plane 
strain does not apply. Th e paper presents a structural reconstruction for Trini-
dad and the adjacent Gulf of Paria with a micro-plate kinematic model of the 
South American-Caribbean plate boundary. 

In their paper, Hardebol et al. (Chapter 10) discuss the exhumation pattern 
and history of the Alberta thrust belt and its distal foreland. Th ey combine 1D 
conceptual and 2D forward thermo-kinematic modelling for constraining the 
restoration of the syntectonic sedimentary wedge and also for better resolving 
burial and exhumation history (i.e., timing, amplitude and wavelength)̧  with 
constraints derived from organic maturity ranks and fi ssion tracks.  
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Abstract. In Fold-and-Thrust Belt domains, fold amplifi cation 
may occur either according to hinge migration process (i.e., 
hinges move relative to the aff ected material) or by limb rota-
tion around fi xed hinges. The validation of the « excess area 
law » at all kinematic stages of folding, suggests that they 
grow by hinge migration rather than by limb rotation, conse-
quently, almost all fold kinematic models use the hinge mi-
gration process. We show that at least four independant ap-
proaches should a priori allow to demonstrate the occurrence 
of hinge migration mechanisms in nature: i) growth stratal 
geometry, ii) specifi c collapse-structures analysis (fl aps), iii) 
morphological imprints of fold growth, and iv) microtectonic 
signatures. In practice, we observe that the latter is inopera-
tive. We show, through this bibliographic review, that few 
hinge kinematics could be explicitly established from fi eld 
observations, and conclude that, i) both expected kinematic 
behaviours are encountered and can coexist, ii) mobile hing-
es are extremely scarce in the literature, such that a paradox-
al and theoretically unexpected overrepresentation of fi xed 
hinge cases is observed. We discuss this latter point by recon-
sidering the effi  ciency of each approach and, without negat-
ing limb rotation existence, we propose explanations based 
on a methodological bias favouring the underestimation of 
hinge migration frequency.

1 Introduction

Limb rotation (Fig.1) has long been considered, with-
out much discussion, to be the dominant mechanism 
allowing fold amplifi cation into surfi cial tectonic do-
mains, and notably within Fold-and-Th rust Belts. Such 
behaviour implicates that limbs rotate around hinges, 
which remain stationary relative to the material af-
fected during folding (Figs. 2 and 3), as what we could 
call the “classical kinematic model of folding”. During 
the early 80s, Suppe (1983) proposed a new kinemat-
ic model which specifi es that limb dips are settled dur-
ing the fi rst stage of folding, while fold growth is per-
mitted by hinge mobility (Fig. 4). According to these 
new models, refer to as “Fault-Bend Folds”, folding re-
sults from a surfi cial accommodation of displacement 
along deep layer-parallel thrusts (i.e. detachements) 
and shallow-dipping thrusts (i.e. ramps).

Th ese models were realized aft er formalization by 
De Sitter (1956), Curie et al. (1962) and Dalhstrom 
(1969) of the cross-section balancing concepts, mean-
ing that Fault-Bend Folds verify the mass-conserva-
tion law (i.e., conservation of layer lengths and thick-
ness) at each stage of its kinematic evolution.

Several ramp-related folding models have been sub-
sequently developed in agreement with balancing con-
cepts (e.g. Suppe, 1985; Chester & Chester, 1990; Al 
Saff ar, 1993; Mercier et al., 1997), which all are char-
acterized by i) limb dip acquisition at the initial fold-
ing stage, which is compulsorily imposed by the ramp, 
ii) the mobility (i.e. migration) of some hinges wich 
is then required during fold growth, and iii) under-
laying basal thrust-system corresponding to decolle-
ments and ramps.

Beside fault-related folds, authors recognize another 
major fold-amplifi cation process, the well-known de-
tachment folding, which requires a wide thickness of 
ductile sediment behaviour (Dahlstrom, 1969; Dahl-
strom, 1990; Poblet and McClay, 1996). A widespread 
assumption before 1990 was that kinematics of such 
structures correspond to the above-mentioned “classi-
cal kinematic model of folding”, called the fi xed-hinge 

Fig. 1. Classical fold model characterized by limb rotation 
around fi xed hinges. Note that the third dimension in the dia-
gram is time
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behaviour (Fig. 1). Nevertheless, Dahlstrom (1990) 
demonstrates that such a kinematic model does not 
accord with balancing concepts, as the excess-area law 
can hardly be verifi ed unless a variable detachment 
depth is allowed during fold growth, which is natural-

ly meaningless and poorly supported by fi eld observa-
tion (Fig. 6). Aft er this critical point, some detachment 
fold kinematic models were formalized. Th ey stipulate 
that hinge migration behaviours could or not be asso-
ciated with limb rotation, then allowing the validation 
of the excess-area law at each kinematic stage (Epard 
and Groshong, 1995; Poblet and McClay, 1996).

Moreover, hinge migration is a classically admit-
ted growth process for several elementary structures 
frequently encountered in Fold-and-Th rust Belts con-
texts, such as the variable-dip thrusts or wedge thrusts 
(Fig. 7). 

At this stage, one could coherently conclude that 
hinge migration should appear as a dominant behav-
iour, if not the alone one, involved in folding within 
Fold and Th rust Belts areas. Such a statement yet has 
to be discussed considering the following critical as-
pects: 

 On a fi rst hand, fi eld indications supporting hinge 
migration remain scarcely reported in the litera-
ture, meaning that few natural arguments exist al-
though its signifi cance and necessity are theoreti-
cally demonstrated (see below);

 On another hand, attempts in developing balanced 
kinematic models that favour fi xed hinges (limb 
rotation process rather than hinge migration) are 
poorly validated by fi eld observations (Hardy and 
Ford, 1997; Allmendinger, 1998; Groshong and Ep-
ard, 1994; Homza and Wallace, 1995).

So, it appears to be relevant to summarize the avail-
able fi eld arguments that tried to support the occur-
rence of the hinge migration mechanism, and makes 
an assessment on fi eld investigations which provides 

Fig. 2. Diff erent kinematic hinge behaviours during deforma-
tion.Fixed hinge: hinge is fi xed relative to deformed layers, and 
limbs rotate (a). Inactive hinge: hinge is fi xed relative to de-
formed layers, and limbs do not rotate (c). Mobile hinge: hinge is 
mobile relative to deformed layers, this migration is associated 
(d) or not (b, c) with limb rotation

a b

c d

Fig. 3. Comparison between 
mobile hinge and fi xed hinge 
kinematics. Note that at a fi nite 
deformation stage (Stage 2) we 
can not distinguish between 
the two kinematic processes. It 
is thus necessary to look 
specifi c dynamic markers
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Fig. 4. Kinematic evolution of principal fault-related fold mod-
el: a Fault-Bend Fold (Suppe, 1983), b Fault-Propagation Fold 
(Suppe and Medwedeff , 1985). Note that some hinge kinematic 
changes from a certain stage of the evolution of the Fault-Bend 
Fold. Note that the third dimension in the diagram is time. H1: 
inactive; H2: Initially mobile and aft er becomes inactive; H3: 
Initially inactive and aft er becomes mobile; H4, H5, H7, and H8: 
mobile; H6: inactive when fault dip is near 29°, otherwise is mo-
bile H5 if fault dip is over 29°, and move in the opposite direc-
tion when the fault dip in under 29°

a

b

Fig. 5. Excess area law: in standard conditions of balanced 
cross-section (constant layer thikness, planar deformation, 
shortening perpendicular to structure) layer length (L0) still 
constant, and we have equivalence between structural relief 
above “regional datum” (S) and back-translated surface 
(S*): S* = R × H ((R) = shortening; (H) = detachment layer 
depth). Aft er several authors, the model is validated if all kine-
matic stages respect also this law.

Fig. 6. Application test of the excess area low to fi xed hinge de-
tachment fold model. Detachment depth is computed at diff er-
ent deformation stages using the structural relief (S) and the 
shortening rate (R): H = S*/R (and S*=S)We observe that de-
tachment depth is hugely variable (inspired aft er Dahlstrum, 
1990) which can not fi t with geological reality

Fig. 7. Kinematics of variable dip thrust sheet, and wedge thrust; 
in both cases the deformation is associated with hinge migra-
tion (H). Note that the third dimension in the diagram is time
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information about its implication into natural folding 
phenomena. 

However, determining the deformation path of a 
tectonic structure is a complex issue as the present de-
formation stage (fi nite deformation state) does not im-
ply any univocal relationships with the intermediate 
stages, and consequently does not allow a kinemat-
ic reconstitution consisting in a single path (Fig. 3). 
Such reconstitutions thus need alternative kinematic 
records to be provided, meaning that: i) pertinent ki-
nematic markers must be determinated, and ii) these 
markers must be preserved during later deformation 
stages. 

Th is review proposes to examinate and discusses 
the diff erent types of markers that were used by au-
thors for supplying folding kinematic records, in order 
to analyse their contribution relevant to the argumen-
tation about hinge migration occurrence. We’ll thus 
treat successively the following approaches: growth 
stratal analysis, collapse-structures, morphological 
signatures, and microtectonic imprints.

2 Growth Strata

When fold grows simultaneously with sedimenta-
tion, syntectonic strata development fossilizes fold ge-
ometries at successive depositional time, before they 
get themselves deformed (Riba, 1976; Graham, et al., 
1986; Medwedeff , 1989). Th e alteration of the specif-
ic growth strata geometries due to erosion during fol-
lowing deformation stages can partially erase those 
records. Nevertheless, it is theoretically possible to 
perform backward iterative analysis integrating ero-
sional processes in order to rebuild previous stages, 
thus accessing to folding kinematics and hinge behav-
iour over time evolution. 

Authors mainly developed forward modelling, 
which predict growth strata geometries based on spe-
cifi c postulates concerning the kinematics of fold 
growth. Furthermore, these models can lead to achiev-
ments on folding kinematics through an inverse ap-
proach, provided that sedimentary and erosional as-
pects are quantitatively well constrained.

Two diff erent cases can be considered depending 
on the relative intensity of deformation processes and 
sediment accumulation, meaning the ratio between 
tectonic uplift  and sedimentation rate (Storti and Po-
blet, 1997):

2.1 Case of Tectonic Uplift
 Faster than Sediment Filling

In this case the fold is exposed to erosion because it 
does not remain totally covered by syntectonic lay-

ers, and progressive unconformity develops as growth 
strata gradually onlaps over fold limbs. Storti and Po-
blet (1997) and Rafi ni and Mercier (2002) generat-
ed forward models allowing determination of specifi c 
syncline hinges behaviours based on their fi nal geom-
etries. As a relevant conclusion, the presence of dual 
curvature within growth stratal architecture (shoul-
der-like geometry) turns out to be strictly indicative 
of a hinge migration process, whereas a progressive 
dip-change fan can only be generated by limb rotation 
(Fig. 8). Application of this diagnostic tool to natural 
structures thus theoretically leads to recognition of ei-
ther hinge migration or limb rotation mechanisms, or 
a combination, as long as syntectonic formations are 
well preserved and observable in critical regions of its 
geometries.

2.1.1 Field Example of  Mobile Hinge Behaviour

Located in the area of Sant Llorenç de Morunys 
(southern Pyrenees), the E–W trending Berga Con-
glomerates basin (Late-Eocene to Oligocene) overlays 
the Middle Eocene pre-growth strata which outcrops 
in the northern part of the basin as a large anticli-
nal structure. Th e northern border of the basin dis-
plays a progressive unconformity indicating a north-
ward syncline hinge migration (Riba, 1976; Ford et al. 
1997; Suppe et al. 1997). Th anks to numerical geomet-
rical forward simulations, Rafi ni and Mercier (2002) 
have demonstrated that hinge migration behaviour 

Fig. 8. Numerical model results of growth strata geometry in 
syncline hinge associated with (a) hinge migration, or (b) limb 
rotation. Model drowns at constant ratio: sedimentation rate/
shortening rate (Rafi ni and Mercier, 2002, modifi ed). Note the 
concavity shape in the hinge migration case

a

b
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leads to growth stratal architecture adequately match-
ing the observed geometry (Fig. 9). Th is fi eld example 
hence constitutes an excellent demonstration of hinge 
migration occurrence. However, it should be pointed 
out that:

 Nothing allows to link this proven migrating syn-
cline hinge to the fold, as pre-growth strata out-
croping north of the basin are crosscut by a ma-
jor thrust system (Vallfoogona Th rust) that breaks 
the continuity of the structure, thus preventing its 
entire reconstruction. Indeed, the structure could 
also be considered as a wedge thrust system (Fig. 7) 
for instance (Medwedeff , 1992; McClay, 1992). 

 Th is structure seems to be a singular example of 
hinge migration-involving growth strata. Indeed, 
except Ahmadi et al. (2006) who applied Rafi ni and 
Mercier’s (2002) program on quaternary deformed 
pediment in southern Tunisia, no other analysis of 
progressive unconformity concluded to the exis-
tence of hinge migration process in folds amplifi ca-
tion. We should however advance that this may be 
provisory since, as an example, several other basins 

located into the northeastern area of Spain consti-
tute relevant potential targets if one refers to the re-
gional tectono-sedimentary history (Anadon et al., 
1986; Colombo and Vergès, 1992).

2.1.2 Field Example of Fixed Hinges Behaviour

Syntectonic basins displaying progressive unconformi-
ties as drawn in Fig. 8b appears to be less scarce (Har-
dy and Poblet, 1994; Vergès et al., 1996; Strorti and 
Poblet, 1997). Such examples concern basins located 
downhill of anticlines where authors demonstrated a 
fi xed hinge behaviour with rotation of the limbs. Nev-
ertheless, we should here point out that, as concluded 
by Rafi ni and Mercier (2002), relevant geometric argu-
ments allowing to diagnose hinge migration are typ-
ically situated in the upper portion of growth strata. 
Numerical modeling allowed the authors to state that, 
if the basin undergoes erosional activity during or af-
ter deformation, these arguments could, at least par-
tially, vanish such that interpretation of the resulting 
geometry becomes ambiguous. Indeed, the very criti-

Fig. 9. Sant Llorenç de Morunys 
growth strata. (a) Field data 
(Ford et al., 1997 modifi ed) and 
(b) model (Rafi ni et Mercier, 
2002 modifi ed)

a

b
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cal feature, and yet required, is the continuous (limb 
rotation) or discontinuous (hinge migration) varia-
tions of limb dips, which specifi cally occur in the up-
per portion of the structure (shoulder) in case of hinge 
migration. Numerical testings including erosional ac-
tivity revealed that a distinction between these two 
options can be widely mistaking when the conditions 
allow only local observations and does not permit to 
properly localise it into the structure at a wider scale. 
Consequently, growth strata analysis for such condi-
tions can lead to false conclusions in terms of limb ro-
tation processes. Accordingly, it can be shown that 
several examples mentioned above could be revised in 
this way.

2.2 Case of Sedimentation Rate 
 Greater than Tectonic Uplift

In this case the fold does not emerge from the basin, 
as syntectonic sediments entirely cover the top of the 
structure. It is thus impossible to identify any progres-
sive unconformity, however, growth strata exhibit di-
agnostic layer thickness variations as a consequence 
of tectonic uplift  (Fig. 10). Detailed analysis of these 
thickness variations provides some insights about the 
kinematics of folding. Aft er Suppe et al. (1992), several 
authors have proposed theoretical growth stratal geo-
metric models for classical fold types (Fig. 10) (Shaw 
and Suppe, 1994; Poblet and Hardy, 1995; Hardy and 
Poblet, 1995; Wickham, 1995; Zapata and Allmending-
er, 1996; Salvini et al., 2001; Salvini and Storti, 2002; 
Bernal and Hardy, 2002; Masaferro, 2002; Grando and 
McClay, 2004). Some of these authors include geologi-
cal data (mainly seismic profi les) supporting their the-
oretical investigations. It emerges from these works 
that there are several examples in which comparison 
of natural and theoretical observations (Fig. 10c) con-
cluded in the fi xity of all hinges (Poblet and Hardy, 
1995; Masaferro, 2002; Grando and McClay, 2004). 

Yet, no one of these structures could allow valida-
tion of all required observations relative to fault-relat-
ed folds (Fig. 10a and 10b), rather satisfying analysis 
could only establish such validation on one of the two 
fold limbs (Suppe et al., 1992; Shaw and Suppe, 1994; 
Zapata and Allmendinger, 1996).

3 Flap Structures

When fold grows, it leads to sharp reliefs above the sur-
rounding topographic level, and collapse of the upper-
most layers can occur especially if an underlying soft  
layer is present, thus constituting a preferential land-
slide detachment layer. Harrison and Falcon (1934) 
developed a typology of such collapse structures based 

on Iranian fi eld examples, in which they notably de-
scribed the fl ap structures that consist in a complete 
overturn of the uppermost layer at a fi nite deforma-
tion stage (Fig. 11a). Th ese authors advanced that fl aps 
could form subsequently to fold growth, similarly as 
classically interpreted collapse development. 

Nevertheless, a recent re-examination of some of 
these Iranian structures by Sherkati (2004) led to re-
consider former conclusions about chronological re-
lationships between folding and fl ap formation. As 
claimed by the author, development of fl ap subsequent 
to fold growth turns out to be irrealistic, and a rather 
synchroneous evolution is proposed, therefore associ-
ated with a progressive migration of the syncline hinge 
(Fig. 11b). Such kinematic interpretation of fl ap devel-

Fig. 10. Growth strata geometry associated to principal fold 
model (using original (EM) program, developed according to 
Suppe et al., 1992, et Storti and Poblet’s, 1997 concepts). Con-
stant ratio > 1: Sedimentation rate/Tectonic up-lift . a Fault-
Bend Fold; b Fault-Propagation Fold with fault dip respectively 
(a, b, c) 20°, 30° & 40°: c Fixed hinge Detachment Fold
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opment, attesting of hinge migration occurrence, was 
shared by other works based on observation of natu-
ral examples (Mercier et al., 1994; Saint Bezar et al., 
1998, 1999).

Nevertheless discussions about fl ap structures con-
tinue. First, the hangingwall mechanics of the fl ap still 
is not defi ned, and second, Storti and Salvini (1999) 
have proposed another kinematic model prospecting 
the occurrence of reverse series by the “roll-over fault-
propagation fold”. Yet, this hypothesis prognoses ex-
plicitly the hinge migration process.

4 Morphological Imprints

Reliefs formed aft er faulting and folding are imme-
diately exposed to erosion, notably as a consequence 
of the increasing topographic diff erence with the hy-
drographic base level. Morphological evolution is con-
trolled by independent factors such as lithology, cli-
mate, eustatism and local tectonic activity. In spite 

of the complexity of these phenomena, numerous at-
tempts of conducting morphological analysis to inves-
tigate fault dynamics are available in the literature.

Concerning the dynamics of folds amplifi cation, 
Medwedeff  (1992) and Mueller and Suppe (1997), led 
pioneer works in order to constrain hinge behaviour 
from mophological observations, carried out on syn-
cline hinges associated to Wedge Th rust structure 
(Fig. 7) located in the Wheeler Ridge (California). 
Th ese authors have demonstrated that terraces and al-
luvial fans were progressively incorporated into limbs, 
hence continuously uplift ed during fold growth. It 
should be noticed that such interpretation was recent-
ly criticized by Bielecki and Mueller (2002) who pro-
posed to interpret morphological features in terms of 
solifl uction processes.

Following the same approach, Scharer et al. (2005) 
recently obtained insights about the dynamics of an ac-
tive detachment fold system from fl uvial terraces char-
acterization in southwestern China (Tian Shan basin), 
which allowed the authors to conclude in a combined 
hinge migration and limb rotation behaviour.

Specifi cally, drainage network maturity and riv-
er longitudinal profi le anomalies constitute relevant 
arguments for constraining the kinematics of fold-
ing. Such approach was developed by Delcaillau et al. 
(1998, in press), Delcaillau (2001, 2004), Champbel et 
al. (2002) and Jie et al. (2005), who focused on lateral 
amplifi cation of several fold systems located in north-
ern India, Taiwan and China. Th ese studies illustrat-
ed the eff ects of a progressive incorporation into limbs 
of initially horizontal sectors, consistent with a gradu-
al migration of the hinges during fold growth. Recent-
ly tilted areas are characterized by juvenile parallel 
drainage systems with few confl uences as well as river 
longitudinal profi les far from the equilibrium profi le.

Ahmadi et al. (2006) also used equilibrium pro-
fi les and drainage network maturity criteria to inves-
tigate fold kinematics in the Tunisian Atlas quater-
nary system. As shown by the authors, the base level 
here remains constant since the early stages of folding 
as it is not aff ected by eustatic changes (endoreic salt 
lake). Moreover, the present erosional surface of the 
anticline is assimilated to a structural surface (top of 
a massive limestone thick level) over the entire struc-
ture, leading to homogeneous surfi cial lithologic con-
ditions (Fig. 12). A major consequence of such a pecu-
liar context is that eustatic and lithological infl uences 
can be overridden, thus allowing erosional activity to 
be interpreted as a direct response to tectonic uplift . 
Th is study permitted to demonstrate that folds grow 
laterally exclusively involving hinge migration and 
demonstrated, as a more important conclusion, that 
anticlines evolve within outward hinge migration and 
a continuous incorporation into fold limbs of intially 
horizontal material from both sides of the hill (Fig.13). 

Fig. 11. (a) Example of Flap structure (Harrison and Falcon, 
1934), (b) kinematic interpretation modifi ed from Mercier et al. 
(1994)

a

b
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Fig. 12. Diagram showing the Jebel Sehib deep geometry (cf. Fig. 13)

Fig. 13. Morphological feature 
in migrating hinge fold model 
example of Jebel Sehib 
(inspired from Ahmadi et al. 
(2006)). Note the diff erential 
incision and drainage network 
maturation in this mobile 
hinge case: material feed to fold 
core through back syncline 
hinge in Fault-propagation fold
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Such results are perfectly consistent with predictions 
of the fault-propagation fold kinematic model (Fig. 4) 

5 Microtectonic Signatures 

Characterization of a fi nite deformation stage through 
micro- and meso-structural analysis of folds in order 
to constrain their growth mechanisms constitutes the 
most conventional approach, and certainly the most 
intuitive. Indeed, classical theoretical kinematic mod-
els of folding predict secondary deformation patterns 
(joints, shearing micro- and meso-faults, styloliths...) 
consecutive to folds amplifi cation (e.g. Price and Cos-
groove, 1990), that were extensively investigated as 
potential markers of folding intermediate stages. Au-
thors commonly distinguish two ways of accommo-
dating such folding-related internal stresses: fl exural 
fl ow and fl exural slip. 

However, according to theoretical models, the ac-
commodation of secondary deformations into fold 
limbs (simple shearing) does not represent a diagnos-
tic tool, as diff erent types of folds can lead to simi-
lar fi nite deformation patterns (e.g. Saint Bezar et al. 
1998; Rafi ni and Mercier, 2002). On the other hand, 
hinge deformations (pure shearing) should theoreti-
cally provide a particularly relevant kinematic mark-
er of hinge migration occurrence as the entire limb at 
a given stage is necessarily passed through hinges at 
former stages and supposely underwent characteristic 
deformations, thus bearing precious records of hinge 
behaviours.

Pioneer microstructural analyses addressing this 
problem were carried by Beutner et al. (1988) on a 
Th rust Sheet structure, therefore associated to a fl at to 
ramp to fl at system (Fig. 7) in which implication of a 
hinge migration process is implicit. Targeted pellitic 
and limestone intercalations allochthone series exhib-
ited three distinct cleavages synchronous with thrust-
ing, as well as numerous microstructures (fracture 
sets, pressure shadow…). Such fi eld conditions seem 
well suited to constrain hinge kinematics from micro-
tectonic analysis. Nevertheless, the authors conclud-
ed that “Th e structures described above do not lead 
uniquely or even necessarily to a kinematic interpreta-
tion involving a fl at to ramp to fl at setting”.

Th e hinge migration, that Beutner et al. (1988) 
failed to demonstrate from numerous microtectonic 
markers on a simple elementary structure (fl at/ramp 
system), turns out to be almost impossible to achieve 
on more complicated folds. Fischer et al. (1992) and 
Fischer and Anastasio (1994), who studied several 
folds in the Rocky Mountains as well as in the Appala-
chian fold belt, exclusively conclude to the occurrence 
of limb rotation processes. A similar conclusion was 
also achieved by other works: Hedlund et al. (1994) in 

the Rocky Mountains, Mansy et al. (1995) and Lac-
quement et al. (1997) in the Ardennes, Grelaud et al. 
(2000) in the Pyrenees, and Guiton et al. (2003) in Mo-
rocco. 

Finally, Ahmadi et al. (submited) led a similar anal-
ysis on a structure that was proven from morpholog-
ical arguments to evolve with hinge migration. As an 
achievement, these authors could not demonstrate 
hinge migration from microtectonic observations al-
though it was unequivocally occurring.

Results mentioned in this chapter highlight the fact 
that demonstration of a hinge migration occurrence 
from microtectonic observations could almost nev-
er be achieved in the literature. Note that, as gener-
ally predicted by folding kinematic models, material 
formerly situated on hinges is progressively incorpo-
rated during fold growth into limbs that keep under-
going signifi cant simple-shearing. Such evolution can 
possibly generate an overprint of primary hinge defor-
mations, as a consequence of subsequent shearing into 

Fig. 14. a Internal deformation mechanics relative to Fault-Bend 
Fold model. b Main conclusions of Hedlund et al. (1994) work. 
According to these authors the observed fi nite deformation in-
dicates a fi xed hinge. Note that this model considers the hinge 
migration in the back syncline hinge, but did not respect the ex-
cess area low at all kinematic stages

a

b
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limbs, leading to a total vanishing of hinge-migration 
inherited microtectonic records. 

As a sole example, Th orbjornsen and Dunne (1997, 
Fig. 14a) could observe some evidence of hinge mo-
tion related to the development of a thrust-related an-
ticline into sandstone series, localised in the central 
Appalachian Plateau (West Virginia). Th ey measured 
mesoscale contraction faults in the inner arcs of the 
forelimb, which they interpreted to be formed in the 
hinge and have moved to the forelimb as the hinge mi-
grated. It should be pointed out that the preservation 
of these structures, although they coexist with a sig-
nifi cant layer-parallel simple-shearing into the limb, 
is certainly to be related to their size (mesoscale), and 
then to the rheological properties of sandstone forma-
tions in which stratigraphical discontinuities are typi-
cally less frequent than in carbonaceous rocks, favour-
ing propagation of inner arc contractional faults from 
microscale to mesoscale.

Considering authors who conclude to fi xed hinges, 
we expect two cases:

 In some cases, fi xed hinges are compatible with ki-
nematic models. For instance, Fischer et al. (1992) 
demonstrated the absence of frontal hinge mobility 
in the Hossfeldt anticline which has a typical Fault-
Propagation fold geometry. According to the kine-
matics of this fold model (Fig. 4), the frontal hinge 
has a weakly mobile to stationary behaviour.

 In other cases, authors failed to demonstrate the 
hinge mobility, concluding to fi xed hinge and un-
derlining the inconsistency with the referred model 
(e.g. Fig. 14). 

6 General Discussion and Conclusions

As a fi rst achievement, the review conducted in this 
paper high lights the fact that both theoretically pre-
dicted hinge behaviours - that is, mobile hinges, and 
fi xed hinges associated to limb rotation - do eff ectively 
occur, and coexist in Fold and Th rust Belts domains.

Nevertheless, we show that fi eld examples of the 
second process are overrepresented as compared to 
the fi rst one. Indeed, even aft er about fi ft een years of 
worldwide research activities, case studies in which 
hinge migration could be formally achieved remain 
very scarce. 

Furthermore, the scarcity of hinge migration fi eld 
examples treated in bibliography can reasonably re-
late to a lack of relevant markers. As mentioned above, 
growth strata analysis provides persuasive criteria. 
Yet, it turns out to be in practice sorely useable con-
sidering that i) folds associated with growth strata are 
infrequent, and ii) when it occurs, the unequivocal in-
terpretation in terms of hinge migration requires de-

tailed geometric observations and a particularly good 
preservation of the structure which is rarely available. 
Likewise, fl ap structures occurrences are exceptional 
in nature, and preservation conditions allowing their 
morphological analysis are very demanding so that 
such structures remain infrequently mentioned in the 
literature. Moreover, microtectonic features must be 
potentially present in all hinges. However, our review 
concludes that although numerous studies were con-
ducted, the microtectonic arguments for kinematic 
analysis is poorly convenient, and hardly none of these 
works could lead to an accurate achievement concern-
ing hinge migration occurrences even when the latter 
was demonstrated from subsidiary approaches.

We mentioned that almost all of fold kinematic 
models use the hinge migration process. Th e statis-
tical overrepresentation of fi xed hinges behaviour in 
our inventory thus appears as paradoxal, and needs to 
be closely explained. 

Th us, we propose that there may exist methodolog-
ical biasings that favour hinges fi xity rather than mo-
bility. Th e growth strata analysis approach illustrates 
the fact that phenomena such as erosion occurring 
synchroneously or subsequently to deformation may 
alter some diagnostic geometric arguments for hing-
es migration, leading authors to conclude fi xed hinge 
behaviour. Similarly, the lack of specifi c tectonic ar-
guments for mobile hinges was interpreted by some 
authors as a demonstration of the fi xity of hinges. In 
fact, it seems clear that authors intuitively consider 
hinge fi xity as a casual process whereas hinge migra-
tion needs to be demonstrated. In other words, hinge 
fi xity behaviour is assumed as long as their migration 
is not proven.

Nevertheless, some studies distinctly establish the 
occurrence of hinge fi xity from explicit arguments, 
and several works achieved that all hinges remain 
fi xed during fold growth (e.g. Poblet and Hardy, 1995; 
Mansy et al., 1995; Lacquement et al., 1997; Masafer-
ro et al., 2002; Grando and McClay, 2004). Th e exis-
tence of fi xed hinge folds can lead to any of the follow-
ing conclusions:

 In these cases, validity conditions for the applica-
tion of the excess area law are not verifi ed. Th ere-
fore, either i) deformation is not planar, which is 
always true for folds related to hallocinetic phe-
nomena. Th is could explain fi xed hinge folds stud-
ied by Poblet and Hardy (1995), Masaferro et al. 
(2002), and Grando and McClay (2004). ii) Short-
ening is not perpendicular to the structure axis, we 
known for instance that folds associated to lateral 
ramps evolve exclusively by limb rotation processes 
(Frizon de Lamotte et al., 1995).
Th e classical expression of the excess area law has 
to be revised. We here highlight the fact that few 
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essentially theoretical works, based on modifi ca-
tions of the classical formulation of this law, led to 
some consensus concerning its application to the 
fi xed-hinges fold models (Hardy and Ford, 1997; 
Allmendinger, 1998; Groshong and Epard, 1994; 
Homza and Wallace, 1995; Hardy and Finch 2005).

To summarize, the diff erent methods investigated to 
get insights about the kinematics of folds appears to 
be less effi  cient at demonstrating hinge migration than 
hinge fi xity due to a higher sensitivity of the diag-
nostic features to preservation conditions (erosion of 
growth strata, microtectonic overprinting…). Th e un-
balanced sampling of these two hinge behaviours aft er 
numerous fi eld studies may thus not be refl ecting re-
alistic processes, as suggested by theoretical kinemat-
ic modeling. In contrast with broadely used markers 
as growth strata and microtectonics, the more recent 
development of the morphological imprints analy-
sis method turns out to be very relevant, and less sub-
ject to preservation sensitivity. Nevertheless, such ar-
guments result from a complex dynamics of surfi cial 
phenomena that require further research investiga-
tions.
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The Use of Surface Restoration in Foothills Exploration: 
Theory and Application to the 
Sub-Andean Zone of Bolivia

Isabelle Moretti · V. Delos · J. Letouzey · A. Otero · J.C Calvo

Abstract There are various methods to restore horizon surfac-
es. As in cross-section balancing, either simple shear defor-
mation mode or fl exural slip approach can be proposed. The 
fi rst mode of deformation preserves the distances in a given 
direction, whereas the second one preserves the length and 
angles on the surface, i.e. the areas. After a presentation of the 
methods, we will discuss on a case study the information 
about the correctness of the geometry as well as the dilata-
tion and internal strain directions that could be deduced from 
restoration. 

The studied area consists on a set of thrust sheets located 
in the southern Sub-Andean Zone in the Neogene Andean 
Foothills of Bolivia. The hydrocarbon targets are quite deep 
and located on the hinge of steep anticlines where the seis-
mic images show a poor resolution. Balancing techniques are 
therefore crucial for the defi nition of the target. Because the 
reservoir, lower Devonian in age, is tight, the quantifi cation of 
the strain is expected to predict the fractures. Surface restora-
tion process allows to compute a strain fi eld. Results, eigen 
values, main strain direction and dilatation, will be shown for 
the top reservoir of one of the structures. Because the com-
puted internal strain tensor is highly dependent on the meth-
od used for the restoration, we will describe which results can 
be expect from each method.

Keywords. Surface restoration, internal deformation, principal 
strain computation, Sub-Andean Zone, Bolivia

1 Introduction

Th e peak of the development of balanced cross-sec-
tion tools in the 90’s led to various commercial prod-
ucts (Geosec, Locace, 2D Move; Kliegfi eld et al., 1986; 
Moretti & Larrère, 1989). Th e research continued with 
the surface unfolding (Gratier & Guillier, 1993; Mal-
let & Massot, 2001) and we are now close to the emer-
gence of commercial products for true 3D restoration 
(Moretti et al., 2006a). Considering that the mathe-
matical and computer science problems are now solved 
for surface restoration, one can focus on the geological 
questions. Th ere are diff erent algorithms and diff erent 
ways to use these algorithms. Which property charac-
terizes each one? How to choose the most appropriate 

one, not based on soft ware availability but on geolog-
ical context? Th e aim of this paper is to answer these 
questions.

In the following, we will call surface restoration 
or 2.5D restoration the processes that allow to un-
fold and unfault a surface corresponding to a horizon. 
It is a backward process that can be performed using 
commercial products such as 3D Move or KINE3D-2, 
among others, although many non-commercial prod-
ucts and prototypes also exist. We will call 2D res-
toration the cross-section balancing process and 3D 
restoration the volumic restoration. Geological/phys-
ical concepts such as deformation modes are impor-
tant, but in 3D, there is no way to apply a concept to 
real data set “by hand”. Th erefore, algorithms must 
translate these concepts into mathematical properties. 
Th en, the soft ware tools allow the geologist to apply 
them. When developing 3D tools, we frequently need 
to simplify the geological/physical concepts in order to 
make the tools stable, or easy to use, when not just ex-
isting. In this paper we tried to clarify the hypotheses 
behind some concepts and algorithms and the eventu-
al gaps between them. Commercial soft ware tools usu-
ally propose numerous methods, but they do not al-
ways specify which method must be applied to a given 
geological case. 

Th e construction of stratigraphic surfaces and tec-
tonic horizons such as faults, which is required to build 
the 3D model from the data, is another challenge that 
we will not describe in detail here. Th e incorporation 
of a priori concepts, such as the unfoldability of the 
horizons, clearly helps to constrain this construction 
when the data are not numerous nor precise enough. 
Such an approach has been described amongst others 
by Galera et al. (2003) and Th ibert et al. (2006). Th is 
fi rst step is fundamental and defi nitively helps to con-
struct coherent horizon in a given area. In the current 
paper however, we will focus on the following step, i.e., 
we will see how the restoration may, or may not, help 
defi ning the horizon geometry, the fault off set and the 
fracture network. 
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2 Methods

2.1 Cross-Section Restoration Modes

In 2D restoration, the methods have been rather well 
established for a couple of years, the basic assumption 
being the preservation of the areas in a vertical plane 
(plane strain hypothesis) corrected, or not, by the com-
paction/decompaction eff ects. Th e four main deforma-
tion modes are the fl exural slip, the simple shear, the 
ductile fl ow and the rigid rotation. Figure 1 and Table 
1 synthesize the corresponding deformation and the 
quantities that are preserved for each method. 

 With the fl exural slip method, the principle is to pre-
serve in a vertical plane layer areas, lengths and 
thicknesses. If the restored layer is isopach, the pres-
ervation of both thickness and length results in the 
area conservation. If the thickness varies, the strict 
preservation of bed thickness and bed length may 

lead to area changes. In the commercial tool that pro-
poses this method - fl exural slip for non-isopach lay-
er - LOCACE, the user may choose to give priority to 
the preservation of lengths or to the preservation of 
thicknesses (see Moretti et al., 1989 for details). 

 With the simple shear method one preserves the dis-
tance in the shear direction (neither the length, nor 
the thickness), the areas being not preserved. Th e 
shear direction can be defi ned on laboratory mea-
surements for various granular materials, and is usu-
ally around 60°. However, it is more diffi  cult for nat-
ural rocks moving along pre-existing faults, at the 
time scale of the geological deformation, because in-
creasing compaction may change their mechanical 
behavior versus depth; this has been debated by var-
ious authors (Verrall, 1981; Gibbs, 1983; White et al., 
1986; Faure and Chermette, 1989) 

 With the ductile fl ow, the appropriate method to ap-
ply for decollement levels such as shale or salt, only 
the global area is preserved. It is a simplifi cation of 
the 3D volume conservation. 

Values Flecural slip Simple shear Ductil fl ow Rigid rotation

Global surface S = S’ S > S’ S ≠ S’ S = S’

Thickness of the
horizon

Hi = H’i’ Hi ≠ H’i’ no coincidence Hi = H’i’

Length of the 
horizon

Li = Li’ Li > Li’ no coincidence Li = Li’

Table 1. 
Conservation of characteristic 
lengths (thickness H and bed 
length L) and area (S). Letter 
refers to initial geometry and 
prime to the unfolded one

Fig. 1. Th e four main deforma-
tion modes in cross-section 
restoration: Flexural slip, 
Simple shear, Ductile fl ow and 
Rigid rotation. Characteristic 
lengths are: h for thickness, l 
for bed length, and d for 
distance in the shear direction 
(simple shear case)
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 With the rigid rotation, also called domino style 
(Angelier & Colletta, 1983), within a given faulted 
block everything is preserved, including bed 
lengths, thicknesses, areas and even cut-off  angles 
between faults and horizons. 

While balancing a cross-section, the geologist oft en 
has to use more than one deformation mode. For in-
stance, in compressional areas, a combination of fl ex-
ural slip for the competent layers and ductile fl ow for 
the poorly competent decollement levels is required. 
At smaller scale, the tryshear concept combines the 
fl exural slip and the simple shear methods. Some-
times, the fi nal geometry of the layers as well as the 
fault shape and the horizon-fault cut-off  help the ge-
ologist to choose the right deformation mode: concen-

tric folds require fl exural slip deformation when simi-
lar folds are compatible with a simple shear mode. 

2.2 Unfolding

In 2.5D restoration, one needs to unfold the struc-
tures and to erase the fault off sets. Th e fi rst step to re-
store a horizon is to have a representation of this hori-
zon through a surface, generally intersected by faults. 
Th e representation of a surface can be determinist, i.e. 
nodes on a triangular or rectangular mesh, or implicit, 
a continuous equation allowing to represent the sur-
face at any scale. Similarly the unfolding may be based 
on a discrete or continuous approach, i.e. based on tri-
angle (or square), on node displacements or on a global 

Table 2. 
Conservation of characteristic 
lengths (bed length Li), bed 
area (S) and triangle area (T). 
Letter refers to initial geometry 
and prime to the unfolded one

Values Method 1 Method 2 Method 3 Method 4

Global surface S ~ S’ S > S’ S ≠ S’ S = S’

Surface of one
triangle

Area T = Area T’ Area T > Area T’ no coincidence Area T = Area T’

Length of the 
horizon in a given 
direction

Li ≈ Li’
if the surface is 
developable

L0 > L0’
L1 > L1’

L0 = L0’
L1 = L1’

L0 = L0’
L1 = L1’
Li = Li’

Fig. 2. Methods of surface 
unfolding and main preserved 
parameters. See the text for the 
description of each methods. 
Green planes indicate that 
during the unfolding, the 
elements remain in the same 
vertical section
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transformation. Figure 2 synthesizes the four existing 
methods of unfolding and Table 2 lists the preserved 
characteristic lengths and area.

2.2.1 Method 1 - Triangle Adjustment

In the 90’s, 2.5D restoration based on triangulat-
ed surfaces was tested (Gratier & Guillier 1993). Th e 
principle was to reset each tilted triangle in the same 
horizontal plane and then to look for the best adjust-
ment between a fl attened triangle and the previous 
ones already located in the fi nal plane geometry. De-
spite some prototypes are still running (as UNFOLD, 
Gratier et al., 1999; Rouby et al., 2000), this approach 
has not been chosen for the development of industri-
al products since the results happened to be too de-
pendent on the triangulation and on the search for the 
best fi t during the adjustment of the fl at triangles. Th e 
authors of UNFOLD guarantee that their last develop-
ments have allowed them to overcome this limitation 
in case of unfoldable surfaces.

2.2.2 Method 2 - Flattening-Simple Shear 

Th e fl attening is the simplest method. It is available 
in most geophysical work-stations and can be used on 
any surface representation. Mathematically it is very 
simple, being in a 3D space, with z as vertical coordi-
nate, the transformation of a point is given by :

M (x,y,z) = > M’(x,y, Z constante value user defi ned) 
[vertical shear]

When picking seismic data, the explorationists use 
this method as a visualization functionality, not as a 
true restoration, especially when working with time-
scale seismic data. However, the principle of some 
2.5D restoration tools is to combine the fl attening 
with a choice of the shear angle, as in 2D restoration, 
and possible translations. 

To apply a simple shear method a reference level is 
required. In the fl attening mode implementation as 
done in the geophysical soft ware, the reference is the 
selected horizon. Another possibility is to consider the 
fault as reference (Sanders et al., 2005). Th is concept 
was initially proposed by Verall (1981) among others 
for the deformation of syntectonic sediment in an ex-
tensional context. Th e reference level is in that case a 
listric fault and its decollement level (Fig 1). Th e use 
of this deformation mode for restoration of competent 
beds in compressional areas remains highly question-
able in 3D as in 2D: the horizon area is not preserved 
and, when more than one layer are restored, the thick-
nesses are not preserved. 

2.2.3 Method 3 - Extrapolation of 
 Parallel Cross-Sections Restoration

An alternative approach is based on the extension 
of the cross-section restoration. Th e horizons and 
faults are restored in a vertical plane, whereas the sur-
faces referring to the pre-deformation stage are built 
by linking the 2D cross-sections. Th e restoration in 
the cross-sections could have been done using fl exural 
slip or simple shear deformation modes. 

Although the description of this method is easy 
from an algorithmic point of view, its geological 
meaning is less clear and seem even contradictory: on 
one hand, one supposes that the deformation happens 
along a main direction, on another hand one allows 
the horizon length to change in the perpendicular di-
rection; as a result the horizon areas are not preserved 
except if the case is purely cylindrical. 

2.2.4 Method 4 - Global Area and Length Preservation

Th e other 2.5D restorations are now all based on a pa-
rameterization of the surfaces (Bennis et al. 1991; Mal-
let, 2001). Th ey preserve the lengths and the areas of 
the horizons if the surface is unfoldable. If this is not 
the case, the algorithm will search the best solution. In 
KINE3D-2, for instance, the user may choose his pre-
ference between preservation of lengths (red and green 
lines in Fig 2d) and preservation of angle (between the 
red and green lines) in order to secure a global area 
conservation. Because the parameterization is not a 
deterministic approach, the way to implement and use 
the algorithm may have an incidence on the results 
(please refer to the book of Mallet (2001) for a descrip-
tion of the algorithm).

Goals of Method 1 and Method 4 are close, but they 
diff er on the chosen mathematical approach. For in-
stance, in the Method 1 and Method 4, the direction of 
the restoration vectors is not bounded by the hypoth-
esis and can be in any direction. Th ese methods allow 
to represent real 3D deformation. On the opposite, in 
Method 3 the direction of the deformation is partially 
imposed, and totally imposed for Method 2.

2.3 Unfaulting

In addition to the unfolding, to restore the horizons 
the user needs generally to erase the fault off sets. Th is 
process can be done “a posteriori” by zipping the 
fault lips (rotation, translation and internal deforma-
tion could be necessary) or jointly with the unfold-
ing by imposing the continuity of the parameteriza-
tions across the fault (Method 4 only). Alternatively 
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one may accept gaps and overlaps and avoid imposing 
internal deformation (Rouby et al., 2002). When using 
a method based on parallel cross-section (Method 3), 
the contact fault/horizon is constrained on the cross-
section and then imposed by construction on the sur-
faces. 

2.4 Nomenclature

Th e surface unfolding algorithms mix various well-
developed geological concepts that are rather clear 
on cross-section (Fig 1). However, the resulting me-
thods oft en do not have an obvious structural or geo-
logical name and the potential user has to remain 
careful about which quantities are preserved and 
which are the boundary conditions for each method. 
Figure 2 synthesizes the main features of the various 
methods. In this article we will mainly use the number 
of methods defi ned in § 1.2. However, to make it easy, 
we will refer to “fl exural slip” as Method 4 and “simple 
shear” as Method 2. Th e designation of “fl exural slip” 
for Method 4 is an analogy since the fl exural slip mode 
in cross-section also preserves the lengths of the hori-

zon and the areas. However, there is no thickness pre-
servation here since surface restoration does not take 
into account the layer thicknesses.

Th e simple shear deformation mode is known to be 
a good approximation of the deformation of granular 
materials such as the poorly consolidated sediments of 
extensional areas (Verrall, 1981, Gibbs, 1983; White et 
al., 1986). Th e ductile lower crust deformation also can 
be modeled using this approach. In contrast, in the up-
per crust, the competent layers behave more likely ac-
cording to the fl exural slip mode while the incompe-
tent decollement level such as salt and shale behave as 
a fl uid. Th is issue has been largely discussed previously 
(Suppe, 1983; Moretti et al., 1989). However, a 3D res-
toration based on the fl exural slip method can be hard 
to implement. Despite 2.5D restoration solutions exist, 
what is the value of the results obtained with the dif-
ferent methods?

3 Case study

Th e case study is located in the southern part of the 
Sub-Andean Zone of Bolivia (Figs. 3 to 8) 

Fig. 3a. Studied area: South Sub-Andean Zone of Bolivia. Th e exploration is mainly active in the three outcropping thrust anti-
clines in the east. On the geological map: the black lines are the main thrusts, dashed when they do not crop out. Th e east-west bold 
black lines localize the cross-sections and the pink area indicates where 3D seismic data was available. Th e legend and the color 
code are also valid for the other fi gures. Th e shown restored cross-section is the northern one. Th e display is 1x1. Th e two decolle-
ment levels: the Silurian shale (dark green) and the Los Monos Fm (light green) have been restored using a global area conserva-
tion approach, whereas all the competent beds have been restored with a fl exural slip method that preserves both lengths and 
thicknesses
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Th e Sub-Andean Zone (SAZ) of Bolivia is a Neo-
gene east-verging thrust system that constitutes the 
eastern border of the Andes. Th e thrust sheets com-
prise an approximately 10-km-thick siliciclastic suc-
cession with Palaeozoic-Mesozoic platform sediments 
at the base (green-orange-blue in Fig. 3) overlain by 
up to 3 km thick Neogene foreland deposits (yellow 
in Fig. 3). 

Th e studied area is characterized by a thin-skin 
tectonic style. Th e main thrusts slip over the Siluri-
an shale (Baby et al., 1992; Moretti et al., 1996; Moret-
ti et al., 2002). Westward, in the Inter-Andean Zone, 
a “basement” made up of Ordovician and deeper ho-
rizons is clearly involved in the thrusts as described 
by several authors (Kley, 1996; Giraudo and Limachi, 
2001). 

One key point to constrain the structural style at a 
smaller scale is to identify the potential decollement 
levels. Th e main one is located within the Kirusillas 
Formation (top dark green in Fig. 3), the second one is 
the shaly part of the Upper Devonian, namely the Los 
Monos and Iquiri Fms. (light green in Fig. 3). Other 

shale layers in the lower Paleozoic series, for instance 
within the Icla Formation (part of the orange in Fig. 3) 
or within the Ordovician series, display also preferen-
tial shear deformation in small-scale structures. 

In the south SAZ, the main petroleum system con-
sists of the Silurian and Devonian shales as source 
rocks and all the sandstone units as reservoirs (Moret-
ti et al., 1995). Most hydrocarbon traps are structural 
traps in anticlines. 

Th e Sub-Andean Zone of Bolivia is a very prolifi c 
exploration zone. During the last ten years, the explo-
ration targets have changed. Numerous oil fi elds have 
been discovered in the years 70–90 in the Carbonif-
erous and upper Devonian in the foreland and east-
ernmost emerging anticlines. Now, the exploration is 
more active farther west with deep targets in the low-
er Devonian (Humampampa, Santa Rosa Sandstones). 
Th e existence of this petroleum system was proven 
since the discovery of the San Alberto gas fi eld (well 
San Alberto-X9 in 1990 by YPFB), but the deep pros-
pects in the south SAZ have been more systematical-
ly targeted within only the past 10 years. In addition 

Fig. 3b. Th e case study: various cross-sections and the top of the reservoir that is studied (Sections A,B,C and D fi gure 3a). Th e size 
of the shown 3D block is about 80 km (E-W) and 65 km (N-S). Th e quality of the seismic image is poor in the anticlines in such a 
complex area and the restoration tools, 2D as 2.5D are fi rst used to better defi ne the geometry. In addition, this reservoir is tight 
(bulk porosity around 1.5%), the reserve estimations and production modeling are based on the fracture network quantifi cation
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to the cost of the deep wells, moving westward also 
means steeper anticlines and poor resolution of the 
seismic images. For the geologists however, the more 
challenging issues come from the fact that the target 
is now below an important decollement level, i.e., the 
middle Devonian shale of the Los Monos Formation.

To better defi ne the prospects below this decolle-
ment level, structural concepts are required. Shorten-
ing of each anticline can be defi ned in the upper part 
of the sedimentary piles based on geological maps and 
cross-sections. However, the faults below the decol-
lement level are not linked directly to the one above. 
Seemingly, the off set of an individual fault in the lower 
Devonian usually does not connect to any specifi c fault 
in the Carboniferous and upper sequence. A complete 
discussion of the geology and exploration issue in the 

area can be found in Moretti et al. (2006b), the goal of 
this paper being rather to show how structural con-
cepts plugged in a 3D geomodeler may help to defi ne 
the prospects and to assess the reservoir quality.

For confi dentiality reasons, slight changes have 
been applied to the original data, i.e., for the reservoir 
depths and fi eld size shown in Figures 3 to 7.

4 Construction of the 3D Structural Model

Th e following work-fl ow has been applied:

1. Construction and restoration of six E-W cross-sec-
tions; 

2. Construction of the 3D surface model;

Fig. 4. Comparison of surface restoration using a vertical shear versus fl exural approach. Ligth blue shows zones without local area 
variation during the restoration. With the vertical shear deformation mode, the dilatancy being the ratio between the area of an 
element of the surface (for instance a triangle) and the map area of this element, increases with the dip. With the fl exural slip ap-
proach, the area is globally preserved, on a particular point the area could change during restoration in a zone which is not per-
fectly unfoldable. Th is property is related to the curvature so in general the hinge of the narrow anticlines present some dilatancy. 
In addition, in the present case, one has imposed a contact on the fault lips (Fig. 2c), honoring these constrains induce also dilat-
ancy. In the shown example, one sees the high values of dilatancy in the hinge of the highest anticline and near the fault the sur-
face variation induced by the imposed contacts. Th e infl uence of this constrain of contact is highlighted in Fig. 4c
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3. 2.5D restoration of the reservoir top;
4. Checking of the coherency of the fault off set and on 

strike shortening, and fi nalization of a coherent in-
terpretation in 2D and 3D. 

Figure 3 shows one of the cross-sections and its re-
stored geometry, whereas Figure 3b shows the top of 
the reservoir in the 3D model. Th is restoration helped 
to refi ne the geometry of the various sheets and the 
cut-off  angle of the Devonian reservoir below the Los 
Monos Formation. Th e existence of numerous tecton-
ic slices in the hinge of anticlines is proven by the well 
data in large gas fi elds such as Margarita. Th e lower 
part of this interpretation is rather diff erent from a 
previously published paper (see Fig. 14; Dunn et al., 
1995), even if its upper part is the same. Nevertheless, 
the exact number of faults aff ecting the Huamampam-
pa Formation remains hypothetical in the structures 
without wells because seismic images still remain rela-
tively poor in the area (Black and Figeroa, 1999). 

Th e 2D restoration alone is not good enough to pre-
clude any ambiguity. Th e trend evolution of the fault 
off set is another important parameter that we used be-
fore achieving the 2.5D restoration. 

Th e E-W shortening is about 45 km in the northern 
part of the studied area (Fig. 3) and decreases slightly 
to 38 km in the south (cross-section E, map in Fig. 3).

5 Comparison of Flexural Slip /
 Simple Shear Methods: 
 Geometry and Dilatation

Figure 4 shows the results of two restorations. Th e fi rst 
one (Fig 4b) was obtained with a vertical-shear method 
(method 2) for the unfolding followed by translation 

of the faulted pieces in order to get an acceptable fi -
nal geometry (minimization of overlaps and gaps). Th e 
second restoration (Fig. 4c) was done with the fl exur-
al slip method (Method 4) which preserves the areas. 
Contacts have been imposed along the fault lips.

5.1 Geometry

Based on the geometry alone, the two fl at horizons 
seem correct. However, the eastern vertical fl ank of the 
A1 anticline is poorly restored when using the vertical 
shear method (Fig. 4b): this fl ank remains below the 
main overriding fl ank of the anticline and cannot be 
restored to its expected position near the eastern block 
when using a constant shear angle. Th e irrelevance of 
simple shear method to restore high angle thrust units 
in most cases is well known and this will not be dis-
cussed further in this paper. In results obtained for 
the other thrusts (see Figs. 4 & 5), the fault lip contact 
is satisfactory since the structures are rather cylindri-
cal, except for the fault which corresponds to the fi rst 
emerging thrust (F1 - Mandeyapecua Fault). Th e fault 
tip is located within the studied area, and there is an 
increase of the fault off set northward from its south-
ern extremity. When restoring the horizon near fault 
F1, there is a local overlap with the vertical shear ap-
proach that cannot be solved by translating the surface 
since it would create a gap farther south. Seemingly, 
when using the fl exural slip and imposing a contact 
on this fault, the resulting unfolded geometry shows a 
large dilatancy. 

In both cases, the geologist would probably con-
clude that the geometry of the horizon is wrong and 
would rather go back to correct the initial surface. Th is 
problem is due to the excessive northward widening 

Fig. 5. Static analysis of the 
current geometry: amount of 
shortening orthogonal to the 
structures (N94°). Th e values 
are around 15% ± 1% on the 
studied area except northward 
where they reach 21%. Th is 
abnormally fast increase 
highlights the error made on 
the F1 fault off set
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of the fault off set along F1 in this early interpretation 
(Fig. 4a). 

To summarize this fi rst step, both methods help 
highlighting large errors in slightly deformed areas 
(here around F1 in the eastern foreland). Th e simple 
shear method (Method 2) is unable to check the co-
herency of the faulted thrust sheet in highly deformed 
compressional zones while the global approach (Meth-
od 4) may point out this kind of discrepancy. 

Construction of the surfaces in a restored stage with 
the Method 3 is done by linking the restored cross-sec-
tions. However, because these surfaces are construct-
ed and not computed by the deformation of the initial 
surface, they will only refl ect the hypotheses concern-
ing the fault contact. Since the restoration process is 
a heavy method, a quantitative analysis of the cur-
rent geometry should be suffi  cient to highlight this 
problem. Figure 5 illustrates the amount of shorten-
ing computed perpendicularly to the structure (N94°). 
As expected, this shortening is rather constant: from 
north to south the variation of off set along a fault is 
compensated by the increase of the fold dip or by the 
complementary change of off set along another fault. 
However, northward, the shortening increases quickly 
to 21% near the A cross-section, thus showing the geo-
metrical inconsistency of the layer. In 3D as in 2D, the 
quantitative analysis of the geometry of the horizons, 
called line balancing in 2D, allows to highlight the 
main inconsistencies very quickly (provided the req-
uisite tools are available through a soft ware, because 
measuring bed lengths by hand is no longer fashion-
able...). Th e main advantage of restoration versus static 
analysis, in 2D as in 2.5D, is the ability to locate prob-
lems related to unconsistent geometries.

5.2 Internal Deformation

Th e second point to address by the explorationist with 
a restoration tool, aft er correcting the geometry, is to 
describe the internal strain and thereby the fracture 
density and main strain direction. In 2.5D restoration, 
internal strain can be represented by dilatation, i.e., 
the local area variation on the surfaces, which is dis-
tinct from the dilatancy used by rock mechanists.

Th e global area change of the surface is 0.3% in the 
fl exural slip case (initial horizon 6275 km2, unfolded 
one 6295 km2). When doing a pure vertical fl attening 
in the vertical shear case, the area change is around 
-14%. In the illustrated restoration however (Fig. 4b), 
translations have been added to the fl attening to avoid 
overlaps in case of thrusting. Th erefore, the fi nal area 
is closer from the initial one, 6100 km2 (-3%) but with 
gaps and overlaps. Th e local changes vary from 0 to 
57% in the simple shear case, and can only be posi-
tive since a true area is always larger than a map area 

and the mean value is 7%. On the other side, for fl exu-
ral slip the values vary mainly from -10 to 10% and the 
mean value is 0.2%. In the shown example the highest 
values are reached at the hinge of the A1 anticline and 
near the faults, where they may correspond to an error 
in the cut-off  angle.

Th e dilatation computed for the simple shear ap-
proach is mainly controlled by the dips (diff erence be-
tween the true area and the map area of each triangle). 
It is high in the fl anks but low in almost horizontal 
zones such as the top of the anticline. Th erefore, it can-
not be interpreted in terms of internal strain during 
the deformation in the present compressional case. 

Th e dilatation computed for the fl exural slip ap-
proach is a combination of the infl uence of the cur-
vature and the fault-horizon intersection geometry. It 
can be interpreted in terms of internal strain when the 
geometry is not questionable. 

In alternative solutions which, by construction, do 
not preserve the areas (i.e., methods based on parallel 
cross-sections restoration such as Method 3), the dila-
tation does not refl ect any geological meaning, except 
if the deformation is 100% cylindrical. Alternatively, 
any change of horizon area between two constrained 
cross-sections will mainly refl ect the non-cylindricity 
of the structures.

As a conclusion, except with the methods preserv-
ing the areas, i.e., Method 1 and 4, it is more relevant 
to use the curvature than the dilatancy to infer any 
amount of internal strain. However, such a curvature 
can be directly computed on the current geometry, 
without requiring any restoration.

6 Dilatation & Extensional Internal Strain 

During the restoration, a strain fi eld is computed, 
which corresponds to a tensor (i.e., eigen vectors can 
be extracted and provide the principal strain vectors). 
Th ese vectors are specifi ed in direction and amplitude. 
Th ey correspond to the derivative of the local transfor-
mation that allows to pass from an element of the sur-
face to its initial geometry. 

In the Sub-Andean Zone, a large number if not all 
outcropping faults relate to the current Andean com-
pression, more or less E-W, which started in Miocene 
times. However, when measuring fracture data in the 
fi eld, geologists always note that the fracture network 
records a much longer geological history. In the case 
of the Sub-Andean zone of Bolivia, the co-existence 
of pre-existing fractures and fracture corridors with 
the fractures created during the Andean compression 
is obvious (see for instance Florez-Nino et al., 2005). 
Th erefore, we must remain cautious when using sole-
ly the restoration of the last stage of deformation, even 
if it is the main one, to obtain a qualitative idea of the 
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overall deformation and fracture. However, the cur-
rent strain fi eld is an important parameter for the cre-
ation, opening and closure of the fractures and there-
fore, the modeling of this fi eld is an important issue 
which constitutes the fi rst step for any reservoir strain 
quantifi cation.

Joints are supposed to be created by extension. As 
a result the areas where the deformation is extension-
al are more likely fractured. When extracting the ei-
gen values of the deformation tensor one may display 
the positive ones, i.e., the areas where positive sur-
face variation happens. Figure 6 shows this eigen val-
ue for three deformation methods (Method 2, Meth-

od 4 with and without imposed fault lip closure). Th e 
image has been focused on the A1 anticline at the lev-
el of the reservoir beds.

For the simple shear restoration (Method 2), 
Fig. 6a, the maximum of extension is found in the 
fl ank of the anticline, whereas the crest is a mini-
mum. 

For the fl exural slip with no imposed fault lip con-
tact, Fig. 6b, the maximum of fractures is expected at 
the crest of the anticline. 

For the fl exural slip restoration of the full horizon, 
imposing a contact on the fault lips, Fig 6c, a high 
probability of fracture at the crest of the anticline is 

Fig. 6. Comparison of principal strain directions computed with various surface restoration methods (a) a vertical shear (b) 
fl exural slip approach with no fault lip contact, (c) fl exural slip with fault lip contacts
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also computed. However there are also high values in 
an east-west corridor between the two wells (dark blue 
values). High values are also found near the F1 fault, 
but as discussed in the previous section we consider 
that it is due to an error on the surface geometry.

High values and therefore high probabilities of frac-
tures are also found in some specifi c parts of the crest 
of the anticline, at the impact of the yellow well, for in-
stance. Th ey correspond to small scale structures in 
comparison of the main thrust sheets, and most like-
ly, they relate to second order decollement levels. As 
already mentioned, most thrusts root at the top of the 
main decollement (dark green in Figs. 3 and 5a). A sec-
ond decollement is shown as the medium green line in 
the middle of the section, above the reservoir that fi lls 
the hinge of the anticline and allows disharmony be-
tween the lowest and upper part of the sections. Final-
ly, a third decollement is located a few hundred meters 
below the reservoir. Th e activation of this third decol-
lement within the main folds is a common feature in 
the area and leads to the small-scales structures ob-
served, jointly with small reverse faults not represent-
ed here.

As a conclusion, the Method 4 involving global pa-
rameterization and surface conservation provides a 
qualitative tool to predict the fracture density induced 
by the last deformation stage. Th e computed values 
are highly dependent on the geometry (curvature) and 
boundary conditions (imposed fault lips). In case of 
uncertainties and errors on the surface geometry, the 
results will be questionable. With the methods that 
do not preserve the areas (Method 1 to 3), the results 
are not always relevant. With the global approach, i.e., 
Method 4, the errors (horizon geometry and/or hori-
zon-fault intersection) are spread by both the unfold-
ing and the unfaulting. Th erefore, the degree of reso-
lution and smoothing of horizon geometry is another 
important factor, although it will not discussed in this 
paper.

7  Computed Principal Strain Directions

Th e processing of the deformation allows the compu-
tation of the eigen strain directions. Th ese strains rep-
resent only the internal deformation. Th e displace-
ment/rotation that does not induce any internal strain 
are not taken into account in this strain tensor. If a 
structure is 100% unfoldable, and when there is no 
constrain imposed through the boundary conditions, 
the internal strain tensor is null and therefore, the ei-
gen vectors of the tensor are theoretically not defi ned. 
Practically, the vectors are not exactly null and their 
values are still computed by the program. Th ey are dis-
played in Figure 6 for the same three cases of deforma-
tion as in Figure 4. 

With the simple shear method (Method 3, Fig 6a), 
the principal strain vectors are all extensional and the 
principal direction refl ects the dip direction. With the 
fl exural slip (Method 4, Fig. 6b and c), one may note 
that the two arrows are oft en on the same lengths.

In conclusion, the principal strain directions can 
be computed. However, they are not interesting for the 
geologist when the internal strain is too small, because 
the switch from a direction to another may also be due 
to numerical noise.

8 Best Prediction 

To summarize, (1) the computed strain tensor is like-
ly representative of the geological deformation when 
the internal strain is not null, and (2) a high density 
of new fractures or opening of old fractures is expec-
ted at places where local extension happens. Figure 7 is 
derived from the previous results (method 4, without 
fault lip closure constrain) and shows the main areas 
of interest. Th rough a threshold, we keep transparent 
the part of the structures where the strain tensor is al-
most null (dilatancy of less than 0.5%). Th erefore, the 
compressional strain has been hidden and an adequate 
color code has been retained. Th e lengths of the exten-
sional strain vectors are proportional to their ampli-
tude (see in Fig. 4b for the full image of the dilatance 
and Fig. 6b for the strain tensor.

Th ere are three patches with maxima: 

the crest of the anticline where this one becomes 
narrow (around the blue well and southward);
the structure drilled by the yellow well, south of the 
fi rst patch; 
the concave fl ank of the anticline where it is very 
steep.

Th e main direction of fractures found with this mod-
el is more or less east-west oriented and corresponds to 
the last family of fractures, i.e., the ones generated by 
folding. Other sets of fractures exist, as shown in Fig-
ure 8. In addition to pre-existing fractures inherited 
from the Paleozoic and Mesozoic tectonic phases, oth-
er features have created during the Andean compres-
sional phase. In the early stage of compaction, rath-
er large internal deformation happens in the foreland 
due to the layer parallel shortening. Th e fractures and 
joints created during this phase are likely parallel to 
the compression, i.e., east-west oriented (potentially 
features number 2 and 4 in Fig. 8). However, this kind 
of fractures cannot be modeled through a backward 
surface restoration since they are not linked to large 
scale geometric changes of the surfaces.

In the studied case, surface restoration may help 
to improve the surface defi nition when the geometry 
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is accurate enough. Th e 2.5D restoration can be used 
for a realistic estimation of fracture density and frac-
ture direction. However, as highlighted in Figures 4 
& 6, the results in terms of density and direction are 
strongly dependent on the chosen method. In this re-
spect, conclusions derived from the hypothesis of a 
simple shear deformation mode versus a fl exural slip 
mode are completely diff erent, while the diff erence is 
not so drastic when working only on the geometry. 

9 Conclusion

Usually, restoration is not the main goal for the struc-
turalist, but it is rather a way to control the consisten-
cy of the proposed geometry. On the opposite, special-
ists in basin modeling or in reservoir characterization 
need to have an idea of the depositional geometry and 
of the evolution of the basin versus time. Th e struc-

Fig. 7. Prediction for the 
density and direction of the 
new fractures developed during 
the folding of this anticline. 
Th e colored background 
indicates the dilatancy, 
negative values are transparent. 
Th e black lines indicate the 
direction of the principal 
strain, length is proportional to 
intensity

Fig. 8. Conceptual model of 
fault and fracture systems in 
the Sub-Andean Zone of 
Bolivia. Modifi ed from Florez 
et al., 2005
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turalist needs to insure the preservation of the char-
acteristic lengths that have to be controlled (horizon 
lengths, thickness, fault lips), when the others need a 
rather rough geometry during the burial as well as in-
dications on the timing of structure growth. Th e req-
uisite for an adapted restoration tool, 2D as 2.5D, may 
thus be diff erent, depending on the objectives. For in-
tance, the Method 3 that links parallel cross-sections, 
may give relevant global geometry, but this approach 
precludes the consistency of other parameters versus 
time during the restoration. Area, fault lips geometry, 
and direction of displacement are imposed, not com-
puted. It is therefore very crucial for the user of the 
tools to identify the question, the geological context, 
the uncertainty of the data, and to keep in mind the 
hypothesis behind each method. 

Th e conclusions reached here on the comparison 
between the methods are synthesized in Table 3. Th is 
table clearly diff erentiates the hypothesis from the 
computed results for each method. At the stage of the 
quality control of a model, the study clearly shows that 
Method 2 and 3 cannot help. In contrast, a combina-
tion of cross-section balancing and surface restoration 
with Method 4, in the presented case of the Sub-Ande-
an Zone allows a better defi nition of the geometry of 
both horizons and faults. Th e search of a good closure 
of the fault lip, without large internal deformation, ap-
pears as a very good criterion to eliminate unrealistic 
fault geometries, versus depth and along strike.

When predicting fracture density prediction, we 
must remain cautious with the meaning of a dilatation 
computed by Method 3. Method 2 is not applicable 
in a compressional tectonic setting. In all cases, a 3D 
restoration will improve the strain tensor defi nition, 
as well as a cumulative computation of strain versus 
time. However, adding erroneous values through time 
to reach a strain tensor in a thrust fold, which can be 
done when using the incremental approach of Meth-
od 2, will only result in non interpretable conclusions. 
Th e quality of predictions is dependent on the quali-
ty of the geometry. Th e SAZ case study is on this top-
ic specifi c. In many other places, the subsurface data 
are now good enough to apply these techniques. Here, 
the initial geometry is well constrained by the restora-
tion, when using the appropriate method. Th erefore, 
it is relevant both in terms of paleogeography and to 
propose further computation of the fracture density.
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Unfolding Method 2
Simple-shear

Method 3
Interpolation between
parallel cross-section

Method 4
Flexural slip

Forced 
unfaulting

Area variation: yes

Perfect fi t on the fault lips: impossible 
with a constant shear angle

Computed dilatation: often meaning 
less (except in extension for not consoli-
dated material)

Area variation: yes

Fit on the fault lip: by construction, in-
duces surface variation

Computed dilatation: meaning less

Direction of internal strain: no geologi-
cal meaning

Area variation: small, but exists if the 
contacts on the fault is not perfect

Fit on the fault lip: yes, induces dilatancy 
and internal strain

Computed dilatation could be inter-
preted in terms of error of the geometry 
and/or fracture density

Direction of internal strain: geological 
meaning

Search best
fi t during
unfaulting

Area variation: yes

No perfect fi t on the fault lips

Area variation: yes

Fit on the fault lip: by construction

Computed dilatation: often mean-
ing less

Area variation: no 

No perfect fi t on the fault lips

Computed dilatation could be interpret-
ed in terms of fracture density except 
near the fault

Direction of strain: geological meaning
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Chapter 9 9

Plate Tectonic Setting and 
Cenozoic Deformation of Trinidad: 
Foldbelt Restoration in a Region of Significant Strike-Slip

Steven Lingrey 

Abstract. The geology of northeastern South America refl ects 
transpressional deformation of a Cretaceous-Paleogene pas-
sive margin by the plate boundary interaction with an east-
ward advancing Caribbean plate. Structural elements aff ect-
ing Trinidad and the adjacent Gulf of Paria include a complex 
mix of contraction, extension, and strike-slip. Detached fold-
thrust style deformation is predominant, but its coherent ex-
pression is complicated and concealed by subsequent right-
lateral strike-slip and associated extensional deformation. 
Pre-Cenozoic extension between North and South America 
led to a north-facing passive margin for eastern Venezuela 
and Trinidad. In the early Cenozoic, relative plate motions be-
tween North and South America became mildly contraction-
al. In the Trinidad region, deformation and localized uplift of 
some elements of the passive margin began. Through the Oli-
gocene, the leading edge of the Caribbean plate advanced 
eastward imposing a transpressional deformation onto the 
passive margin of eastern Venezuela and Trinidad. In the late 
Miocene, Caribbean-South American relative motion became 
fundamentally translational.

The consequences of this evolving plate-tectonic history 
on Trinidad are three episodes of deformation. First is an am-
biguous period of early deformation, some elements of which 
appear to have activated modest crustal contraction/uplift 
within the passive margin. Second is a developing period of 
southeast-vergent, detached and basement-involved fold-
thrust contraction corresponding to the diachronous, 
transpressional east-southeastward advance of the Caribbe-
an plate. The nature of the deformation appears to refl ect a 
strain partitioning with oblique convergence accommodated 
by the combined motions of an east-west right-lateral strike-
slip system on the north and an east-northeast trending, 
southeast-vergent dip-slip contraction system in the fold-
thrust belt to the south.  Right-lateral strike-slip off sets are ap-
proximately 150–200 km; magnitudes of shortening are on 
the order of ~120 km in Eastern Venezuela and of ~60 km in 
Trinidad. Third is a period of distributed right-slip shear across 
Trinidad and the Gulf of Paria due to a change in relative plate 
motion to due-eastward translation. Strike-slip systems be-
came predominant and spread southward with right-step-
ping relays that localized rhombochasm-style extensional ba-
sins.

Restoration of Trinidadian fold-thrust contraction is com-
plicated. Transects across present-day foldbelt geography 

cross zones of important strike-slip, violating the condition of 
plane strain. Map-based methods using an interpreted set of 
micro-plates were used to account for the various regions of 
contraction, extension, and strike-slip since the Late Oligo-
cene. Two palinspastic maps are interpreted: 

a) a 10.5 Ma restoration 
b) a 25 Ma restoration. 

The 10.5 Ma restoration creates a palinspastic base for better 
understanding the original shape and distribution of the Trin-
idadian fold-thrust belt. The 25 Ma restoration creates a palin-
spastic base for better understanding the original shape and 
distribution of the passive margin depositional systems. Pro-
fi le restoration studies in the Eastern Venezuelan foldbelt 
serve as a quantifi ed analog for proportional strains in the 
narrower, younger Trinidadian foldbelt. As a check on the 
map-based restorations, an interpreted cross-section is pre-
sented for the eastern Gulf of Paria. This is a paleo-structural 
profi le (mid-Miocene) and is constrained by the 10.5 Ma palin-
spastic base map. Section-based methods of foldbelt restora-
tion are applied to this section to assess net contractional 
shortening. The magnitude of shortening determined by the 
section restoration (61 km) is in agreement with the estimate 
of shortening made on the basis of strain projection from 
Eastern Venezuela (56 km).

1 Introduction

Fold-belt restorations typically involve 2D transfor-
mations of structural profi les. Th ey rely on an assump-
tion of plain strain. Th e geology of northeastern South 
America refl ects transpressional deformation of a Cre-
taceous-Paleogene passive margin by the plate bound-
ary interaction with an eastward advancing Caribbe-
an plate (e.g., Burke et al., 1984; Speed, 1985; Mann et 
al., 1990; Pindell, 1991). Surface structural elements of 
the Eastern Venezuelan Mountains show contraction, 
extension, and strike-slip organized into two coherent 
domains. A northern, coastal domain contains prin-
cipally east-striking faults and elongate east-trending 
basins associated with right-lateral strike-slip (Pérez 
and Aggarwal, 1981; Schubert, 1984; Vierbuchen, 
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1984), and a southern, interior domain contains prin-
cipally east-northeast-striking faults and folds associ-
ated with contractional thrust faulting (Bellizzia and 
Dengo, 1990; Roure et al., 1994). Th e reasonable inter-
pretation appears to be that the transpressional motion 
between the Caribbean and South American plates is 
accommodated by a strain partitioning system; the 
pure right-slip strain in the coastal domain and the 
pure dip-slip contractional strain in the interior do-
main combine to describe the right-lateral transpres-
sion (e.g., Avé Lallement, 1997). In such a system, the 
2D structural profi le restorations of the Eastern Vene-
zuelan Mountains by Parnaud et al. (1995) are sensible 
measures of the contractional component of the over-
all transpression.

Fold-belt restoration in Trinidad and the Gulf of 
Paria is, however, more complicated because of over-
lapping domains of contraction, extension, and strike-
slip (Fig. 1).   Detached fold-thrust style deformation 
is predominant, but its coherent expression is compli-

cated and concealed by subsequent right-lateral strike-
slip and associated extensional deformation. Interpre-
tation of fold-thrust structural features in 2D profi les 
is complicated. Profi les oriented orthogonal to the 
fold-belt trend intersect signifi cant strike-slip features. 
In some regions, the fold-belt is buried beneath thick 
extensional deposits in relay zones between strike-slip 
faults. Simple 2D profi le restoration of the Trinidadi-
an fold-belt is invalid.

Restoration of strike-slip deformation can be han-
dled by 2D map-based transformations. Th ey need not 
necessarily rely on an assumption of plain strain as 
regions of contraction and extension can be accom-
modated by areal gain or loss, respectively. Th is study 
presents a structural reconstruction for Trinidad and 
the adjacent Gulf of Paria as a micro-plate kinematic 
model of the South American-Caribbean plate bound-
ary. Th e boundaries of the micro-plates coincide with 
my interpretation of the major structural faults con-
stituting a network of thrust-fault deformation fronts, 

Fig. 1. Regional tectonic setting of Trinidad and adjacent Gulf of Paria showing fault patterns that defi ne the South American-Ca-
ribbean plate boundaries. Faults in northeast Venezuela-Gulf of Paria-Trinidad are compiled from (Belizzia et al., 1976; Flinch et 
al., 1999; Babb and Mann, 1999); off shore fault pattern are as compiled by Klitgord (2002). North-northeast trending contraction-
al faults (burgundy) mark accretionary complex at leading-edge (east) of the Caribbean Plate where Atlantic oceanic crust is con-
sumed by west-dipping subduction zones. East and west-northwest trending faults (red and orange) mark right-shear transform 
boundary at southern-edge of the Caribbean plate. Current relative plate motion between South American (fi xed) and Caribbean 
plates is due eastward. Earlier (pre-Late Miocene) relative plate motion was east-southeastward and hence transpressive. Contrac-
tional strain is recorded in the East Venezuelan and Trinidad fold and thrust belts. Foldbelt in Venezuela is largely intact; foldbelt 
in Trinidad is, however, cross-cut and deformed by the widely distributed zone of transform-related right shear
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linear zones of strike-slip, and extensional fault-blocks. 
Th e combined motions of these micro-plates necessar-
ily sum to equal the interpretations of Late Cenozoic 
relative plate motion between the South American and 
Caribbean plates.

2 Summary of Cretaceous 
 to Recent Tectonic Evolution

Th e plate tectonic history of the Trinidad Gulf of Paria/
Trinidad region involves three plates, the South Amer-
ican, the North American, and the Caribbean. Studies 
of global plate motions (Norton, 1996; Mueller et al., 
1999; Pindell and Kennan, 2002; Fig. 2) lead to the def-
inition of four successive tectonic settings:

1. Th e passive margin setting: NAm-SAm sea-fl oor 
spreading from Cretaceous through Early Paleo-
gene (Fig. 3A)

2. Th e “proto-Caribbean” setting: NAm-SAm incipi-
ent subduction proximal to the SAm ocean-conti-
nent boundary from mid-Paleogene to Late Paleo-
gene (Fig. 3B),

3. Th e transpressional setting: Carib-SAm oblique 
convergence diachronously initiating from west 
to east from Late Paleogene to Early Neogene 
(Fig. 3C)

4. Th e translational setting: Carib-SAm due eastward 
translation from Late Neogene to present (Fig. 3D).

Th e latter three plate tectonic settings lead to three 
distinct episodes of Cenozoic deformation. Th ey are 
characterized as Episodes 1, 2, and 3.

2.1 Episode 1

An ambiguous period of early deformation inferred 
from the N-S contraction between the North Ameri-
can and South American plates; most of the deforma-
tion is considered to be at the distal edge of the passive 
margin where a north-vergent accretionary deforma-
tion complex is envisioned above subducting ocean-
ic crust (Pindell and Dewey, 1991; Higgs and Pindell, 
2001; Pindell and Kennan, 2002; Fig. 3B). While ex-
posed structural features associated with episode 1 in 
Trinidad are lacking, deformation is implied by un-

Fig. 2. Models of Cenozoic plate 
motions for the Caribbean and 
North American plates relative 
to a fi xed South American 
Plate.  In the Paleogene, North 
American plate motions 
become mildly southward 
(contractional), perhaps a 
source of episode 1 deforma-
tion aff ecting passive margin 
deposition. In the late 
Paleogene-Neogene, the east-
facing subduction margin of 
the Caribbean plate advances 
eastward across the northern 
margin of South America. 
Models of Caribbean-South 
American plate motion 
indicate transpression prior to 
10 Ma and translation aft er 10 
Ma for an east-west oriented 
plate boundary
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Fig. 3a,b. Idealized tectonic settings for northeastern South America illustrated by tectonic map and crustal cross-section.  In all 
cases, a tectonic map shows inferred locations of major elements of Trinidad geography (Northern Range, Central Range/North-
ern (Caroni) Basin, Nariva foreland/Southern Range) as black outlines; a brown shadow shows the present-day position of Trini-
dad. a) Early Cretaceous: rift ing and sea-fl oor spreading between North and South America creates a north-facing passive margin. 
b) Late Eocene: Episode 1 deformation shows small magnitude of oceanic subduction (~ 50 km), accretionary contraction at dis-
tal edge of South American passive margin, and possible contractional uplift  of slope regions of passive margin

a

b
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Fig. 3c,d. c)  Mid-Miocene: Episode 2 deformation accommodates transpression between Caribbean and South American plates. 
Strain partitioning creates a northern region of strike-slip deformation and a southern region of foreland fold-thrust contraction. 
Th e submarine Nariva foredeep basin lies beneath the Southern Basin; the emergent thrust belt hinterland (“Serrania” belt) lies be-
neath the Central Range/Northern Basin. d) Present: Episode 3 deformation develops a broad zone of distributed strike-slip across 
the northeastern corner of South America. Earlier fold-thrust belt is disrupted

c

d
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conformity (early Paleogene erosion) and by the pres-
ence of unique Eocene lithofacies in the Central Range 
(Pointe-a-Pierre sandstone, Plaissance olistostromes; 
Kugler, 1953; Barr and Saunders, 1968; Persad, 1985; 
Tyson and Ali, 1990; James and Rigby, 1993; Algar and 
Erikson, 1995). Th ese units indicate disturbance of the 
formerly quite passive margin slope environment. One 
hypothesis is that minor elements of this contraction 
may have activated crustal elements within the pas-
sive margin, e.g., mid-Paleogene uplift  of the Central 
Range region (Pindell and Kennan, 2002; Algar and 
Erikson, 1995). No attempt is made here to reconstruct 
this deformation.

2.2 Episode 2

A developing period of southeast-vergent, detached 
and basement-involved fold-thrust contraction cor-
responding to the diachronous, transpressional east-
ward advance of the Caribbean plate from late Eocene 
through middle Miocene (Passalacqua et al, 1995; Avé 
Lallement, 1997; Pindell and Kennan, 2002; Fig. 3C). 
Th e nature of the deformation system is interpreted to 
refl ect a strain partitioning whereby the oblique con-
vergence is accommodated by the combined motions 
of a northern strike-slip system and a southern dip-
slip system (the fold-thrust belt). Th ree characteristic 
foldbelt trends are manifest in Eastern Venezuela and 
are interpreted to extend into Trinidad: 

1. Th e Serranía belt, an interior (hinterland) region 
that involves signifi cant crystalline basement short-
ening beneath a widespread exposure of imbricated 
Lower Cretaceous strata. 

2. Th e Pirital belt, an internal/external region that in-
volves Cretaceous and lesser basement thrusting, 
but that preserves some syntectonic foredeep de-
posits.

3. Th e Furrial belt, an external (foreland) region that 
is detached above basement and, at its leading edge, 
is detached above Cretaceous.

Th ese classifi ed belts are equivalent to the Serranía del 
Interior, Inner Foothills, and Outer Foothills regions 
of Hung (2005). Magnitudes of contraction are consid-
ered to be signifi cant: on the order of ~120 km in East-
ern Venezuela (Roure et al., 1994; Parnaud et al., 1995; 
Hung, 2005) and of ~60 km in Trinidad (this study). 
It should be noted that Hung (2005) has considered 6 
possible subsurface interpretations for a centered tran-
sect across the Eastern Venezuela Basin producing a 
wide range of estimates for late Cenozoic shortening 
(15–115 km). Greater amounts of inferred basement 
involvement lessen shortening while greater amounts 
of inferred Cretaceous imbrication above décollement 

increase shortening. Roure (in Roure et al., 1994; Par-
naud et al., 1995), in formulating a balanced section 
for a western transect across the Eastern Venezuelan 
Basin, interprets both signifi cant imbrication above a 
décollement and deeper uplift  of sub-Cretaceous base-
ment. Roure’s interpretation suggests approximately 
120 km of detached shortening. It is this interpretation 
that was chosen. An important characteristic of the 
East Venezuela foldbelt is the periodic occurrence of 
northwest trending right-lateral strike-slip faults (Uri-
ca, San Francisco, and Bohordal (?) Faults, Munro and 
Smith, 1984; Rosales, 1972). Th ese tear (?) faults give 
the thrust trends a sawtooth appearance in mapview 
as they show right-separation off set of the Serranía, 
Pirital, and Furrial belts. In this manner, the north-
east-trending thrust faults and folds combine with the 
northwest-trending cross faults to form and overall 
deformation region that trends east-west, parallel to 
the northern strike-slip system at the southern edge of 
the Caribbean plate. Th e Bohordal Fault is a conjectur-
al fault without surface geologic expression other than 
the somewhat linear trace of the Venezuelan coast at 
the Gulf of Paria. Since foldbelt patterns in the subsur-
face of the Gulf of Paria are interpreted to show a right 
separation at this location, the fault is included as a 
Urica-like tear fault. Th e Los Bajos Fault in southwest-
ern Trinidad (Wilson, 1940; Salvador and Stainforth, 
1968) appears to be dominantly an episode 3 structur-
al element, but may have begun as an Urica-like tear 
fault and hence may show episode 2 off set as well.

2.3 Episode 3

A period of right-slip shear broadly distributed across 
Trinidad and the Gulf of Paria that corresponds to due 
eastward translation of the Caribbean plate from Late 
Miocene to Present (Mueller et al., 1999; Weber et al., 
2001; Mann et al., 2001). Th is motion marks a change 
in relative plate motion from the earlier east-southeast 
transpression to dominantly eastward translation. 
While strain partitioning persists, the dip-slip com-
ponent becomes very much subsidiary to the strike-
slip component. Th ick deposits of Upper Miocene and 
Pliocene sediments accumulate in the northern two-
thirds of the Gulf of Paria apparently due to a system 
of northwest striking normal faults (Babb and Mann, 
1999; Flinch et al., 1999). I interpret this region of 
late subsidence to indicate that a signifi cant compo-
nent of the right-slip is accommodated on the right-
stepping relay transfer between the El Pilar strike-
slip zone on the north and the Warm Springs/Central 
Range strike-slip zones on the south that serves to 
form a rhombochasm over the northern two-thirds of 
the Gulf of Paria (similar to Schubert’s (1982) interpre-
tation of the Cariaco Basin at the western end of the 
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El Pilar fault). Th ese kinematics suggest that the latest 
Cenozoic El Pilar strike-slip motion tips out to the east 
(i.e., onto the island of Trinidad) and that the Warm 
Springs strike-slip motion tips out to the west (i.e., into 
the western Gulf of Paria). Seismicity and GPS stud-
ies of contemporary motions in and around the island 
of Trinidad appear to confi rm that no current strike-
slip is occurring across the Northern Range-North-
ern Basin boundary (Russo et al., 1993; Weber et al., 
2001). Estimates of crustal extension within the rhom-
bochasm (10–15%) suggest 22–33 km of right-slip on 
the Warm Springs strike-slip zone. Pindell and Ken-
nan (2002) via estimates of paleogeographic juxta-
positions imply approximately 100 km of right-slip, 
but this seems too large for the observed throws on 
the large normal faults. Th e internal foldbelt trends 
of episode 2 are fragmented and off set by the episode 
3 deformation. In the southern Gulf of Paria and the 
Southern Range of Trinidad, however, the external el-
ements of south-vergent contraction persist through 
episode 3. At the deformation front (Pedernales pas-
sive roof duplex of Flinch et al., 1999; Southern An-
ticline in Trinidad), tectonic wedging into the Paleo-
gene strata causes north-vergent back-thrusting in the 
Tertiary section.

3 Map-Based Kinematic Models 
 of Late Cenozoic Deformation

Th e major structural elements observable in surface 
geology, or for the Gulf of Paria, in seismic data are 
compiled onto a tectonic base map (Fig. 4a). In the 
northern Gulf of Paria, the seismic fault patterns of 
Flinch et al. (1999) have been used. Normal-, reverse-
, and strike-separation faults are present. Th ese faults 
are classifi ed into several categories and distinguished 
by various colors. Blue traces are predominantly north 
to northwest striking normal-separation faults. Red 
traces are predominantly east-west oriented normal- 
and strike-separation faults. Orange traces are north-
west trending zones of inferred right-lateral strike-
slip. Lavender traces are observed to inferred locations 
of thrust deformation fronts; dark-to-light shading of 
the lavender traces indicates an interpreted older-to-
younger principal age to the time of deformation (old-
er = Late Oligocene/Early Miocene; younger = Late 
Miocene/Recent). Th e blue, red, and orange faults re-
cord episode 3 deformation. Th e thrust fault traces 
darker than the lightest shade (Furrial Deformation 
Front) record the presently fragmented episode 2 de-
formation.

In view of the subsequent distortions of episode 
2 structural elements by episode 3, a palinspastic 
mapview model has been interpreted in order to re-
store the original episode 2 tectonic trends. Restora-

tion of episode 3 deformation is intended to recov-
er the original geometry of the presently segmented 
and dislocated episode 2 structural elements. A sec-
ond palinspastic model attempts to account for the 
contractional (episode 2) deformation. Th is model in-
corporates strain patterns interpreted for the Eastern 
Venezuelan Mountains and projects them onto the re-
stored Trinidadian foldbelt trends.

Th e method of map-view restoration is planimet-
ric; it is analogous to solutions for relative motion his-
tory in plate tectonics (Le Pichon, 1968; McKenzie and 
Morgan, 1969; Atwater, 1970). I have presumed that 
a network of large faults accounts for the majority of 
horizontal motions (strike-slip off sets and heave com-
ponents of normal and reverse faults) across the region 
of Trinidad and the Gulf of Paria. If this is correct, 
then the large faults enclose a set of internally rigid 
(more or less) tectonic blocks or micro-plates. While 
smaller than lithospheric plates and in most cases de-
tached within the crust, the horizontal kinematics of 
these interpreted micro-plates should be amenable to 
plate tectonic style analysis. Between any three mi-
cro-plates, identifi cation of the nature and magnitude 
of motion across two block boundaries (faults), con-
strains the motion across the third boundary via vec-
tor summation. In general, the area of the micro-plates 
is held constant. As such, gaps and overlaps between 
restored micro-plates would represent contraction 
and extension, respectively. An exception to the fi xed 
area of the micro-plates is made for the fold-thrust ter-
ranes. An areal expansion is inferred to partially ac-
count for internal strain on fold and fault structures 
across the modeled micro-plate. Each thrust fault-
ed micro-plate was uniformly stretched so as to close 
about half of the large fault gap between micro-plates. 
Th is is an approximate estimate to correct for: a) ero-
sional removal of the original leading-edge thrust 
sheet (hanging-wall ramp cut-off s) and b) the inter-
nal shortening strain within the thrust sheets (small 
thrusts and folds). Th e remaining gap represents an 
estimate of the breadth of the sub-thrust footwall for 
each of the fold-thrust belts. Th is method of applica-
tion for distributed strain across thrust terrane micro-
plates is shown in Fig. 5. Mathematical computation 
was recorded in Excel spreadsheets and map represen-
tation of micro-plate displacements was graphically 
constructed in Adobe Illustrator.

3.1 Episode 3 Inverse Model

A  map-based palinspastic restoration has been calcu-
lated in order to reconstruct the original distribution 
of structural elements for 10.5 Ma (time prior to epi-
sode 3 deformation). In order to account for the epi-
sode 3 deformation, a micro-plate subdivision of the 
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Fig. 4. Distribution of major structural elements of Trinidad and the Gulf of Paria as compiled from surface geology (Kugler, 1959; 
Bellizzia et al., 1976) and subsurface interpretation (Robertson and Burke, 1989; Flinch et al, 1999.; Babb and Mann, 1999; propri-
etary seismic interpretation by author in southern  Gulf of Paria): a) Surface fault traces; faults are color coded by type: red, east-
trending right-lateral strike-slip faults; orange, northwest-trending right-lateral strike-slip faults; blue, northwest-trending normal 
faults (tick marks on downthrown side); lavender, east- to northeast-trending thrust faults (barbs on upthrown side, double-barbs 
on south-vergent tectonic wedges). For the thrust faults, three shades are shown: light, currently active thrust front (leading edge 
of Furrial belt); medium, mid- to Late Miocene thrust front (leading edge of Pirital belt); dark, latest Oligocene-Early Miocene 
thrust front (leading edge of Serrania belt). b) Micro-plate subdivision for the palispastic restoration of episode 3 deformation: SA 
(gray), cratonic South America; A (fl esh), fold-thrust belt of the Eastern Venezuelan Mountains; B1, B2, B3, and B4 (light green),  
fold-thrust belt of Pedernales, southern Gulf of Paria, and Southwest Peninsula of Trinidad (southwest of Los Bajos Fault); C1, C2, 
C2a, and C3 (green), Central and Southern Range fold-thrust belts of Trinidad; F1, F2, F3, F4, and F5 (light blue), extensional fault 
blocks of the northern Gulf of Paria and Northern (Caroni) Basin of Trinidad; G (brown), Paria Peninsula of Venezuela and North-
ern Range of Trinidad; CA (lavender), Caribbean plate; x (blue), Columbus Basin; x (pink) southern parts of the Lesser Antillies ac-
cretionary complex. Th e regions marked by x were ignored by the palinspastic restoration

a

b
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Fig. 5. Method for the restora-
tion of fault blocks within thrust 
terranes

Gulf or Paria/Trinidad region was made using the ma-
jor fault traces (Fig. 4b). Fift een micro-plates (A, B1, B2, 
B3, B4, C1, C2, C2a, C3, F1, F2, F3, F4, F5, G) are de-
fi ned. Th e kinematic model assigns a motion vector to 
each of the micro-plates. Standard vector geometry (as 
used in global plate tectonics) defi nes relative motions 
at the boundaries of all the micro-plates. Th e model 
was adjusted to accord with the following constraints:
 
1. Extension in the northern Gulf of Paria and Caroni 

basin is 15%, 
2. Th e maximum right-lateral strike-slip off set on the 

Warm Springs fault is 33 km and occurs where the 
fault crosses the western Trinidad coastline., 

3. Th e maximum right-lateral strike-slip off set on the 
Los Bajos fault is 10.5 km and occurs on the South-
west Peninsula (Tyson, 1989; Wilson, 1940), 

4. Th e El Pilar fault system is interpreted to have 75 
km of right-slip (prorated from the total 100 km of 
post Early Miocene slip; Schubert, 1984; Vierbu-
chen, 1985), and 

5. Th e Southern Range/Pedernales deformation front 
is interpreted as dip-slip contraction (motion vec-
tor oriented perpendicular to the fault trends) with 
a magnitude of strain proportional to that inter-
preted for the Furrial belt in the Eastern Venezue-
lan Basin (~12% shortening strain from Roure et al., 
1994). Modeled motion vectors used for the 10.5 Ma 
restoration are shown in Table 1. Th e resultant res-
toration is shown in Fig. 6.

3.2 Episode 2 Inverse Model

A  second map-based palinspastic restoration has been 
calculated in order to reconstruct the original distri-
bution of structural elements for 25 Ma (time prior 
to episode 2 deformation). Th e restoration of the ep-
isode 3 deformation permits the more logical connec-
tion of the episode 2 deformation fronts as contiguous 
features defi ning the fold and thrust belt deformation 
patterns for the Gulf of Paria/Trinidad region (Fig. 7). 
Th ese thrust belts are interpreted to be a continuation 
of the fold-thrust deformation mapped for the East-
ern Venezuelan Basin. Th ree tectonic belts are distin-
guished: 

1. Th e Serrania belt is interpreted to be the hinterland 
region representing the earliest formed thrust faults 
showing the greatest shortening, greatest tectonic 
thickening, and consequently greatest exhumation 
and erosion (using the restored regional profi le of 
Parnaud et al. (1995) as a guide, the contraction-
al strain is estimated at approximately 48% of total 
shortening), 

2. Th e Pirital belt is interpreted to be a more exter-
nal region representing younger thrust faults and 
somewhat lesser shortening, thickening, and ero-
sion (the contractional strain is estimated at ap-
proximately 40% of total shortening).

3. Th e Furrial belt is interpreted to be a proximal fore-
land region with the youngest thrust faults show-
ing small shortening, thickening, and little erosion 
(Miocene foredeep deposits are by-and-large pre-
served; the contractional strain is estimated at ap-
proximately 12% of total shortening).
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On the basis of the restored foldbelt patterns, a mi-
cro-plate subdivision for the episode 2 deformation is 
made (Fig. 7). Sixteen micro-plates (F1, P1, S1, F2, P2, 
S2, F3, FN3, P3, S3, F4, FN4, FN4a, P4, S4, G) are de-
fi ned. Th e kinematic model assumes dip-slip contrac-
tion within the foldbelt. Northwest-striking tear faults 
partition the foldbelt into four domains; from east-
to-west, east-northeast striking thrust deformation 
fronts step northwards across the tear faults, creating 
the sawtooth aspect to characteristic of the Eastern 
Venezuelan fold-thrust belt. Carib-SAm plate bound-
ary strike-slip motion is concentrated north and south 
of micro-plate G. Th e model was adjusted to accord 
with the following constraints:

1. Th e orientation of the dip-slip is presumed to gen-
tly fan with the easterly component increasing to 
the east (the westernmost vectors are aligned par-
allel to the inferred Bohordal fault and the eastern-

most vectors are parallel to the reconstructed, pro-
to-Los Bajos fault), 

2. Th e magnitude of shortening is estimated by apply-
ing a shortening factor calculated from the Parnaud 
et al. (1995) restoration where the net shortening is 

Fig. 7. Interpreted pattern of major fold-thrust belt trends for 
Trinidad and the Gulf of Paria prior to episode 3 distortions. 
Th e map base is the palinspastic restoration of Figure 5. Th ree 
belts are identifi ed and named based on a correlation with the 
Eastern Venezuelan fold-thrust belt. From northwest (hinter-
land) to southeast (foreland) they are: a) the Serrania trend – 
extensive exposure of middle and lower Cretaceous strata; little 
or no syntectonic deposits, b) the Pirital trend – exposures of 
upper Cretaceous and Paleogene strata; local preservation of 
syntectonic deposits, and c) the Furrial trend – principally ex-
posures of syntectonic (Nariva, proximal and Cipero, distal) 
deposits. Th rust faults are shaded to indicate the sequential age 
of their formation: dark – Late Oligocene/Early Miocene, medi-
um – Early/Middle Miocene, light – Late Miocene/Present. Or-
ange faults are interpreted locations of right-slip tear faults

Fig. 6. Palinspastic restoration of episode 3 translations for interpreted micro-plate motions. Magnitude and orientations of the 
vectors are constrained by: a) overall relative plate motion between Caribbean and South American plates, b) estimated propor-
tion of Late Miocene and younger strike-slip on the El Pilar fault, c) interpreted magnitude of east-northeast extension across 
northern Gulf of Paria, d) interpretation of the 10.5 km right-separation as a result of pure strike-slip motion (Tyson, 1989; Wil-
son, 1940), and e) interpretation of dip-slip contraction across the present Trinidadian fold-thrust deformation front. Under-con-
strained micro-plate boundaries were inferred by interpolation or by inference via velocity circuits. Th e numerical results are re-
corded in Table 1
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Block Azimuth
for = se

Azimuth
inv = nw

Rest. ang. Displc. (km) Del x (cm)
(Azimuth
for = se)

Del y (cm) 
(Azimuth
for = se)

Del x (cm)
(Azimuth
inv = nw)

Del y (cm)
(Azimuth
inv = nw)

A  150.00  330.00  120.00  12.000  1.200  -2.078  -1.200  2.078

B1  150.00  330.00  120.00  5.000  0.500  -0.866  -0.500  0.866

B2  175.00  355.00  95.00  3.000  0.052  -0.598  -0.052  0.598

B3  140.00  320.00  130.00  10.000  1.286  -1.532  -1.286  1.532

B4  135.00  315.00  135.00  8.000  1.131  -1.131  -1.131  1.131

C1  124.34  304.34  145.66  11.381  1.879  -1.284  1.879  1.284

C2  121.37  301.37  148.63  14.307  2.443  -1.489  -2.443  1.489

C2a  122.21  302.21  147.79  13.328  2.255  -1.421  -2.255  1.421

C3  113.40  293.40  156.60  18.758  3.443  -1.490  3.443  1.490

F1  137.79  317.79  132.21  13.328  1.791  -1.974  -1.791  1.974

F2  115.00  295.00  155.00  19.660  3.564  -1.662  -3.564  1.662

F3  103.02  283.02  166.98  26.160  5.098  -1.179  -5.098  1.179

F4  96.83  276.83  173.17  32.260  6.406  -0.768  -6.406  0.768

F5  93.67  273.67  176.33  37.921  7.569  -0.486  -7.569  0.486

G  95.00  275.00  175.00  75.000  14.943  -1.307  -14.943  1.307

Table 1. Interpreted parameters for the geometry of motion vectors, 10.5 Ma to Present. (Map scale: 1cm equals 5km)
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proportional to the average width of the thrust belt; 
separate factors were calculated for the Serrania, 
Pirital, and Furrial belts).

3. Th e El Pilar system is interpreted to have its initial 
25 km of right-slip. Modeled motion vectors used 
for the 25 Ma restoration are shown in Table 2. Th e 
resultant restoration is shown in Fig. 8. 

4 Gulf of Paria Structural Profi le

In an attempt to interpret the foldbelt structural ge-
ometry, especially that presently concealed beneath 
Upper Miocene and younger sediments (i.e., those 
strata presently buried by the 10.5 Ma unconformi-
ty), a regional structural profi le was constructed for 
the central Gulf of Paria. Because the episode 3 and 
episode 2 kinematic axes are not parallel, it is impos-
sible to draw a 2D restorable cross-section across the 

current arrangement of contractional structural fea-
tures. To resolve this diffi  culty, the structural profi le is 
constructed for the restored foldbelt map for a transect 
made upon the 10.5 Ma palinspastic base (Fig. 7). Th e 
profi le extends for 115 km in a NNW-SSE direction. 
Restored well positions constrain the interpretation of 
the structural profi le. Wells that are located within 5 
km of the profi le trace have been projected onto the 
line. A total of twenty-three wells are projected onto 
the cross-section line. Most wells either extend only 
a few 100 meters or do not even penetrate the 10.5 Ma 
unconformity. Eight wells (from south to north: S-189, 
S-014, S-232, S-113, S-366, NM-02, MAN-2, GPE-1) 
extend more than 500 meters below the 10.5 Ma un-
conformity to give some constraint on the structur-
al relief at the top Cretaceous. An estimated topogra-
phy assumes a coastline position near the interpreted 
Pirital deformation front (approximate position of the 
IGA-1 well). To the north, a uniform slope inclined 1.8 

Fig. 8. Palinspastic restoration of episode 2 translations for interpreted fold-thrust trends, segmented by tear faults. Magnitude 
and orientations of the vectors are constrained by application of longitudinal strain patterns interpreted for the Eastern Venezue-
lan Mountains on the basis of palinspastic section restoration (Parnaud et al., 1995). Th e presumed strain was recast as a factor that 
when multiplied by the dip-direction breadth of the fold-thrust belt segment gives the estimated magnitude of its displacement. 
Th e numerical results are recorded in Table 2
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degrees to the south is inferred. To the south, a bathyal 
foredeep basin with seafl oor hills above actively grow-
ing anticlines is envisioned. As is the usual convention 
for Trinidad, the southern end is situated on the left  of 
the profi le. Th e fi nal section interpretation and its pal-
inspastic restoration are displayed in Fig. 9.

Th e interpretation of structural geometry of imbri-
cate thrust sheets and thrust-related anticlines is con-
strained by the well control, the idealized geometry 
of fault-bend and fault propagation folding of Suppe 
(1983; Suppe and Medwedeff , 1990), and an inferred 
base of Cretaceous regional inclined at 2–3 degrees to 
the north. Th e passive margin Cretaceous is estimat-
ed to be 3575 m thick at the south end of the section. 
Th e Cretaceous is presumed to thicken northwards to 
a maximum of 4500 m near the position of the IGA-1 
well. North of this point the Cretaceous possibly thins, 
but for the purposes of the section construction here, a 
relatively constant thickness is maintained. As a gen-
eralization, the lower two-thirds are considered to be 
Lower Cretaceous and the upper one-third Upper Cre-
taceous. Th e few well penetrations in the region of the 
northern Gulf of Paria seem to show a uniform ab-

sence of Upper Cretaceous. Th is is explained here by 
structural uplift  associated with the hinterland of the 
fold-thrust belt. Perhaps a better alternative would be 
to presume that the Upper Cretaceous was thin and 
eroded prior to the post 25 Ma thrust faulting. By 
analogy with the subsurface fold forms along the Bar-
rackpore-Penal anticlinal trend (onshore structural 
element in southwestern Trinidad), the fault-related 
anticlines are considered to be asymmetric fault-prop-
agation folds with upper décollement break-through. 
Basement-involved structural shortening is restricted 
to the northern Gulf of Paria.

Th e restoration of this line is a minimal test of the 
quality of the interpretation as well as a semi-indepen-
dent test of the overall shortening within the detached 
fold-thrust belt. Th e estimated shortening via appli-
cation of the foldbelt breadth multiplier scaled to the 
Eastern Venezuela Basin predicts fold-thrust short-
ening of 56 km. Th e palinspastic cross-section resto-
ration estimates the shortening as 61 km. Th ese are 
viewed as essentially the same result and therefore im-
ply that the use of the Eastern Venezuela Basin short-

Block Azimuth
for = se

Azimuth
inv = nw

Rest. ang. Displc. (km) Del x (cm)
(Azimuth
for = se)

Del y (cm)
(Azimuth
for = se)

Del x (cm)
(Azimuth
inv = nw)

Del y (cm)
(Azimuth
inv = nw)

F0 155.00 335.00 115.00 13.068 1.105 -2.369 -1.105 2.369

P0 155.00 335.00 115.00 55.249 4.670 -10.014 -4.670 10.014

S0 155.00 335.00 115.00 116.959 9.886 -21.200 9.886 21.200

F1 150.00 330.00 120.00 4.500 0.450 -0.779 -0.450 0.779

P1 150.00 330.00 120.00 33.300 3.330 -5.768 -3.330 5.768

S1 150.00 330.00 120.00 53.300 5.330 -9.232 -5.330 9.232

F2 140.00 320.00 130.00 6.000 0.771 -0.919 -0.771 0.919

P2 140.00 320.00 130.00 22.000 2.828 -3.371 -2.828 3.371

S2 140.00 320.00 130.00 56.200 7.225 -8.610 -7.225 8.610

F3 135.00 315.00 135.00 2.500 0.354 -0.354 -0.354 0.354

FN3 135.00 315.00 135.00 14.500 2.051 -2.051 -2.051 2.051

P3 135.00 315.00 135.00 22.000 3.111 -3.111 -3.111 3.111

S3 135.00 315.00 135.00 56.000 7.920 -7.920 -7.920 7.920

F4 130.00 310.00 140.00 2.700 0.414 -0.347 -0.414 0.347

FN4 130.00 310.00 140.00 7.950 1.218 -1.022 -1.218 1.022

FN4a 130.00 310.00 140.00 10.700 1.639 -1.376 -1.639 1.376

P4 130.00 310.00 140.00 31.700 4.857 -4.075 -4.875 4.075

S4 130.00 310.00 140.00 52.950 8.112 -6.807 -8.112 6.807

S1-S4 ave 131.27 311.27 138.73 54.169 7.147 -8.142 -7.147 8.142

G 115.00 295.00 155.00 67.000 12.145 -5.663 -12.145 5.663

Table 2. Interpreted parameters for the geometry of motion vectors, 25–10.5 Ma. (Map scale: 1cm equals 5km; Model.2)
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ening as a guide to predicting the Trinidadian short-
ening to be valid.

5 Conclusions

Currently active features associated with the episode 3 
deformation dominate the structural expression of ge-
ology on the island of Trinidad and the Gulf of Paria. 
Th ese patterns emphasize east- to east-southeast-
trending right-lateral strike-slip across the Trinida-
dian fold-thrust belt. Th e strike-slip faults overprint, 
segment, and disrupt and earlier patterns of dip-slip 
thrust faulting.  Consequently, the thrustbelt deforma-
tion in Trinidad is polyphase and its motions cannot 
be simply analyzed by 2D section restoration oriented 
orthogonal to surface thrust traces. 

Interpretation of the episode 2 thrust belt defor-
mation is aided by a map-based palinspastic restora-
tion that serves to undo the distorting eff ects of the 
later strike-slip. Magnitudes of strike-slip are inter-
preted on the basis of surface geology and estimates of 
east-west extension in regions of relay transfer. Hon-
oring these constraints, a system of net motion vec-
tors are inferred for a subdivision of the Trinidad/Gulf 
of Paria transition zone between the Caribbean and 
South American plates into fourteen microplates. Th e 
episode 3 restoration recovers the alignment of thrust 
deformation fronts defi ning a hinterland-to-foreland 
sequence of tectonic belts onto a palinspastic base. Th e 
structural and stratigraphic character of these tectonic 
belts appear to correlate with a similar pattern of tec-
tonic belts observed in the Eastern Venezuelan Moun-
tains that are still extant and unaff ected by subsequent 
structural disruption. Interpreted strain patterns, gen-
eralized from restorations in the Eastern Venezuelan 
Mountains, suggest magnitudes of contraction for the 
restored Trinidadian tectonic belts. Honoring the con-
straints of these strain patterns, a system of net motion 
vectors are inferred for a subdivision of the Trinidadi-
an tectonic belts into fi ft een microplates (major thrust 
sheets). Th e episode 2 restoration recovers the prima-
ry arrangement (less the ambiguous eff ects of the Pa-
leogene episode 1 deformation) of pre-Miocene pas-
sive margin rock units.

Th e episode 3 restoration provides a basis for in-
terpreting a 2D structural profi le of the Trinidadian 
fold-thrust belt for the Gulf of Paria uncomplicated 
by cross-cutting strike-slip faults. Assuming that the 
thrust motions are dominantly dip-slip, balanced sec-
tion methods of subsurface interpretation and profi le 
restoration give an estimated magnitude of shorten-
ing of 61 km. Th is is reasonably close to the 56 km of 
shortening along the same transect implied by the net 
motion vectors inferred for the episode 2 (map-based) 
restoration. Th is suggests that the nature and style 

of deformation in the Trinidadian fold-thrust belt is 
analogous to that interpreted for the better exposed 
East Venezuelan fold-thrust belt.
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Chapter 10 10

Kinematics of the SE Canadian Fold and Thrust Belt:
Implications for the Thermal and 
Organic Maturation History

N.J. Hardebol · J.P. Callot · J.L. Faure · G. Bertotti · F. Roure

Abstract. The southern Canadian Foreland Fold and Thrust 
Belt forms a north-eastward tapering contractional belt com-
prising Mesoproterozoic intracontinental, Palaeozoic conti-
nental margin and Mesozoic to lower Tertiary foredeep se-
quences that record an upper Cretaceous to Palaeocene 
contractional history. Shortening is accommodated by a few 
major thrusts (e.g. Lewis thrust and McDonald thrust), esti-
mated at ~115–125 km and accompanied by the development 
of a presumably thick, currently eroded syntectonic foredeep 
wedge. The contractional features are overprinted by a sec-
ond deformation phase of Late Eocene-Oligocene extension 
with the formation of two pronounced halfgraben systems 
(i.e. Flathead Valley Graben and Rocky Mountain Trench) and 
bounding listric normal faults that merge at depth with the 
pre-existing thrust decollements.

This paper especially aims to elucidate the exhumation 
pattern and history that have not only aff ected the deformed 
Canadian Foreland Belt on the small wavelength of individual 
thrustsheets, but also on an extended scale involving the un-
deformed distal foreland. 

The construction of three east-west trending regional and 
simplifi ed structural cross-sections provided structural co-
herency and allowed for fi rst-order structural balancing and 
restoration of the deformed and strongly eroded sedimenta-
ry wedge. A combination of 1D conceptual and 2D forward ki-
nematic modelling allowed for the restoration of the syntec-
tonic sedimentary wedge and also for better resolving burial 
and exhumation history (i.e., timing, amplitude and wave-
length). The modelling was constrained by organic maturity 
ranks with a dense regional coverage together with pub-
lished fi ssion track inferences for necessary constraints on 
timing. It is shown that the current thermo-chronological da-
taset allow, for two distinct burial and exhumation scenarios; 
the fi rst in which overburden and peak temperatures are  
achieved by purely sedimentary burial and the second with a 
strong tectonic loading component. It is postulated that FT 
and organic maturity constraints allows for a more moderate 
restored thickness of the deformed and eroded sedimentary 
wedge than previously inferred.  This study makes the feasi-
bility and uncertainties more apparent that accompanies the 
unravelling of the denudation history of a strongly deformed 
sedimentary wedge and also illustrates the strong bearing of 
basal decollement geometry eff ected by inherited basin ar-
chitecture. The integration of kinematic and exhumation in-

ferences reveal a short-wavelength syn-orogenic exhuma-
tion (~4–6 km) limited to the deformed Foreland Belt 
associated with thrustsheet emplacement during the upper 
Cretaceous–lower Palaeocene contraction,  followed by a sec-
ond episode of large wavelength exhumation involving the 
entire former foredeep (i.e., with amplitudes of 2 to 4 km) dur-
ing the upper Palaeocene-Eocene.

1 Introduction

It is widely recognized that Foreland Fold and Th rust 
Belts (FFTB) exhibit an intricate interaction between 
foredeep deposition and structural stacking from 
sheet emplacement together fi lling up the accommo-
dation space generated by the fl exure (Ford, 2004 and 
references therein). Th us, in a Foreland Belt setting, 
both tectonic and sedimentary processes are expect-
ed to control the burial, thermal and organic matu-
ration history (e.g. Hacquebard and Donaldson, 1974; 
England and Bustin, 1985, 1986; Hardebol et al., 2005). 
Consequently, an integrated forward thermo-kine-
matic modelling approach is necessary to determine 
these two burial components and derive at more accu-
rate estimates of the thickness of the eroded sedimen-
tary wedge. 

Performing regional scale restorations of the de-
formed belt and eroded foredeep wedge combined 
with burial and thermal history modelling provide a 
necessary basis for subsequent integrated thermo-ki-
nematic and ultimately fl uid fl ow modelling (Faure et 
al., 2004; Roure et al., 2004, 2005). Th us, this forms 
a valuable workfl ow, especially for petroleum system 
appraisal.

Th e Canadian Cordillera experienced substantial 
exhumation that aff ected not only the deformed Fore-
land Belt on the wavelength of thrust sheets but extend-
ed far into the undeformed distal foreland. Th erefore, 
extensive denudation has severely thinned a presum-
ably originally thick syntectonic sedimentary wedge. 
While the scarcity of syntectonic sediments hampers 
kinematic inferences, it also makes a proper restora-
tion of the deformed wedge more relevant for deriving 
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more accurate burial and exhumation estimates espe-
cially for petroleum systems appraisal.

Th e Canadian Foreland Belt is a well suited study 
area for this integrated approach since much structur-
al geologic work has already discussed its kinematics 
(e.g., Bally 1966; Dahlstrom, 1970; Price, 1981, 1994; 
Fermor and Moff at, 1992; Faure et al., 2004). Th e pres-
ence of many coal rank studies with a paucity of ma-
turity ranks and burial history inferences further en-
hances its suitability (Hacquebart and Donaldson, 
1974; Kalkreuth and McMechan, 1988; Kalkreuth et 
al., 1989; England and Bustin, 1991). Not only in the 
foreland, but also in deformed Foreland Belt, organ-
ic maturity ranks (OMR) have played a prime role in 
the inference of the presumed thick sedimentary over-
burden. Th icknesses of the syntectonic sedimentary 
wedge have so far been inferred assuming that the mat-
uration history predates tectonism and as such record 
a pure sedimentary burial (Hacquebard and Donald-
son, 1974; Faure et al., 2004; Osadetz et al., 2004; Fein-
stein et al., 2005; Hardebol et al., 2005). 

Recent studies that integrate these maturity rank 
inferences with fi ssion track constraints and integrat-
ed forward thermo-kinematic modelling have demon-
strated the occurrence of 8–10 km of erosion on the 
wavelength of individual thrust sheets. Th is exhuma-
tion of the belt commenced during contractional tec-
tonism associated with thrustsheet emplacement in 
late Cretaceous-Palaeocene times (e.g., Faure et al., 
2004; Osadetz et al., 2004; Feinstein et al., 2005).

Moreover, pronounced exhumation has been doc-
umented not only for the deformed belt, but also on a 
large scale involving the undeformed distal foreland 
(i.e., the Western Canadian Sedimentary Basin, North 
of Edmonton (Fort McMurray-Fort St-John), from Ed-
monton to the Rocky Mountain House, and from Banff  
to Calgary (Hacquebard, 1977; Willet et al., 1997; Issler 
et al., 1999; Faure et al., 2004). Superfi cial sediments in 
the external Foothills and the adjacent foreland basin 
have maturity indicators substantially higher than ex-
pected from their present depth, suggesting a missing 
sedimentary load of 2 to 5 km (a.o. Steiner et al., 1972; 
Hacquebard, 1977; Bustin, 1991; Willet et al., 1997; 
Faure et al., 2004; Osadetz et al., 2002). 

Despite this wealth of knowledge on both the kine-
matics and maturation ranks and history, the possible 
linkage and its implication for petroleum systems are 
addressed only by a few comprehensive studies (Osa-
detz et al., 1992; Faure et al., 2004). A proper under-
standing of kinematics is necessary and receives sig-
nifi cant attention in this paper, which is focused on 
the south-easternmost Canadian Cordilleran Foreland 
Belt (SE British Columbia & SW Alberta). Th e study 
will fi rst present new structural and restored profi les 
to control the structural complexity of the study area. 
Th is will be the basis for the forward kinematic mod-

elling, involving both the sedimentary burial of the 
foredeep and the contractional deformation of the belt 
(e.g. Faure et al., 2004). Th e consequences of timing 
and kinematics of the burial and deformation history 
on the temperature and maturation history have been 
tested by 1D conceptual modelling and 2D forward 
thermo-kinematic modelling.

2 Geological Context

2.1  Tectonic Framework

Th e Canadian Cordillera of which the Foreland-Fold 
and thrust Belt (FFTB) forms the eastern portion (Ga-
brielse and Yorath, 1992), consists of a tectonic collage 
of amalgamated volcanic, island arc and oceanic ter-
ranes and strongly deformed sedimentary sequenc-
es deposited and accreted onto the leading edge of the 
North American Craton during a Late Jurassic to Pa-
laeocene ocean-continent convergence (Monger and 
Price, 1979; Price, 1981; McMechan and Th ompson, 
1989; Price, 1994). Th e Canadian Cordillera can be 
subdivided into morpho-tectonic belts (Fig. 1) which 
are from the Pacifi c ocean eastward: 

 Th e Insular Belt 
 Th e Coastal Plutonic Complex 
 Th e Intermontane Belt composed of several ter-
ranes accreted to the paleo-passive margin. 

 Th e Omineca-Purcell crystalline belt, made of deep 
crustal body exhumed by core complexes. 

 Th e Foreland-Fold and thrust Belt (FFTB) and as-
sociated foreland basin.

Th is study mainly focuses on the southernmost por-
tion of the Canadian FFTB or alternatively referred 
herein as the Foreland Belt. Th e area encompasses a 
north-eastward tapering contractional wedge that 
records the Late Cretaceous-Palaeocene Laramide 
Orogenic phase, bounded to the West by the Rocky 
Mountain Trench, and to the East fading into the un-
deformed foreland basin (Fig. 2). 

Th e southern Foreland Belt comprises a sequence 
of Mesoproterozic intracontinental, Palaeozoic con-
tinental margin and Mesozoic to lower Tertiary fore-
deep sequences. Th e Mesoproterozoic Belt-Purcell su-
pergroup consists of an up to 10-km-thick sequence of 
shallow water limestones, siliciclastic shelf and slope 
related sediments deposited in a basin with its dep-
ocenter in the south that fastly rapidly pinches out in 
the study area (Price and Sears, 2000). Th e Palaeozoic 
consists of a predominately carbonate platform-to-ba-
sin succession deposited in a persistent passive margin 
setting. Th e overlying Mesozoic sequence (i.e. the Up-
per Jurassic and Lower Cretaceous Fernie formation-
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Kootenay group) mark the onset of the foreland fl exure 
and foreland basin development, a marine transgres-
sion following an episode of exposure and continen-
tal deposits. Th ey are especially well preserved in the 
Foothill region. 

2.2 Main Structural Elements of the FFTB

A compilation of the main structural elements is out-
lined in map view (Fig. 2) and is further examined lat-
er on with the construction and balancing of 3 E-W 
regional cross-sections (Fig. 3). Th e area is partitioned 
by the Lewis thrust (LT) into a hangingwall block con-
sisting mainly of to Mesoproterozoic and Palaeozoic 
strata emplaced over a Cretaceous-lower Palaeocene 
clastic foredeep sequence referred to as the Foothills. 
Th e LT hangingwall block features a series of Oligo-
cene extensional features structures.

2.2.1 LT Hangingwall: Clark and MacDonald Ranges 
 and Fernie “Basin” 

Th e LT hangingwall block is dominated by the Lewis 
thrust sheet (LTS) that forms the most elongated sheet 

and accounts for most of the shortening accommodat-
ed in the southern FFTB. Its kinematics and structur-
al style are strongly controlled by lateral changes in the 
basal decollement architecture and yield high lateral 
variability. 

In the Clark Range, the LTS is at the surface and 
consists of a broadly folded, thin erosional remnant of 
a formerly much thicker Mesoproterozoic to Mesozo-
ic sedimentary sequence (Osadetz et al., 2004). In the 
Cate and Sage Creek windows, lower Belt-Purcell stra-
ta from the LT hangingwall are found in contact with 
upper Cretaceous of its footwall block (Figs. 2 and 3) 
(Price, 1964, 1965; Mudge and Earhart, 1980; Fermor 
and Moff at, 1992; Sears, 2001). Together with wells 
that penetrate the footwall, these windows allowed for 
surface sampling (OMR & FT) for a better appraisal of 
the exhumation history of a presumably thick LTS and 
underlying footwall block (Osadetz et al., 2004; Fein-
stein et al., 2005).

A much more complete, yet broken up, portion of 
the LTS remains preserved further to the west (i.e., 
Galton, Lizard and MacDonald Ranges) where Pal-
aeozoic strata remain partly attached to the Mesopro-
terozic sequence (Fig. 3b). Only in the Howell Creek 
structure, fault-bounded upper Cretaceous strata are 
preserved within the Lewis thrust hangingwall. Th e 

Fig. 1. Overview of the southern Canadian Cordillera outlining its morpho-tectonic subdivision together with the principle later-
al continuous fault systems
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structure indicates that Upper Cretaceous Alberta and 
Wapiabi formations were still more widely preserved 
in the LT hangingwall till late Eocene-Oligocene time 
and in the Howell Creek protected from exhumation 
by this downfaulted block (Labreque and Shaw, 1973; 
Osadetz et al, 2004). As such, this fault-bounded pres-
ervation will show its value in the context of LTS kine-
matic and exhumation history. 

Th e Fernie “Basin” represents a synclinal feature 
in the hangingwall of the LTS containing a remark-
ably well preserved pile of Jurassic-Cretaceous clastics 
(Figs. 2 and 3). With the presence of three levels of coal 
seams, the Fernie “Basin” gained signifi cance in coal 
exploration and maturity rank estimates. Th e preser-
vation of the sequence is due to its relative low struc-
tural position in comparison to the surrounding low-
er Palaeozoic sedimentary sequences of the Crowsnest 
Pass, Clark and MacDonald Range (Figs. 2, 3 and 4). In 
the Clark Range, the structural much higher position 
of the Palaeozoic strata results from the inversion of a 
thick former Belt-Purcell basin infi ll that is displaced 
by the LT over a large distance to its current autoch-
thonous position superimposed onto Cretaceous units 
of the Foothills. 

2.2.2 Foothills and Foreland

Th e Foothills (Fig. 2) make up the eastern portion of 
the study area, east of the Lewis thrust front and are 
characterized by closely spaced, easterly verging im-
bricate thrust slices of a Meso- to Cenozoic clastic, 
former foredeep succession. Th e main thrusts that to-
gether accounts for most of the deformation in the LT 
footwall block are, from west to east, the Coleman, 
Turtle Mountain, Livingstone and Mill Creek thrusts 
(Figs. 2 and 3). Th e fi rst three thrusts still carry signifi -
cant volumes of competent Palaeozoic limestones over 
quite a distance eastward forming distinct structur-
al culminations as exposed, for instance, in the Turtle 
Mountains. In the outer-Foothills East of the Living-
stone thrust, the Mill Creek thrust together with mul-
tiple other faults only carry Meso- and Cenozoic se-
quences (Figs. 2 and 3; Begin et al., 1996). 

Th e Foothills are bordered to the east by a back-
thrust which uses the upper Campanian Bearpaw 
shales as decollement level. As the overlying sequence 
of Maastrichtian and Palaeocene foredeep clastics is 
decoupled from the underlying Mesozoic sequence 

Fig. 2.  Structural map of the SE Canadian Cordillera Foreland Belt  located SW of Calgary between 49–50° N. Th e principle struc-
tural features in the context of the kinematic history are depicted together with the location of the structural profi les (fi gure 3), 
wells, published coal rank measures used for synthetic well modelling (fi gure 8 and 9) and FT sampling locations as published by 
Osadetz et al. (2005)
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they are not involved in the strongly deformed Fore-
land Belt, only slightly eastward tilted decoupled from 
the underlying imbricated triangle zone. 

2.2.3 Oligocene Extensional Features

Th e FFTB shows widespread evidence of signifi cant 
normal faulting overprinting older contractional fea-
tures. In the study area, the LTS is dissected by the 
Flathead Normal fault (and its northern continuation, 
the Erickson normal fault) that forms the eastern bor-
der of the late-Oligocene Flathead halfgraben (Figs. 
2 and 3). Th e Flathead normal Fault (FNF) is a listric 
fault with up to 12 km of net slip that merges at depth 
with the underlying Lewis thrust (Constenius, 1996; 
Fermor and Moff at, 1992; McMechan, 1981; Bally et 
al., 1966). Subsidence along the FNF created an asym-
metric graben containing up to 3400 m of nonmarine, 

Eocene-Oligocene fault-growth strata which is un-
conformably overlying Lower Cretaceous strata of the 
Blairmore Group (Price, 1962; McMechan, 1981; Con-
stenius, 1996; Osadetz, 2004). Coarse erosional prod-
ucts from local surrounding sources also contribute to 
the understanding of the exhumation history, as peb-
bles of the Blairmore Group derived from the adjacent 
Clark range indicate that a 6- to 8- km-thick LTS per-
sisted until Oligocene time before being further erod-
ed to the present-day thin remnant (Osadetz et al., 
2004; Constenius, 1996).

Another Tertiary halfgraben system, with a more 
pronounced physiographic expression is formed by 
the Rocky Mountain Trench. Th is depression stretch-
es for 1600 km from south into the US, to the British 
Columbia-Yukon border in the north where the gra-
ben passes into a transtentional fault with large later-
al displacement (a.o. Dahlstrom, 1970; Gabrielse and 
Yorath, 1992).

Fig. 3. Th ree WSW-ENE trending structural profi les across the Foreland Fold and Th rust Belt from the Rocky Mountain Trench in 
the West to  the Foreland in the East (see fi gure 2 for location). a Profi le A across Mnt. Hosmer in the West, Fernie ‘Basin’, Crows-
nest Pass, Turtle Mnt. eastward into the distal Foothills and foreland. b Profi le B across Lizard Range south of Fernie, Fernie ‘Ba-
sin’, crossing the southern tip of Turtle Mnt. culmination near Beaver Mines into the foreland north of Pincher Creek. c Profi le C 
across the Galton Range, MacDonald Range, traversing the enigmatic Howell Creek structure and Cate Creek window, Clark 
Range  turning into Foothills and foreland in the East, south of Pincher Creek
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2.3 Petroleum Systems

Th e southern Canadian Foreland Belt holds a centu-
ry of petroleum exploration that exemplifi es how geo-
logic advancements in seismic techniques and under-
standing of structural styles and kinematics allowed 
for successful exploitation in structural complex ar-
eas. Aft er the hydrocarbon fi rst discoveries in the 
Crowsnest Pass and Turner Valley area (end 19th cen-
tury), signifi cant gas pool discoveries were made in the 
Pincher Creek and Waterton area (Fig. 3). Th ese pools 
are both located in antiformal stacks (i..e., Pincher 
Creek and Waterton duplexes) comprising Palaeozo-
ic thrustsheets with especially a thick imbricated se-
quence of porous Devonian (Palliser Formation) and 
Mississippian limestones of the Rundle Group (Fer-
mor and Moff at, 1992). Furthermore, hydrocarbons 
have been found in Cretaceous sandstones (Belly Riv-
er formation) trapped in anticlinal structures in vicin-
ity of the triangle zone. Source rock intervals are best 
developed in the marine Mississippian (Exshaw for-
mation, type II OM) and Fernie-Kootenay shales and 
coal seams. Several other source rock intervals have 
been identifi ed in the dominantly siliciclastic forma-
tions, i.e., in the Blairmore group (type III kerogen), 
and in the Cretaceous Alberta group (type II kerogen) 
(Creaney and Allen, 1992).

3 Structural Restoration and Kinematics

3.1 Structural Cross-Sections

Th e construction of three parallel trending transects, 
only a few tens of kms apart, assists in understanding 
along-strike structural variability of the Foreland Belt. 
Achieving structural coherency among apparent dis-
parate structures helped to make simplifi cation while 
maintaining the key-structural elements and overall 
structural style. 

Th e profi les are constrained by surface geology 
(Leech, 1960; Price, 1962, 1965; Norris, 1993a, 1993b; 
Lebel et al., 1997; Lebel and Hiebert, 2001; Stockmal 
and Lebel, 2003) detailed structural profi les (i.e., for 
the Turtle Mountain: Jones, 1993; Fernie Basin: Root 
et al., 2000; for the Triangle zone and foothills:  Nor-
ris, 1993a, 1993b; Hiebert and Spratt, 1996; Stockmall 
et al., 1996; MacKay, 1996;) and well data (see Fig. 2). 
Profi le C is derived from the classic Lewis profi le as 
published by Fermor and Moff at (1992) and previously 
presented by Bally et al. (1966), Price (1981) and Price 
and Fermor (1985).

3.1.1 Detachment Levels and Geometry

Th e southern FFTB is dominated by mostly easterly 
verging thrust faults that commonly follow bedding-
parallel decollements and ramps that generally cut up 
through the stratigraphic succession in the direction 
of hangingwall displacement (Bally et al., 1966; Dahl-
strom, 1970; Price, 1986). Th e geometry of the basal de-
collement forms ultimate control on deformation style 
and the amount of rock incorporated in the deformed 
and exhumed wedge. Yet, the decollement’s geometry 
could only be tentatively obtained by applying a com-
bination of structural inferences from exposed hang-
ingwall base geometries, information from wells pen-
etrating into the assumed autochthonous, and some 
clear seismic basement refl ectors (Bally, 1966; Fermor 
and Moff at, 1992). 

Th e Foreland Belt comprises a supracrustal sed-
imentary contractional wedge, with a basal detach-
ment from which all principle thrusts branch off  and 
that also decouples the underlying, essentially unde-
formed North American craton, i.e. the Hudsonian 
basement (Bally et al., 1966; Price, 1981; Fermor and 
Moff at, 1992; van der Velden and Cook, 1994, 1996; 
Fig. 3). 

In the northwestern  Foreland Belt, between the 
Rocky Mnt. Trench and the Flathead Valley, the basal 
decollement resides at the base of the thick and compe-
tent Mesoproterozic Belt-Purcell sequence. Successive-
ly the Wigwam and Macdonald thrusts branch from 
this detachment, cutting through the complete Belt-
Purcell and overlying Palaeozoic sequence and reach 
surface under a steep angle. In absence of an appropri-
ate decollement level in the lower Palaeozoic, the Pa-
laeozoic sequence remains attached to the underlying 
thick Belt-Purcell Group (Fig. 3c). In contrast, to the 
north, in the Lizard Range and around Mount Hos-
mer,  (Figs. 2 and 3a), the  presence of Cambrian shale 
and Devonian gypsum levels allow for diff erential dis-
placement within the hangingwall of the LT (Benevu-
to and Price, 1979).

In fact, as discussed in detail by Price and Sears 
(2000), the fl at-ramp geometries of the Lewis and re-
lated thrusts, is strongly controlled by the margins 
and infi ll of the already mentioned Mesoproterozoic 
Belt Purcell Basin in the south and Lower-Palaeozoic 
basin to the northwest. 

Th is thick Lower-Palaeozoic basin fi ll, with its basin 
margin slicing the study areas northwestern  corner 
comprises incompetent shales and argillaceous lime-
stones that allow multiple Palaeozic imbricates (Figs. 2 
and 3a – northwestern most portion). Th e Belt-Purcell 
basin fi ll, absent north of the Crowsnest Pass, but rap-
idly thickening southward (i.e., main depocenter lo-
cated further south in Montana), controls the basal 
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decollements position in the Clark Range and the LT 
lateral hangingwall ramp geometry.

Th e above exemplifi es clearly how the Belt-Pur-
cell and Lower Palaeozoic basin geometry, by control-
ling the Lewis thrust fl at-ramp geometry, have such a 
strong bearing on the present-day tectonomorpholog-
ical expression and exhumation history of the Fore-
land Belt.

East of the Lewis thrust, in the foothills, widely 
spaced thrusts branch off  from the basal decollement 
just above the crystalline basement, carrying compe-
tent Palaeozoic platform carbonates. Th e Mesozoic 
rocks are detached from the underlying Palaeozoic at 
the Jurassic marine shales of the Fernie Group allow-
ing for a diff erent structural style with closer spaced 
faults. Other stratigraphic intervals in which decolle-
ments preferably develop are the Devonian Fairholme-
Palliser formations, the Mississippian Exhaw-Banff  
formations, the Cretaceous Blairmore Group, Alberta 
and Wapiabi formations and the Bearpaw shales (Fer-
mor and Moff at, 1992; Price, 1986; Begin et al., 1996). 
Rigorous simplifi cation of the structural profi les has 
been achieved by reducing the number of decollement 
levels while preserving consistency. Beside the decol-
lement at the Fernie-Kootenay shales that accommo-
dates most of the diff erential displacement, other less 
persistent fl ats within the Blairmore group are pre-
served.

3.1.2 Structural Culminations, 
 Duplex and Imbrication Structures

Across the Foreland Belt, the Fernie shales allow for 
decoupling between Palaeozoic and overlying Meso-
zoic rocks. Elongated, widely spaced thrust sheets de-
veloped in the thick succession of Devonian and Mis-
sissippian limestone beds that act as competent and 
passive beams. Th e decoupled Palaeozoic tends to 
form structural culminations in the form of anticlinal 
stacks (Fig. 3). Smaller-scale imbrications are omitted, 
yet the duplex envelope is maintained to preserve the 
total involved rock volume and allow for accurate vol-
ume balancing. In the overlying Mesozoic, decoupled 
by the interjacent Fernie shales, the thrusts are overall 
closer spaced and shortening is preferentially accom-
modated by imbrication. 

A signifi cant amount of the total shortening is ac-
commodated by a few prominent antiformal stacks, 
i.e., the Cate Creek, Waterton, and Turtle Mountain 
duplexes. In the structural transects (Fig. 3), two se-
ries of fi rst order antiformal culminations of Palaeo-
zoic limestone stacks can be discerned in the Foothills 
at fi rst order. Th e Turtle Mountain culmination (Figs 
3a and 3b) is a duplex made of Palaeozoic strata decou-
pled from the overlying Mesozoic clastics at the Fernie 

shale interval which is not involved in the antiformal 
stack but draped over it. Th e Waterton duplex (Fig. 3c) 
to the south, where the Turtle and Livingstone thrusts 
carry again the two topmost sheets, align well with the 
Turtle Mountain culmination but is obscured by the 
LTS reentrant on top. Th e second system of antiformal 
stacks involving Palaeozoic strata (Cate Creek duplex) 
can be found in the westernmost portion of LT foot-
wall (Fig. 3c). It shows again decoupling at the Fernie 
Shale interval with a detached and broadly folded Me-
sozoic strata and remnants of the LTS superimposed. 
Several wells penetrate the structure indicating strong 
imbrication at the antiform hinge as it is exposed in 
structural windows along the Cate and Sage Creeks. 
Th is culmination has less conceivable counterparts in 
the two northern transects with some imbrication just 
underneath the eastern edge of the LTS and penetrat-
ed by well 3-23-5-5W5 (Fig. 3b).

Although the structural culminations indisputably 
entail a strong component of in-sequence thrusting 
and decoupling between the Palaeozoic and Mesozoic 
sequences, they nevertheless also exhibit some indica-
tions for out-of-sequence and out-of-duplex thrusting. 
Both the Livingstone and Turtle Mountain thrusts do 
emplace Palaeozoic over Mesozoic, crosscutting the 
both the Palaeozoic and Mesozoic sequences and the 
Fernie shales as former decoupling level. Th is is espe-
cially well illustrated by the Turtle Mountain culmina-
tion in Figure 3a.  

Our cross-sections depict simplifi ed structural cul-
minations with less imbrication than previously en-
visioned (e.g., Fermor and Moff at, 1992).  Equivalent 
shortening has been achieved by slightly increas-
ing displacements on the remaining thrusts and with 
less steep ramp angles. Recent insights suggest that 
for some structures less imbrication might indeed be 
the case (pers. comm. P. Fermor and G. Soule). For 
instance, it turns out that there is actually no small 
thrust carrying the Palaeozoic beneath the triangle 
zone (Fig. 3c) as has been depicted in Fermor and Mof-
fat (1992). Also less imbrication at the leading edge of 
the Waterton structures is envisioned than has been 
previously presented (pers. comm. P. Fermor and G. 
Soule).

It is noteworthy that many of the above-described 
culminations store economically profi table petroleum 
accumulations (Fermor and Moff at, 1992). Especially 
the Waterton and Pincher Creek duplexes have been 
successfully penetrated by many operating wells. 

3.2 Cross-Section Balancing

Th e Foreland Belt can be vertically subdivided into 
three structural entities:
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1. Th e undeformed Hudsonian basement.
2. Th e Mesoproterozoic basin fi ll and overlying Pal-

aeozoic detached from the basement.
3. Th e Meso-Cenozoic deformed wedge decoupled at 

the Fernie shale interval. 

Th e omission of more detailed complexity, such as 
small-scale imbrication, multiple smaller decollement 
intervals and more complex fl at-ramp geometries (Fer-
mor, 1999; Price and Sears, 2000), will not signifi cant-
ly aff ect the fi rst-order shortening estimates. Since the 
Foreland Belt lacks clear signs of transpression it can 
be assumed that the net displacement direction is ap-
proximately perpendicular to the strike of the thrust 
belt and shortening estimates can be legitimately made 
along the ENE-WSW trending profi les. 

Th e three structural cross-sections have been re-
stored using Locace® (developed by IFP qnd commer-
cialized by Beicip-Franlab; Morretti and Larrere, 1989) 
with the triangle zone footwall block as pin point. Fur-
ther, the Rocky Mountain Trench (RMT) is generally 
considered to mark the eastern limit of transpression-
al features of large lateral off set. As such, it provides 
a reference marker to compare total shortening esti-
mates across the Foreland Fold and Th rust Belt. De-
spite the fact that the three cross-sections embrace 
high structural variety only a few tens of km apart, 
this study illustrates well that structural coherency 
can be achieved and comparable sedimentary cover 
shortening of 115-125 km can be obtained (Fig. 4). Th e 
corresponding shortening in the basement is perhaps 
achieved in the internal Omineca Belt along crustal 
branching faults like the Monashee decollement (e.g., 
Brown et al., 1992). 

With the defi nition of another marker point, where 
the Lewis thrust climbs into the Devonian, the magni-
tude of the contraction achieved by Mesoproterozoic 
and lower Palaeozoic basin inversion can be derived. 
Notwithstanding lateral diff erences in LT hanging-
wall architecture, consistent displacement in order of 
85–100 km can be obtained for all three restored cross-
sections. Seismic refl ection studies (van der Velden and 
Cook, 1994, 1996) indicate that the LTS counterpart 
block is possibly located underneath the Rocky Moun-
tain Trench. Th is would set an upper limit of ~80 km 
to the displacement accommodated by the LTS and 
also confi nes the restored lengths of the overlying Pal-
aeozoic and Mesozoic structural units. Presuming in-
sequence displacement, the restored length of the Pa-
laeozoic imbrications in the LTS footwall should not 
extend west of this proposed counterpart block. Price 
and Sears (2000) noted the inconsistency between the 
shortening estimates of Fermor and Moff at (1992) of 
~140 km from structural balancing and 115 km (van 
der Velden and Cook, 1994) from LTS footwall ramp 
geometry outlined by seismic refl ectors. Our study in-

dicates reduced shortening estimates that may sup-
port the proposed position of the footwall ramp as the 
counterpart block of the LT hangingwall Belt-Purcell 
strata as found in the Clark Range.

3.3 The Eroded Thickness Profi le

Th e combination of structural balancing, inferred ki-
nematics and resulting exhumation also aided the res-
toration of the currently severely denudated Mesozoic 
and overlying Tertiary foredeep wedge.  

Th e conservation of a small patch of uppermost Al-
berta (i.e., upper Cretaceous Wapiabi formation) in a 
down-faulted fault block of the Howell Creek struc-
ture, forms the stratigraphically highermost physical 
indicator in the Lewis thrustsheet of the currently re-
moved wedge (Fig. 4c). Also, the widespread occur-
rence of lower Alberta Formation in the Fernie “Ba-
sin” is noteworthy (Figs. 3 and 4). Furthermore, the 
coal seams in the Fernie “Basin” allow for an approx-
imation of additional removed overburden from mat-
uration history modelling with an estimation of 2 to 4 
km of Belly River strata (discussed further on). About 
2 km of Belly River in the footwall of the Lewis thrust 
(Osadetz et al., 2004) forms the only physical proof of 
Belly River in vicinity of the LTS (Fig. 4c).

Th e good conservation of Cretaceous strata in the 
LTS in the Fernie ‘Basin’ results from a major change 
in the basal decollement architecture that has been 
earlier mentioned (Figs. 3 and 4). It is underlain by 
the Mesoproterozoic Belt-Purcell Basin sequence at its 
southeastern edge (Clark Range) and aff ected by the 
southeastern tip of an inverted lower Palaeozoic mio-
geosyncline at the Fernies Basins northwestern edge 
(Price and Sears, 2000). As such, the Fernie ‘Basin’ il-
lustrates the inherited eff ect of the basal decollement 
architecture on the present-day erosional profi le. 

Th e LT deformation front marks another feature 
that expresses the tight coupling between the denuda-
tion pattern and decollement and basement structure. 
Th e profound change in the orientation of the present-
day Lewis thrust front can be observed with a sharp 
swing from north-south in the north to northwest-
southeast toward the south of the study area (Fig. 2). 
Th is defl ection is not purely an erosional feature but 
refl ects a deep seated change in the orientation of the 
Foreland Belt itself that also aff ects the trend of the 
Foothills thrusts (Begin et al., 1996). Th is change in 
orientation, oft en referred to as the ‚Crowsnest De-
fl ection‘ (Dahlstrom, 1970), results from a huge later-
al step in the LT basal decollement geometry as it cut 
from South to North from the Belt-Purcell basin-fi ll 
into the Palaeozoic sequence (Price and Sears, 2000; 
Fig. 3). 
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Th e thickness of the eroded strata in the least de-
formed easternmost extent of the structural profi les 
(in the foreland, east of triangle zone) are inferred 
from coalifi cation ranks that require an addition-
al overburden of 3–4 km (Hacquebard, 1977; Eng-
land, 1986; Bustin 1991). Recent fi ssion track stud-
ies from the Lewis thrust sheet (Osadetz et al., 2004; 
Feinstein et al., 2005) have inferred a 12–14 km thick-
ness of the Lewis thrust sheet at onset of displacement 
(Fig. 4). OMR from the Fernie basin result in estimates 
of Campanian Belly River overburden on the order of 
3–4 km (further on in this study; Osadetz et al., 2004; 
Feinstein et al., 2005). 

Th e three resulting erosion profi les indicate two 
components of denudation: 

1. A highly irregular component controlled by fault 
block exhumation 

2. Regional exhumation that has completely removed 
the Tertiary former foredeep wedge (Fig. 4 – grey-
ish masks).

3.4 Forward Kinematics

Th e main thrusts in the Omineca and Foreland Belt 
entail a Cretaceous to Palaeocene contractional histo-
ry. A more detailed sequence (Fig. 5) has been adopted 
for subsequent Th rustpack forward kinematic model-
ling (Faure et al., 2004).

At a large scale, from the Omineca Belt and Purcell 
Anticlinorium to the Foreland, an in-sequence fore-
land-ward migration of thrust activity can be envi-
sioned (Fig. 5). Th rusting in the Foreland Belt start-
ed in the Galton and McDonald Ranges, probably in 
Campanian time, shift ing eastward through Maas-
trichtian and Palaeocene times. Th e presence of Bel-
ly River in the footwall of the LTS being overridden 
by this sheet over a distance of at least 20 km, indi-
cate that the last stage of the LTS displacement histo-
ry postdate the Campanian (70 Ma). However, it con-
strains neither the onset of displacement along the LT 
nor its cessation. Th rust fault overprint relationships 
across the belt indicate signifi cant time overlaps of 
thrust displacement, not only of small splays but also 
for the main thrusts. With an eastward growth of the 
Canadian Cordilleran deforming wedge, subsequent-
ly involving the Foreland Belt and Foothills, the  main 
thrusts may have formed in-sequence but  are not re-
ally abandoned with the formation of new ones (Price, 
2001) (Fig. 5).

Th e eastward encroachment of the active deform-
ing belt and related foredeep reach their culmination 
in the uppermost Palaeocene. As the subsequent for-
ward kinematic modelling illustrates the contraction-
al phase results in minor exhumation only. 

Th e onset of normal fault activity (Fig. 5) is relative-
ly well constrained from associated half-graben infi ll 
(McMechan, 1981; Constenius, 1996). Th ese features 
might mark the cessation of contraction in the Fore-
land Belt if they express a large decrease in region-
al stresses in the Cordillera from plate-margin reor-
ganization (Constenius, 1996). In contrast, when the 
normal faulting is driven by gravitational collapse of 
a crustal over-thickened high relief Cordillera interi-
or in Eocene time, then this local extension might well 
coincide with ongoing contraction in the more distal 
Foothills (Vanderhaege, 2002, 2004). 

Forward 2D kinematic modelling performed with 
Th rustpack, a tool developed by IFP (Sassi and Rud-
kiewicz, 1999), allow for further refi nement of the ki-
nematic scenarios.

Two forward kinematic models have been per-
formed: 

1. In the LT hangingwall focussing especially on the 
burial history of the Fernie ‘Basin’ (Fig. 6); 

2. Th e second is done on the Foothills with special 
attention for the Turtle Mountain culmination 
(Fig. 7). Slices from the balanced profi les (Fig. 4) 
form the initial stage and subsequent stages are ob-
tained by assigning fault block displacement, sub-
sidence and erosion (Roure and Sassi, 1995; Sas-
si and Rudkiewicz, 1999; Faure et al., 2004; Deville 
and Sassi, 2006).

Figure 6 outlines the progressive burial and exhuma-
tion of the Fernie ‘Basin’ and deformation of surround-
ing fault blocks. It shows that its burial, uplift  and ex-
humation history results from an intricate mixture of 
sedimentation and fault block displacement. Its uplift  
history is strongly controlled by the imbrication of the 
underlying, pinching out Belt-Purcell basin-infi ll and 
also by profound decoupling at the Fernie shale inter-
val (Figs. 6b and 6c). Structural stacking, or alterna-
tively an ancient triangle zone along the Fernie ‘Ba-
sin’ western fl ank, determines the interplay between 
tectonic and sedimentary burial. Subsequent normal 
faulting along its eastern fl ank preserve the Fernie ‘Ba-
sin’ from denudation (Fig. 6d).

Th e second model addresses the forward kinemat-
ics in the Foothill zone (Fig. 7), that especially eluci-
dated the implications of presumed strong foredeep 
subsidence for the growth and preservation of the en-
croaching deformational prism. A high amount of 
foredeep subsidence and basement fl exure is required 
to accommodate the sedimentary overburden estimat-
ed from coalifi cation studies in the Foreland. Th is en-
tails a larger wavelength basement fl exure by which 
also most of the thickened deformational prism re-
mains conserved during contraction. Th is persistent 
mix of tectonic and sedimentary overburden in the 



Chapter 10  ·  Kinematics of the Se Canadian Fold and Thrust Belt: Implications for the Thermal and Organic Maturation History 189

Belt and adjacent Foreland got perceivably exhumed 
in Late Eocene-Oligocene time in combination with 
recorded extensional faulting.

Th is scenario further postulates a late stage reac-
tivation along the Livingstone thrusts, carrying the 
roof thrustsheet of the Turtle Mountain culmination. 
Th e structure indicates a strong component of out-of-
sequence and out-of-duplex displacement that might 
well resemble another more profound example recog-
nized in Moose Mountain culmination (located fur-
ther north – Banff -Calgary transect; Faure et al., 2004; 
pers. comm.). Contrary to preceding displacement 
(Figs. 7b and 7c), the reactivated Livingstone thrust 
(Fig. 7d) cuts through the Fernie shales (i.e., former 

decoupling level) and carries the complete overlying 
pile. As the thick pile of imbricated foredeep sediments 
have presumably been preserved during the main con-
tractional phase, displacement along the Livingstone 
thrust likely coincides with signifi cant regional ero-
sion of the deformed wedge.

In conclusion, this forward kinematic modelling 
outlines the Foreland Belt burial history as mixture of 
structural stacking and sedimentary overburden that 
persisted until a late Eocene-Oligocene exhumation 
episode. Evidently, this will have a strong bearing on 
alternative burial, thermal and maturation history in-
ferences as will be discussed in more detail below.

Fig. 5.  Applied time chart for forward-kinematic modelling of Upper Cretaceous (Santonian-Campanian) to Paleogene (Oligo-
cene) outlining temporal relationship between the main events (i.e. subsidence and deposition, faulting, intrusion, uplift  and ex-
humation).  For certain features literature constraints are provided: a Th rustsheet associated with polydeformed sillimanite-or-
thoclase paragneisses indicate post-80 Ma ductile shearing (Parrish et al., 1988; Carr et al., 1992) comes with cessation of 
shortening at ~58 Ma; b Fermor and Moff at (1992) and Sears et al. (2001) indicate that movement on LTS (northernmost Montana) 
ended at ~59 Ma – porphyritic dykes; c Fermor and Moff at (1992); (d) cooling curves suggest rapid uplift  and erosion of the Pur-
cell Anticlinorium between 65–55 Ma (Archibald et al., 1984); e FT T-t modelling for Lewis thrust hangingwall cooling 110–60 °C 
between 75–35 Ma; f Cooling ages suggest tectonic unroofi ng of the Sushwap Metamorphic Core Complex (Vanderhaeghe and Te-
yssier, 1997; Vanderhaeghe et al., 2003). In addition, Eocene strata and plutons (with K-Ar Eocene ages) have been involved in lis-
tric normal faulting (Archibald et al., 1984; Parrish, 1988); g Forward kinematic modelling with Th rustpack® indicates late stage 
out-of-sequence displacement along the Livingstone thrust also involves the Turtle Mts. thrust of about ~10 km which indicates 
signifi cant exhumation of the Foothills
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Fig. 6.  Forward kinematic Th rustpack modelling outlining the evolution of the Lewis Th rust sheet hangingwall with especially the 
Fernie Basin
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Fig. 7. Forward kinematic Th rustpack modelling outlining the evolution of Foothills with especially the Turtle Mts. culmination
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 4 Inferences on Thermal and Maturation History

4.1 Organic Maturation

Vitrinite Refl ectance (VR) and Tmax values from rock-
pyrolyses are oft en adopted as indicators for the mat-
uration history of organic matter.  Th ey result from 
a composite eff ect of time and temperature, and to 
much less extent pressure (Teichmüller, 1986; Tissot, 
1987; Sweeney and Burnham, 1990; Roure, 2004). An 
interesting feature of organic maturity ranks (OMR), 
is that once a specifi c rank has been attained it can not 
be reversed (Green et al., 2002). Th e use of OMR in the 
context of thermo-chronometry is limited by the fact 
that the fi nite maturity rank only gives an integrated 
eff ect of time and temperature. While OMR data is of-
tentimes interpreted to result from peak-temperatures, 
the ranks in reality record the total eff ect over time 
possibly incorporating multiple thermal events. As a 
consequence, the reliance on maturity ranks alone for 
resolving the thermal history remains unsatisfacto-
ry without the integration of alternative thermochro-
nological constraints like Fission Track analyses (FT). 
Th e integration of a dense regional coverage of Vitrin-
ite Refl ectance (VR) with FT Temperature-time (T-
t) modelling for accurate constraints on timing (e.g., 
Osadetz et al., 2004) better constrain the temperature 
and exhumation history and enhances petroleum sys-
tem predictions. 

Numerous burial history and paleogeothermal 
studies from coal moisture content, vitrinite refl ec-
tance ranks and fi ssion track studies have been per-
formed in the undeformed Cordilleran foreland basin 
and have demonstrated the erosion of a 2-5 km (even 
up to 8 km) from the present day topography (Stein-
er et al., 1972; Hacquebart, 1977; England and Bustin, 
1986; Bustin, 1991; Kalkreuth and McMechan, 1988, 
Kalkreuth et al., 1989; Willet et al., 1997; Faure et al., 
2004). Some studies discuss the maturation and impli-
cations for burial and thermal history in the disturbed 
Foreland Belt (e.g., Hacquebard and Donaldson, 1974; 
Pierson and Grieve, 1985; Langenberg and Kalkreuth, 
1991; Osadetz et al., 1992; Langenberg et al., 1998; 
Faure et al., 2004; Feinstein et al., 2005).

4.2 1D Modelling

1D modelling has been conceivably applied in the fore-
land basin but its application in the deformed belt itself 
including the intricate  interference of tectonic loading 
with sedimentation and erosion is less perceptible (e.g., 
Nurkowski, 1984; Osadetz et al.,1992; Langenberg et 
al., 1998). While classical 1D burial and thermal his-
tory models do not allow for accurate thermal model-

ling of thrust sheet displacement, they remain a useful 
tool to quantify the subsidence and thermal evolution 
of the autochthon. Other studies on kinematic mod-
elling accounting for thermal and maturation infer-
ences have shown that 1D modelling is a legitimate 
approach for a fi rst insight, while extended 2D mod-
elling is required to account for thrustsheet emplace-
ment in structural complex areas (Faure et al., 2004; 
Deville and Sassi, 2006; Lampe et al., 2006). Th e work-
fl ow of integrated thermo-kinematic modelling devel-
oped at IFP for the appraisal of burial, thermal and 
maturation history of foothills reservoirs (Roure and 
Sassi, 1995; Roure et al., 2004, 2005), 2D forward kine-
matic models (i.e., Th rustpack; Sassi and Rudkiewicz, 
1999, 2000), involving incremental thrust emplace-
ment with coeval erosion and sedimentation enhanc-
es the value of 1D well modelling (i.e., Genex®). An ex-
tension to Genex® can account for tectonic burial from 
duplications by thrustsheets, although emplacement 
occurs instantaneously. Nevertheless, Genex® soft -
ware has proven useful for testing multiple and sim-
plifi ed scenarios that embrace a wide range of possible 
burial and thermal histories also within the deformed 
Foreland Belt (Faure et al., 2004). 

With the conceptual 1D modelling presented below, 
the premise that organic maturity ranks result from 
peak temperatures reached prior to thrusting from 
pure sedimentary burial will be reassessed (Hacque-
bard and Donaldson, 1974; Hacquebart, 1977; England 
and Bustin, 1985). Two case studies have been per-
formed of which a set of conceptual 1D forward (i.e. 
burial) history scenarios are being presented. Th e fi rst 
study concentrates on the Fernie ‘Basin’ (Fig. 8) and 
aims to test a variety of pure sedimentary burial histo-
ries for the Belly River overburden of the LT hanging-
wall block. Th e second study (i.e. Clark Range) focuses 
on the thermal and maturation history of the LT foot-
wall block, especially aiming to test the eff ect of tec-
tonic burial from a thick overriding LTS. 

It should be emphasized that this modelling con-
sists of conceptual models to test the sensitivity of 
type, magnitude and timing of burial for thermal 
and maturation histories and does not aim for real-
istic well modelling. As such, the simplifi ed instanta-
neous thrustsheet emplacement of Genex® is permis-
sible, if we maintain reasonably thermal histories (i.e. 
FT constrained) at the contact between hanging- and 
footwall block and accounting transitory heat advec-
tion (Ungerer et al., 1990).

 Furthermore, the modelling does address the ef-
fects of varied geothermal gradients that are in our 
modelling especially controlled by heat fl ow from 
the base and perturbations due to vast vertical move-
ments. Th e modelling tests thermal perturbations in 
the sedimentary cover by defi ning a fi xed basal heat 
fl ow and by superimposing a burial and exhumation 
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history.  Th e fi xed basal heat fl ow (i.e. constant mantle 
heat fl ow and heat production in the crust) is imposed 
to achieve appropriate initial and fi nite thermal con-
ditions and a maturation history that meet the obser-
vations. Evidently, basal heat fl ow sources from litho-

spheric scale geodynamics and crustal heat production 
might vary signifi cantly. Yet, this conceptual model is 
bounded to the supracrustal cover, and regional tec-
tonic implications will only briefl y be addressed. Su-
perfi cial geothermal gradients are also potentially af-

Fig. 8. 1D burial and exhumation history modelling for the Fernie ‘Basin’. Four diff erent burial-exhumation scenarios are pro-
posed and thermal and maturation history implications being tested.  Modelling output is compared with measured VR ranks and 
coalifi cation gradients. a Four burial and thermal histories for synthetic sample in the middle Kootenay coal seam. b Th ermal and 
vitrinite refl ectance history. c Imposed basal and derived surface heatfl ow histories. d Calculated coalifi cation gradients combined 
with grey extrapolated trend lines for testing validity by backward inference of imposed overburden. e Calculated coalifi cation 
gradients plotted against measured gradients from coalifi cation profi les for four locations in the Fernie ‘Basin’
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fected by variable conductivities of the sediments and 
fl uid fl ow, but fall beyond the scope of this conceptu-
al modelling (Majorowicz et al., 1990). Th e overburden 
estimates made within this conceptual modelling are 
limited by simplifi ed thermal parameterization of the 
preserved and removed sedimentary overburden (i.e., 
uniform; conductivity: 3.0 W/m/K; capacity: 2.8 MJ/
m3/K), yet suit its purpose.

4.2.1 Fernie “Basin”

For the fi rst case-study, comprising the Fernie Basin 
(Fig. 8), a conceptual well is constructed to test pos-
sible scenarios that fi t with the VR from three dif-
ferent coal seams over a depth interval of ~600 m at 
four diff erent localities within the basin (Pearson and 
Grieve 1985). Four diff erent scenarios are being test-
ed, imposing variations of the amount of Belly River 
overburden, duration and timing of maximum burial 
phase, and variable basal heat fl ow (Table 1). 

In model 1 and 2 a time-invariant basal heat fl ow of 
50 mW/m2 is applied that implies a superfi cial steady-
state thermal gradient of ~37 °C/km.  For model 3 and 
4, a fi xed 30 mW/m2 is imposed resulting in an ini-
tial steady-state thermal gradient of ~27 °C/km for the 
sedimentary cover.

Th e thermal consequences of the diff erent buri-
al scenarios are outlined by the isotherm evolution 
(Fig. 8a) and temperature for the Kootenay coal seams 
(Fig. 8b) and surface heat fl ow history (Fig. 8c). Despite 
of simplifi ed thermal boundary conditions, the buri-
al history leads to a complex, non-steady-state ther-
mal evolution depicted by warping of the isotherms 
(Fig. 8a) and jigsaw surface heat fl ow curves (Figs. 8b 
and 8c) . Th e surface heat fl ow drops result from rap-
id subsidence and burial, while the peaks result from 
fast removal of the sedimentary overburden. As a con-
sequence, peak-temperatures can be reached under 
perturbed, non-steady-state thermal conditions with 
the most profound thermal gradient drops for mod-
els 1 and 3 with a change from ~37 to ~22 °C/km and 

~27 to 17 °C/km, respectively (Fig. 8a; Table 1). Except 
of model 3, all models achieve peak temperatures of 
~160°C, during maximum burial and under the per-
turbed thermal conditions. For model 3, the limited 
time interval between the rapid burial and exhuma-
tion did not allow for further heat-up by removal of 
the thermal perturbation.

Notwithstanding the various imposed burial his-
tories and basal heat fl ow input, the models produce 
fi nite VR ranks and coalifi cation that match the ob-
served values taken from Grieve and Pierson (1985) for 
four transects in the Fernie ‘Basin’ gradients (Figs. 8d 
and 8e). Both a 3.5 km of Belly River overburden with 
50 mW/m2 basal heat fl ow (model 1 and 2) and 5 km 
of Belly River overburden with 30 mW/m2 basal heat 
fl ow (model 4) fi t the observed VR values of 1.0–1.4% 
for the Kootenay coal seams. Only in model 3 does the 
5.5 km of Belly River sediment overburden achieve 
limited VR ranks of 1.0% due to isotherm down warp-
ing and insuffi  cient time for erasing the perturbation 
before getting exhumed.

Figure 8d presents predicted coalifi cation gradients 
(i.e., log(%R0)/km; Bustin and England, 1986; Bustin, 
1991) for the four diff erent models applying both the 
EASYR¬o (Sweeney and Burnham, 1990) and IFP ki-
netic laws (Ungerer, 1990) for organic maturation. In 
Figure 8e the same calculated gradients are plotted 
against measures from three Fernie ‘Basin’ Kootenay 
coal seams (Grieve and Pierson, 1985) and show how 
the diff erent model runs cover the samples’ scatter. 

We have further tried to envision the eff ect of the 
presumed vast burial by Campanian Belly River sed-
iments (Osadetz et al., 2004) for accurate estimation 
of this thickness itself (Fig. 8d). An oft en applied tool 
for restoring the original overburden from measured 
coalifi cation gradients in the preserved strata, is by ex-
trapolation of the gradients and taking the intersect 
with zero-depth VR rank of 0.25% (Bustin and Eng-
land, 1986). Backward usage, by constructing trend-
lines from the applied overburden values and com-
paring them to the modelled gradients (Fig. 8d), give 
an indication of the uncertainty involved in the esti-

Model 1  Model 2 Model 3 Model 4

In
pu

t

Basal heatfl ow (mW/m2) 50 50 30 30

Thickness (km) 
removed overburden

3.5 3.25 5.5 5.5

VR rank 1.4 1.4 1.0 1.4

O
ut

pu
t

Thermal grad. (C/km) 
steady state

~37 ~37 ~27 ~27

Thermal grad. (C/km)
during peak T.

~22 ~34 ~17 ~22

Coalifi cation gradient 
log%RoR/km (with EASY kinetics)

~0.14 ~0.17 ~0.09 ~0.11

Table 1. 
Input and output parameters of 
the 1D modelling for the four 
alternative models concerning 
the Fernie “Basin” (Fig. 8)
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mation of overburden by extrapolation of measured 
coalifi cation gradients.  Th e eff ect of vast sedimenta-
ry burial and resulting non-steady-state thermal gra-
dients combined with realistic kinetic laws for organ-
ic maturation (Sweeney and Burnham, 1990; Ungerer, 
1990) produce non-linear log(%R0)/km coalifi cation 
gradients (Fig. 8d) that hamper this simple method for 
inferring overburden in geologic complex areas.

Alternatively to the above-presented coalifaction 
gradients with depth, do bedding-parallel coalifi ca-
tion trends do allow to discriminate between syn- and 
post-deformational coalifi cation (i.e. ‘Hilt‘s law’; Hac-
quebard and Donaldson, 1974; Grieve, 1987). Pierson 
and Grieve (1985) successfully applied this tool in a re-
gional VR study for the Fernie Basin showing a south-
ward increasing trend in signifi cance of post-folding 
coalifi cation. Th is trend, with 25–40% of post-fold-
ing coalifi cation in the north (Natal and Sparwood 
Ridge), to 75% south of Morrisey ridge, might result 
from a southward increasing eff ect of tectonic burial 
by thrustsheet stacking. In the northwest the stacking 
onto the syncline is possibly minor due to an assumed 
triangle zone at Mt. Hosmer (P. Fermor, pers. com.) 
while to the south the eff ect of the Wigwam and Mc-
Donald thrust sheets have stronger bearing.

Although our range of input parameters cover the 
measured VR scatter, especially basal heatfl ow varia-
tions across the Fernie ‘Basin’, presumably marking a 
single thermotectonic entity, seems an implausible ex-
planation. Instead, lateral variations in tectonic and 
sedimentary burial and exhumation and subsequent 
thermal variations in supracrustal cover appear a bet-
ter explanation.

4.2.2 Clark Range

Th e second case study concentrates on the Clark Range 
with well control from 07-02-004-01W5 5, Shell Wa-
terton 2#, 07-34-003-01W5, Shell Waterton 7# and C-
011-A/082-G-07 for which Tmax values are provided, 
and from the Sage Creek No. 2 well with VR ranks aft er 
Feinstein et al. (2005). Figure 9 outlines the conceptu-
al well modelling involving three structural units. Th e 
middle unit, on which the modelling is focused, com-
prises the Alberta (middle green) and Blairmore (dark 
green) groups initially overlain by, a later displaced, 
pile of Campanian Belly River sediments (light green) 
(Osadetz et al., 2004; Feinstein et al., 2005). Th e unit is 
underlain by multiple thrustsheet stacks simplifi ed to 
one footwall block. Th is central structural unit is be-
ing overthrusted by an initially thick LTS, of which at 
present only a  ~500-m-thin upper-Proterozoic Belt-
Purcell erosional remnant is preserved (Figs. 9a and 
b – upper panel). VR values around 0.8% and com-
parable Tmax values of ~450°C document a relatively 

low maturity rank, generally considered to result sole-
ly from pre-thrusting sedimentary burial from Belly 
River (light green) overburden. Osadetz et al. (2004) 
provide additional constraints with  FT T-t modelling 
(i.e., Clark Range samples #657 & #668;  Fig. 2) that in-
dicate temperatures of 100°C at the base of displaced 
LTS over the 65–40 Ma time interval. Furthermore, 
corrected bottom-hole logging temperatures provide 
present-day geothermal gradient estimates of slightly 
less than 20°C/km (Osadetz et al., 2004). Multiple ex-
planations can account for this low geothermal gra-
dient (e.g., fl uid fl ow in sedimentary cover or deeper 
rooted reduced heat fl ow), yet in this modelling we can 
only achieve this by imposing a low basal heatfl ow of 
15 mW/m2  without arguing for any factual regional 
implication.

Multiple conceptual scenarios have been test-
ed of which two end-members are further discussed 
(Figs. 9a and 9b). Figure 9a shows a scenario in which 
peak temperatures are achieved by sedimentary buri-
al of 5 km of Belly River (light green) prior to the dis-
placement of the LTS. Th e 1D-integrated burial-tem-
perature modelling indicates that peak temperatures 
cannot be reached by simply imposing 5 km of Belly 
River overburden. Th e extremely low thermal gradi-
ent, that is further perturbed by vast burial, does pre-
vent the LT footwall block to reach the necessary tem-
peratures of ~120°C for achieving VR of 0.8%. Only 
in combination with a higher initial geothermal gra-
dient (i.e., imposed in model by increasing basal heat 
fl ow to 30 mW/m2), can the measured VR values be 
obtained by sedimentary burial alone, prior to onset 
of thrusting. To prevent subsequent contribution from 
the tectonic load, i.e., the emplaced LTS, the LTS re-
quires quick exhumation together with a reduction of 
basal heatfl ow to the inferred current value (Fig. 9a). 
To achieve the required temperature at the base of the 
LTS in accordance with FT T-t modelling (Osadetz et 
al., 2004), all of the Mesozoic sediments (5–8 km) re-
quire fast lower Palaeocene removal.

Th e alternative scenario (Fig. 9b) achieves the re-
corded maturity ranks of the middle unit by applying 
a 2 km of Belly River sedimentary load combined with 
a tectonic load from the LTS, comprising a 5 km over-
burden including the Blairmore Grp (dark green), pre-
served for 20 Ma before it gets subsequently exhumed 
as well (Fig. 9b – upper panel). 

Th e modelling shows that maturity ranks of 0.8% 
can be easily reached with both end-member models 
of (1) pure sedimentary burial and (2) tectonic load-
ing. In fact, the real problem for the maturation his-
tory in the LT footwall block is not to reach VR values 
of 0.8% but to prevent the overburden from the LTS  to 
achieve much higher ranks. FT constraints from the 
base of the LTS suggest temperatures below 110°C for 
Late Cretaceous-Palaeocene time, indicating footwall 
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temperatures in the order of 120–130 °C (Osadetz et 
al., 2004). Alternative constraints on the exhumation 
of the LTS (i.e., Blairmore erosional products in adja-
cent Eocene Flathead Valley graben) indicate a persis-
tent LTS overburden of 5–6 km at least for the Palaeo-
cene. As such, the second model (Fig. 9b) seems to be 
in better accordance with these observations.

5 Discussion: Implications for Regional Tectonics

In combining inferences from the above-discussed 
conceptual 1D burial and exhumation history model-
ling with forward kinematic modelling, diff erent uplift  
histories can be conceived for various regions across 
the Foreland Belt. Forward kinematic modelling has 
shown that (Fig. 6) sedimentary burial can dominate 
the Fernie ‘Basin’ in Campanian time coeval with 
structur al stacking along its western fl ank and in its 
footwall block.  Th e 3.5 km of Belly River overburden, 
inferred from the 1D modelling (Fig. 8) can account 
for the measured maturity ranks. As such, this ‘Basin’ 
located within the LTS can be regarded as a piggy-back 
basin with coeval syntectonic deposition and displace-
ment along the underlying Lewis thrust. 

On the contrary, in the Clark Range, where the 
same decollement transports a much thicker Belt-
Purcell Basin fi ll, upthrusting of the thick LTS gives 
much less room for synchronous Belly River deposi-
tion. Here, tectonic burial appears as governing fac-
tor for the maturation history of the LT footwall block 
and Belly River overburden plays a less signifi cant role 
(Fig. 9b). For the Clark Range, Belly River thicknesses 
in the LT hangingwall block have conceivably not sur-
passed the thickness of 2 km still present in its foot-
wall and also inferred for the Foothills. 

Th erefore, extrapolation of overburden and exhu-
mation inferences across the diff erent structures can 
only be made attentive to kinematic variations due to 
changes in geometry of the basal decollement.

For the internal Foreland Belt, the combination 
of numerous vitrinite refl ectance studies providing a 
dense regional coverage in conjunction with FT stud-
ies for better constraints on timing have shown to be 
valuable (Osadetz et al., 2004). Yet combined infer-
ences of both the restored overburden and paleother-
mal gradient can not be independently made with the 
current dataset and especially require additional FT 
studies. Imposing 5 km of Belly River overburden as 
proposed by Osadetz et al. (2004) and Feinstein et al. 

Fig. 9. Conceptual well modelling testing two end-member burial history scenarios for the Lewis thrust footwall block (i.e. Clark 
Range) with a pure sedimentary burial and b a combination of sedimentary burial and structural stacking are being tested. Th e 
two underlying panels outline the thermal, vitrinite and thermal history as a result of by the sedimentary and tectonic burial, re-
spectively
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(2005) onto LTS while maintaining the FT T-t con-
straint at the base of the sheet inevitably implies ex-
tremely low geothermal gradients of about 10°C/km 
that can be achieved by strong superfi cial geothermal 
perturbation aff ected by this burial. Alternatively, a 
more moderate Campanian burial history (i.e., Belly 
River Deposition) might be proposed for the internal 
Foreland Belt (i.e., Fernie ‘Basin’, Clark and McDonald 
Ranges) with strong syntectonic thickness variations 
for the Belly River (0–3.5 km). With a reduced thick-
ness of LTS of ~10 instead of ~13 km at onset of dis-
placement, the temperatures and maturation history 
in the LT hangingwall and footwall block (this study; 
Osadetz et al., 2004) can be maintained with a more 
realistic geothermal gradient.

Th e integration of inferences from structural bal-
ancing with the kinematic and 1D burial-exhumation 
modelling allowed for the fi rst-order restoration of the 
deformed sedimentary wedge including the syntec-
tonic foredeep sequence (Fig. 4). Despite uncertainties 
in lateral thickness variations of the inferred syntec-
tonic Belly River overburden, eroded thickness esti-
mates can still be envisioned along profi le. Th e eroded 
thickness profi les exhibit an irregular pattern showing 
spatial variability in the amount of exhumation from 
individual upthrusted sheets. 

Th e geometry of the basal decollement ultimate-
ly controls the thickness of the deformed wedge and 
thereby the eroded thickness. As such, the geometry of 
the basal decollement infl uences a larger wavelength 
exhumation signal encompassing multiple thrust-
sheets. In the Clark range, the thick LTS allowed for 
~10–12 km of denudation down to the Mesoprotero-
zoic Belt Purcell Group, while the Palaeozoic strata are 
still well preserved northward with a shallower basal 
decollement in the Cambrian.  Th is strong bearing of 
basal decollement geometry from inherited basin ar-
chitecture on the derived erosion profi le legitimates 
the combination of renewed structural restoration 
work with conceptual 1D modelling of the burial and 
exhumation history as conducted in this paper.

Figure 10 depicts the local and large wavelength de-
nudation signals and combines it with higher temper-
ature thermochronology from mineral cooling ages in 
the Omineca-Purcell crystalline belt to the West (Par-
rish et al., 1988; Parrish, 1995;  Vanderhaeghe and Te-
yssier, 1997; Vanderhaeghe et al., 2003). Th e FT data 
(Osadetz et al., 2004; Feinstein et al., 2005) in affi  nity 
of the LTS clearly reveals multiple exhumation phas-
es. Strong fault-controlled denudation occurred in the 
upper Cretaceous to early Palaeocene to depths of 4–
6 km. Eocene to present-day exhumation appears to 
have a much wider wavelength also involving the ex-
humation of the foreland. 

Th e estimated total amount of removed overburden 
for the undeformed foreland, is derived mainly from 

OMR inferences with some FT studies in the Willis-
ton basin to the north (Issler et al., 1999; Osadetz et al., 
1992, 2002). Yet these studies do not allow for distin-
guishing multiple exhumation events. 

Nevertheless, a major Neogene erosion event is evi-
denced from geomorphical markers, i.e., erosional pe-
neplains present in the denudated foreland. Th e Cy-
press Hills, located eastward in the distal foreland 
(Fig. 10), are capped by Oligocene conglomerates that 
provide evidence for 450 to 1500 m of eroded stra-
ta formed from the Oligocene to the present (Bustin, 
1991; Dawson et al., 1994).

40Ar/39Ar and U/Pb thermochronology in the in-
ner complexes confi rm this multiphase exhumation 
history commencing in early Palaeocene and lasting 
until Oligocene time. Th e formation of core complex-
es in the Omineca-Purcell crystalline belt have been 
recognized to play an important role in the Tertiary 
Cordillera evolution and places the large wavelength 
exhumation history in a geodynamic context (Vander-
haeghe and Teyssier, 1997; Liu, 2001; Vanderhaeghe et 
al., 2003).  

Supported by thermo-kinematic modelling, three 
episodes of exhumation become apparent (Fig. 10). 
Th e fi rst episode involves short wavelength exhuma-
tion associated with upper Cretaceous to lower Pal-
aeocene thrust tectonics limited to the Foreland Belt. 
Th e second episode during Eocene-Oligocene times 
is accompanied by the formation of the Flathead and 
Rocky Mountain graben systems with cooling of the 
Flathead Footwall block constrained from FT T-t 
modelling to range from ~100 to ~50°C (Osadetz et 
al., 2004). It also involves the exhumation of the Core 
Complexes (Archibald, 1984; Parrish, 1988; Vander-
haeghe and Teyssier, 1997; Vanderhaeghe et al., 2003) 
together with signifi cant erosion of  the foreland over 
a distance of 1000 km with a regional trend of 4 km in 
the Foreland Belt waning to 1–2 km in the plains. Th e 
remaining exhumation of up to 2 km occurred in Neo-
gene time. Th e Oligo-Eocene large wavelength exhu-
mation history, as it is accompanied by normal fault 
activity and linked to profound core complexes un-
roofi ng, conceivably entails crustal and astenosphere-
lithosphere dynamics. Th is might be linked to changes 
in plate tectonic confi guration and overall lithosphere 
evolution (Monger et al., 1994; Liu, 2001; Vanderhae-
ghe et al., 2003). 

6 Conclusions

A coherent picture of the structural complexity of the 
Foreland Fold and Th rust Belt is acquired with the 
construction of three east-west trending regional and 
simplifi ed structural cross-sections. In conjunction 
with 1D conceptual modelling and forward kinemat-
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ic modelling, it allows for fi rst-order structural bal-
ancing and restoration of the deformed sedimentary 
wedge. Th e restoration provided consistent shortening 
estimates for the three transects on the order of 115–
125 km of which most is accommodated by a few ma-
jor thrusts, i.e., especially the Lewis and Livingstone 
thrusts. It also reveals the strong bearing of the bas-
al decollement geometry, aff ected by inherited basin 
architecture, on the derived erosion profi le and exhu-
mation pattern prospects, especially well illustrated by 
the Lewis thrust sheet. Furthermore, the contempla-
tion of the displacement and exhumation history, as 
performed in this study, illustrates the feasibility, limi-
tations and uncertainties involved in the restoration of 
a strongly deformed sedimentary wedge.

Our results allow for a more moderate restored 
thickness of the deformed and eroded sedimentary 
wedge with maximum 3.5 km of Belly River overbur-
den than previously envisioned. Th e eroded thickness 
profi les show short wavelength syn-orogenic exhu-
mation (~4–6 km) from by thrustsheet emplacement 
(late Cretaceous–late Palaeocene) that is limited to the 
deformed Foreland Belt. A second episode (late Pal-
aeocene-Eocene) of large wavelength exhumation in-
volves the entire former foredeep with estimates of 3–
5 km for the deformed belt waning to 1–3 km for the 
foreland. 

Th e thermal proxies used in this study for con-
straining the burial and exhumation history are ev-
idently aff ected by superfi cial thermal perturbations 
from vast sedimentary burial, sedimentary blanket-
ing, solid block advection caused by thrust sheet dis-
placement and also fl uid fl ow circulations (Bustin, 
1991; Osadetz et al., 1992). Th e conceptual 1D mod-
elling also aimed for some sensitivity analyses pro-
viding estimates of the uncertainties involved as pre-
sented in Figure 10 by the numbered boxes. Th is study 
shows that the current thermo-chronological dataset 
cannot entirely discriminate between two burial and 
exhumation history scenarios: either with purely sed-
imentary burial or, alternatively, a strong component 
from structural stacking. For the LTS, we can not elu-
sively discriminate between two thermo-kinematic 
scenarios: 

1. Delayed LTS displacement preceded by deep Cam-
panian burial or 

2. Synchronous LTS displacement with a more mod-
erate Campanian Belly River burial and tectonic 
overburden preserved by a delayed exhumation. 

However, strategic FT sampling for constraining t-T 
pathways combined with OMR for a dense regional 
coverage in conjunction with integrated forward ther-
mo-kinematic modelling could still provide further 

refi nement in timing and wavelengths of the exhuma-
tion of the Intermontane Belt to Foreland Basin. 

Especially thermo-chronological constraints that 
provide paleo-geothermal inferences can improve fu-
ture overburden and exhumation studies in combina-
tion with extended 2D thermo-kinematic modelling. 
Realistic modelling with Th rustpack can also be ap-
plied to specifi c data controlled structures (Sassi and 
Rudkiewicz, 1999; Faure et al., 2004). Alternatively, 
conceptual, numerical thermo-kinematic modelling 
aids for a more generalized understanding of a foot-
wall block’s thermal history with heat advection from 
an overriding thrustsheet and a multi-phase exhuma-
tion history (ter Voorde et al., 2004).

Future work will also be devoted to thermodynam-
ics on an extended crustal and mantle-lithospher-
ic scale. Geodynamic modelling can provide a more 
quantitative understanding of the driving mecha-
nisms and could link lithospheric thermal perturba-
tions with upper crustal kinematics and associated 
uplift  history. Th e Foreland Belt marks the transition 
zone of the Canadian Cordillera with the stable North 
American Craton in the East (Cook, 1995; Cook et al., 
1992). Not only signifi cant thinning of the thermal 
lithosphere as revealed by seismic sounding studies 
and surface heatfl ow, but also variations in composi-
tional layering and rheological stratifi cation have a po-
tential eff ect on the strain style, localization and cou-
pling with the superfi cial thermo-kinematic  history 
of the Foreland Belt and adjacent Foreland.
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V

Part V of the volume is dedicated to the understanding of the building, struc-
tural evolution and active tectonics of the Zagros and Makran thrust belts, as 

well as to the history and role of early salt diapirism on the deformation of the 
Zagros detached cover. 

Ahmadhadi et al. (Chapter 11) demonstrate that in the Central Zagros base-
ment faults were reactivated during a Lower Miocene early stage of collisional 
stress build-up. Th is early basement fault reactivation presumably produced an 
early phase of large-scale fl exure/forced-folding in the cover which strongly con-
trolled intra-basin architecture and facies changes in the Lower Neogene and 
likely played a signifi cant role during the early stage of fracturing within the As-
mari Formation before the main Mio-Pliocene phase of cover folding.

On the basis of fi eld work, seismic profi le interpretation and well data aiming 
at reconstructing the history of subsidence, temperature and maturity of source-
rocks in the Izeh Zone and in Northern Fars, Rudkiewicz et al. (Chapter12) re-
port a coupled structural, thermal and geochemical basin modelling undertak-
en to handle compositional generation, maturity and expulsion of hydrocarbons 
in these areas. Important result are that generation and expulsion behaviour of 
Jurassic and Albian source-rocks considerably varies within the Izeh Zone and 
that thickness of the Late Cretaceous–Eocene sediments and the fi rst vertical 
movements at regional scale in the inner part of the belt considerably infl uenced 
the maturation expulsion, migration and entrapment of petroleum from these 
source-rocks.

Mouthereau et al. (Chapter 13) synthesize structural, seismotectonics and mi-
crotectonics studies, as well as results of recent mechanical modelling of the to-
pography and stratigraphic constraints on the timing of Plio-Pleistocene folding 
and Zagros basin evolution, in order to examine which mechanical behaviour 
better explains the development of the Zagros Folded Belt at both local and re-
gional scales. Th ey argue that an overall thick-skinned deformation has followed 
the initial margin inversion during the late Neogene, probably coeval with buck-
ling of the detached sedimentary strata. Th eir interpretation disagrees with the 
classical view of thin-skinned propagation of the Zagros Folded Belt.

Oveisi et al. (Chapter 14) report a geomorphic analysis in the Mand anticline 
at the south-western-most front of the Zagros wedge. Th ey show that the Mand 
anticline is a very active structure, which would absorb 35 to 50% of the 8 mm/yr 
convergence across the entire Zagros, with the Late Pleistocene shortening rate 
being inferred to be 3 to 4 mm/yr perpendicular to the anticline. Th is result is 
consistent with a classical forward-propagating deformation sequence during at 
least the Late Pleistocene.

Jahani et al. (Chapter 15) describe the morphology and the present activity of 
the salt diapirs of the eastern Zagros and discuss the chronology of salt move-
ments as well as their relationships with the regional geodynamic context. Th ey 
show that nearly all the diapirs were already active prior to Zagros folding either 
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as emergent diapirs forming islands in the Paleogene to Neogene sea or as bur-
ied domes initiated at least by the Permian. Th ese diapirs fi rst helped localizing 
subsequent deformation, then were reactivated by salt-cored detachment fold-
ing which allowed salt movement along faults in the whole eastern Fars Zagros 
Fold-Th rust Belt.

As a complementary approach to chapter 15, Callot et al. (Chapter 16) address 
the timing of salt diapirism, the infl uence of salt distribution and structures on 
fold propagation, the mechanisms of rapid salt extrusion, and the localisation 
of salt diapirs relative to fault and folds in the Fars domain by means of ana-
logue sandbox experiments. Th eir main results are that the driving mechanism 
of Hormuz halokinesis during the Zagros folding and erosion is the squeezing 
of pre-existing salt diapirs, which also infl uenced the location of thrusts and 
strike-slip faults. Depending on the diapir wall attitude and its thickness rela-
tive to the sedimentary column thickness, the diapirs are either shortened and 
localize sharp overturned folds, or else act as preferentially oriented ramps, 
part of the diapir being incorporated in the fold. During fold growth and active 
shortening, erosion or rejuvenation of the diapir allows upward salt extrusion. 

Ellouz et al. (Chapter 17) present an update of the onshore geology of the 
Makran accretionary prism based on new fi eld data in the Pakistani area com-
bined with interpretations of remote-sensing satellite data and interpretation 
of reprocessed seismic lines. Th e results are synthesized in the form of two syn-
thetic geological transects, with an updated stratigraphic chart based on the 
new dating. Th e results reveal strong along-dip and along-strike changes in 
tectonic style through time, which are related to changes in velocity rates and 
direction of convergence due to re-organization along plate boundaries, loca-
tion and rates of sedimentation over the growing prism, involvement of ocean-
ic ridges in the subduction zone, and/or activity of secondary décollement lev-
els within the accretionary prism. 

In their companion paper, Ellouz et al. (Chapter 18) complement onshore 
fi eld investigations of Chapter 17 and report the results of the 2004 CHAMAK 
research cruise which surveyed most of the accretionary complex off  Pakistan. 
Analysis of new bathymetric and seismic data as well as drill cores shows that 
the frontal part of the Makran accretionary prism is less two-dimensional than 
previously expected, and that the along-strike tectonic variations refl ect lateral 
variations in sediment deposition as well as underthrusting of a series of base-
ment highs and kinematic complexity in the vicinity to the Ar-Eu-India triple 
junction. 
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Early Reactivation of Basement Faults 
in Central Zagros (SW Iran): Evidence from Pre-folding 
Fracture Populations in Asmari Formation 
and Lower Tertiary Paleogeography

Faram Ahmadhadi · Olivier Lacombe · Jean-Marc Daniel

Abstract . Early reactivation of basement faults and related de-
velopment of fl exures/forced-folds in the Central Zagros are 
discussed based on fracture populations observed in out-
crops and aerial photographs/satellite images and paleogeo-
graphic maps. The presence of pre-folding joint sets slightly 
oblique to anticline axes and observed even within synclines 
or the occurrence of N-S (and E-W) trending fracture sets near 
N-S trending basement faults and strongly oblique to cover 
folds are not compatible with simple fold-related fracture 
models in this region. These early fractures are proposed to 
have formed within the cover above deep-seated basement 
faults in response to the formation of fl exures/forced folds 
whose geometries and orientations may be diff erent from the 
present-day folds in the Central Zagros. This early stage of in-
traplate reactivation of the NW-SE and N-S trending base-
ment faults likely marks the onset of collisional deformation 
and stress build-up in the Zagros basin. This reactivation led 
to facies variations and development of diff erent sub-basins 
in the Central Zagros during the sedimentation of the Oli-
gocene-Miocene Asmari Formation. The evaporitic series of 
the Kalhur Member within the Asmari Formation resulted 
from the development during Aquitanian times of a long and 
narrow restricted lagoon environment, between two main 
basement faults (i.e., DEF and MFF), and provide one of the 
main key constraints on the beginning of deformation in the 
region. Finally, based on observed fracture populations and 
proposed geodynamic evolution in the Central Zagros basin, 
it is suggested that partitioning of N-S Arabia-Eurasia conver-
gence into a belt-perpendicular NE-SW shortening and a belt-
parallel right-lateral strike-slip motion (as currently along the 
Main Recent Fault) in the Central Zagros may have started as 
early as Oligocene (?)-Lower Miocene times.

Keywords.  Zagros, Asmari, tectonics, fold, fracture, basement

1 Introduction

Reactivation of basement faults occurs during orogen-
ic evolution of collided passive margins, and this struc-
tural process is known to exert a strong control on the 
evolution of orogens (Dewey et al., 1986). Basement 
fault reactivation may induce localization of thrusts 
and folds in the developing shallow thrust wedge, re-

versal of extensional faults and development of crys-
talline thrust sheets, out-of-sequence thrusting and 
refolding of shallow nappes, development of accom-
modation structures such as lateral ramps, and devel-
opment of basement uplift s (Wiltschko and Eastman, 
1983; Glen, 1985; Cooper and Williams, 1989; Roure et 
al., 1990; Narr and Suppe, 1994; Butler et al., 1997). 

A number of regional studies have demonstrated the 
compressional reactivation of preexisting structures 
within both the cover and the basement of foreland 
thrust belts worldwide (e.g., Alps: Roure et al., 1990; 
Lacombe and Mouthereau, 2002; Urals: Brown et al., 
1999; Andes: Winslow, 1981; Kley et al., 1999; Cristal-
lini and Ramos, 2000; Rockies: Dechesne and Mount-
joy, 1992; Taiwan: Mouthereau et al., 2002; Lacombe 
et al., 2003; see also Letouzey, 1990; Mitra and Mount, 
1998). Moreover, reactivation of intraplate basement 
faults and structural inversion of sedimentary basins 
have also been documented in the foreland far from 
the orogens (e.g., Tapponnier et al., 1986; Ziegler, 1987; 
Ziegler et al., 1995; Lacombe and Mouthereau, 1999; 
Marschak et al., 2000).

Th e Zagros belt results from the still active colli-
sion of the Arabian plate with the continental blocks 
of Central Iran (e.g. Stocklin, 1968; Jackson and Mc-
Kenzie, 1984) (Fig.1). Th e Main Zagros Th rust (MZT) 
is considered as the suture, currently inactive, between 
the Arabian and Central Iran plates. GPS studies sug-
gest that about one third of the active Arabia–Eurasia 
shortening (ca. 7 mm yr-1) is taken up in central Za-
gros (Vernant et al., 2004). Folding (and thrusting) of 
the Zagros sedimentary cover occurred mainly dur-
ing the Mio-Pliocene by the end of deposition of the 
syntectonic upper Agha Jari Formation, about 7–3 Ma 
ago (Falcon, 1960; Stoneley, 1981; Berberian and King, 
1981; Homke et al., 2004), while the Arabia-Eurasia 
continental collision culminated. Th e timing of the 
onset of this continental collision is, however, poorly 
constrained (estimates range from Late Cretaceous to 
Pliocene times, e.g., Berberian and King, 1981; Alavi, 
1994; Agard et al., 2005; Sherkati et al., 2006) and has 
remained a matter of debate.

In the Zagros foredeep, although the geometry of 
the deformed cover is relatively well-known thanks to 
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Fig. 1. a Location of the studied area in 
northeastern margin of the Arabian 
plate. b Location of the studied anticlines 
and main basement faults in the Zagros 
fold belt. ZFF: Zagros Foredeep Fault, DEF: 
Dezful Embayment Fault, MFF: Mountain 
Front Fault, HZF: High Zagros Fault, IZHF: 
Izeh-Hendijan Fault, KMF: Kharg-Mish Fault, 
KZ: Kazerun Fault. c Simplifi ed geological map 
of the studied area (modifi ed from NIOC 
1/1000,000 scale geological map of south-west 
Iran). Th e locations of the structural transect (line 
AA’), aerial/satellite images, and zoomed geological 
maps have been reported

a

b
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few seismic refl ection lines, drilled-wells and excellent 
quality exposures (Fig. 2), information on the underly-
ing basement is poor. Th e depth to basement can be es-
timated at 10–12 km on the basis of the results of aero-
magnetic surveys (Morris, 1977) and from balanced 
cross-section (Blanc et al., 2003; McQuarrie, 2004; 
Sherkati et al., 2006). However, there is no clear image 
of basement fault pattern and defi ning their role in the 
structural evolution of the Zagros fold belt remains 
diffi  cult. Reactivated basement normal faults inherit-
ed from the Tethyan rift ing at a depth between 10 and 
20 km have been thought for a long time to be respon-
sible for the major earthquakes along the Zagros belt 
(Berberian, 1981, 1995; Jackson, 1980; Jackson et al, 
1981; Jackson and McKenzie, 1984). Moreover, base-
ment structures likely played a role in the deformation 
of the Zagros by localizing some topographic steps 
and major (oft en active) thrust faults in the cover (Ber-
berian, 1995; Letouzey et al., 2002; Mouthereau et al., 
2006). Recent balanced cross-sections in the Zagros 
emphasize that the basement is involved in shorten-
ing (Fig. 2) (Blanc et al., 2003; Letouzey and Sherkati, 
2004; Sherkati et al., 2006). Th e generalized involve-
ment of the basement in shortening is thought either 
to have followed (Molinaro et al., 2005; Lacombe et al., 
2006) or to have been roughly coeval with (Mouthere-
au et al., this issue) folding of the sedimentary cover 
which occurred in late Miocene-Pliocene times. Ovei-
si et al. (this issue) provide evidence that both the sed-
imentary cover and the basement are currently de-
forming coevally but in a decoupled way at the Central 
Zagros front. In the Fars, Mouthereau et al. (2006) 
documented localized basement fault reactivation as 
early as during the middle Miocene. 

Our aim in this paper is to demonstrate that in the 
Central Zagros basement faults were reactivated dur-
ing a (late Oligocene ?)-Lower Miocene early stage of 
collisional stress build-up and that this early basement 

fault reactivation (1) strongly controlled the paleoge-
ography in the Paleogene and Lower Neogene, (2), pre-
sumably produced a phase of early large-scale fl exure/
forced-folding in the cover and (3) likely played a sig-
nifi cant role during the early stage of fracturing with-
in the Asmari Formation before the main Mio-Plio-
cene phase of cover folding (Stocklin, 1968; Berberian, 
1981). For these purposes, we have looked at the frac-
ture populations observed in the Asmari Formation 
cropping out in several anticlines in the Izeh Zone and 
Dezful Embayment and have carefully examined fa-
cies variations in the central part of the Zagros fold 
belt from Paleocene to Lower Miocene. Finally, the 
implications for the timing of the onset of collision-
al deformation and stress build-up in the Zagros belt 
are discussed. 

2 Geological Setting and Tectonic Evolution
 of the Zagros Fold Belt 

2.1 Main Lithological Units

Th e Zagros fold belt is located along the north-eastern 
margin of the Arabian plate (Fig. 1a). It forms a 200–
300 km-wide series of remarkable folds extending for 
about 1200 km from eastern Turkey to the Strait of 
Hormuz. Th e sedimentary column in the Zagros is es-
timated to be up to 12 km (James and Wynd, 1965; Fal-
con, 1974; Huber, 1977) and comprises the Cenozoic 
foreland sequence and the underlying Paleozoic-Me-
sozoic deposits of the Arabian margin and platform. 
Th e sedimentary column, ranging from Cambrian to 
Plio-Quaternary, is embedded between two main de-
tachment levels (mobile group), namely the Hormuz 
Salt Formation (Infra-Cambrian) at the base and the 
Gachsaran Formation (Lower Miocene) at the top 
(Lees, 1950; Falcon, 1969; Colman-Sadd, 1978). Since 

Fig. 2. Regional transect 
through the studied area 
showing regional deformation 
style in the Izeh zone and the 
north of Dezful Embayment 
(line AA’ in Fig. 1c). Important 
basement features, Mountain 
Front Fault (MFF), Dezful 
Embayment Fault (DEF), and 
dextral strike-slip Izeh-
Hendijan Fault (IZHF) are seen 
in this transect (modifi ed from 
Sherkati et al., 2006) 
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the main stratigraphic units exposed in the studied 
area correspond to the Cretaceous to Pliocene-Qua-
ternary time interval during which the main tecton-
ic movements took place, we briefl y describe hereaft er 
the lithological series of this period (Fig. 3a). Th e Low-
er Cretaceous shows almost uniform carbonate plat-
form sediments including the Khami and lower part of 
the Bangestan Group. Th e Upper Cretaceous is char-
acterized by the neritic carbonate series of the Sarvak 
and Ilam formations, and terminates with the basinal 
facies (deep water marls and shales) of the Gurpi For-
mation. Th e Tertiary sedimentary series are less uni-
form and show a variety of facies from neritic to deep 
basinal (Pabdeh Formation) to shallow marine car-
bonates of the Jahrum and Asmari formations (Fig. 
3b-c) during the Lower Tertiary. Spanning the Middle 
Miocene to Pliocene are the Gachsaran evaporites, the 
marls of the Mishan Formation, then the deltaic/estu-
arine shales and sandstones of the Agha-Jari Forma-
tion which refl ect a fi rst-order basin-scale regressive 
sequence and which marks the progressive infi lling 
of the Zagros foreland basin. Th e Tertiary sedimen-
tary history ended with deposition of the diachron-
ous coarse fl uvial conglomerates of the Pleistocene 
Bakhtiary Formation.

2.2 Geodynamics and Deformation, 
 Previous Work

Th e present morphology of the Zagros is the result 
of the structural evolution and depositional history 
of the northern part of the Arabian plate including a 
platform phase during the Paleozoic; a Tethyan rift ing 
phase in the Permian-Triassic; a passive continental 
margin phase (with sea-fl oor spreading to the north-
east) in the Jurassic-Early Cretaceous; subduction to 
the north-east and ophiolite-radiolarite obduction in 
the Late Cretaceous; and collision-shortening during 
the Neogene (Falcon, 1974; Berberian and King, 1981; 
Berberian et al., 1982; Berberian, 1983).

From a geodynamic point of view, diff erent mod-
els for the evolution of the Zagros mountain sys-
tem in southern Iran have been proposed (e.g., Fal-
con, 1967; Stocklin, 1968; Wells, 1969; Ricou, 1970; 
Nowroozi, 1972; Haynes and McQuillan, 1974; Alavi, 
1980, 1994, 2004; Berberian and King, 1981; Jackson 
et al., 1981; Ni and Barazangi, 1986). In almost all of 
them, northward movement of the Arabian plate rel-
ative to the Central Iran during Tertiary times result-
ed in thrust faulting and overfolding in the Imbricat-
ed Belt adjoining the trench zone and gentler folding 
in the Simply Folded Belt to the southwest. Despite 
this, the beginning of compression in the Zagros fold 
belt is poorly dated. Th e initial Arabian-Central Iran 
continental collision is considered to be Late Creta-

ceous (Hayenes and McQuillan, 1974; Berberian and 
King, 1981; Alavi, 1994), Eocene-Oligocene (Hooper, 
1994), Oligocene-Miocene (Berberian et al., 1982) or 
late Miocene in age (Stoneley, 1981; McQuarrie et al., 
2003). Berberian and King (1981) proposed that fold-
ing in the Zagros foldbelt started around 5 Ma and co-
incides with the second phase of extension in the Red 
Sea and Gulf of Aden. Based on the unconformity be-
tween the Agha-Jari and Bakhtyari formations, Falcon 
(1961) suggested that the deformation was initiated 
in the Early Pliocene. On the basis of several uncon-
formities at diff erent stratigraphic levels, Hessami et 
al. (2001) proposed that deformation has occurred by 
pulses since the end of the Eocene, and reached the 
front of the folded belt during an end-Pliocene phase. 
All these estimations are based on ages of unconformi-
ties and sediment formations mostly defi ned by James 
and Wynd (1965). Documented Holocene anticline 
growth (Mann and Vita-Finzi, 1988; Vita-Finzi, 2001; 
Oveisi et al., this issue) and recent seismicity (Jack-
son and McKenzie, 1984) indicate that deformation in 
the Zagros belt is still active, especially at deep crust-
al levels. Homke et al. (2004) defi ned the beginning of 
the deformation in part of the Zagros foreland basin 
(Push-e Kush Arc) at 8.1 to 7.2 Ma based on magneto-
stratigraphical study of Miocene-Pliocene sediments. 
Allen et al. (2004) stated that extrapolating present-
day deformation rates for 3–7 million years produces 
displacements that equal or exceed the total deforma-
tion on many of fault systems that are currently ac-
tive in the Arabia-Eurasia collision zone including the 
Zagros Simple Folded Zone. Th is age range is much 
shorter than the overall age of the collision which be-
gan in the early Miocene (16–23 Ma) or even earlier 
(Hempton, 1987; Yilmaz, 1993; Robertson, 2000) with 
an early Miocene fl exure before folding (Sherkati et al., 
2006). Agard et al. (2005) documented several major 
tectonic events that took place at the end of the Cre-
taceous, during the Late Eocene, and from the Mid-
Miocene onwards (ca. <20–15 Ma) and concluded that 
collision must have started before ca. 23–25 Ma in the 
northern Zagros.

2.3 Basement Fault Pattern in the Studied Area

Th ere is no published information about basement 
depth available from seismic refraction or refl ection 
and without such knowledge it is diffi  cult to have a 
clear image of basement faults patterns and their 
role in geodynamic evolution of the Zagros fold belt. 
Two dominant tectonic trends, respectively N-S and 
NW-SE, exist in the Arabian Shield (e.g., Stern, 1985). 
Moreover, there is evidence for the continuation of 
several structures known in the Arabian Shield north-
wards into the Zagros Basin, before these structures 
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Fig. 3. a Lithostratigraphical chart showing the main stratigraphical units in the Central Zagros from Cretaceous to Pleistocene 
times. b Detail of the Asmari Formation. c Main exposed carbonate lithology of the Asmari Fm (e.g., Asmari anticline). d Abbre-
viations used in the following geological maps
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were reactivated during the Cenozoic Zagros oroge-
ny (Berberian, 1995; Talbot and Alavi, 1996; Hessa-
mi et al., 2001, Bahroudi and Talbot, 2003). In the Za-
gros belt, the approximate location and geometry of 
the basement Faults, despite the lack of detailed deep 
crustal knowledge, have been defi ned using a geodet-
ic survey, more or less precise epicenter/hypocenter 
locations, as well as topographic and morphotecton-
ic analyses (Berberian, 1995). Th e fi rst group of base-
ment faults includes the High Zagros Fault (HZF), the 
Mountain Front Fault (MFF), the Dezful Embayment 
fault (DEF), and the Zagros Foredeep Fault (ZFF) (Fig. 
1b). Fault plane solutions for earthquakes along these 
faults indicate that they all dip about 60° NE (Bah-
roudi and Talbot, 2003), suggesting that they now act 
as reverse faults although they may have been activat-
ed as normal faults during the Permo-Triassic opening 
of Neo-Tethys (e.g., Jackson, 1980; Berberian, 1995). 

Another group of basement faults are N-S trend-
ing faults which developed during the latest Protero-
zoic and early Cambrian in the Arabian basement 
(Beydoun, 1991). During the Mesozoic, and especial-
ly in the Triassic and Late Cretaceous, the N-S uplift s 
and basins related to this group of basement faults 
were intermittently reactivated (Edgell, 1992; Sherkati 
and Letouzey, 2004). Th ese faults are steep to vertical 
and currently undergo right-lateral strike-slip motion 
(Baker et al., 1993; Berberian, 1995; Sepehr, 2001; Hes-
sami et al., 2001). Some of these faults, located in the 
studied area, are the Izeh-Hendijan Fault (IZHF), the 
Kharg-Mish Fault (KMF), and the Kazerun Fault (KZ) 
(Fig. 1b). Th e Balarud Fault (BR) is an E-W left -lateral 
shear zone northwest of the Dezful Embayment. 

Th e main morphotectonic regions in the Za-
gros fold belt are bordered by these major deep-seat-
ed basement faults (Fig. 1b). Figure 1c provides a sim-
plifi ed geological sketch map of the studied area.

3 Evidence for Pre-Folding Development 
 of Joint/Vein Sets in the Asmari Formation  

Fractures in folded sedimentary rocks are usually in-
terpreted as the result of folding (Stearns, 1968; Stew-
arts and Wynn, 2000). Among diff erent groups of so-
called fold-related fractures, axial joints are supposed 
to be the result of local extension in the outer arc of 
the folds. Furthermore, based on consistent relations 
of the fractures with bedding attitude, even in the nos-
es of folds, they are supposed to be in direct relation 
with fold geometry (Stearns and Friedman, 1972; Nel-
son, 2001). Fig. 4a shows, schematically, this symmet-
rical relationship between fold geometry and fold-re-
lated fracture pattern in map view; Fig. 4b presents the 
fracture pattern which can be expected to develop in 
a sedimentary cover undergoing fl exure/forced-fold-
ing above dip-slip basement faults (Ameen, 1988; Cos-
grove and Ameen, 2000).

Th e Asmari Formation (Fig. 3b-c) is one of the main 
reservoir rocks in SW Iran. Th is formation crops out 
along the Zagros fold belt where it forms the famous 
whaleback anticlines and is well-known as a carbon-
ate fractured reservoir. Many studies dealing with the 
fracture pattern of the Asmari carbonates have been 
carried out and are still in progress. While McQuillan 
(1973, 1974, and 1985) stated that some fracture orien-
tations bear no relation to the folds, Gholipour (1998) 
believes that the fractures within Asmari Formation 
are associated with vertical and axial growth of con-
centric folding (see also, Wennberg et al., 2006). Th e 
relative chronology of diff erent fracture sets with fold-
ing in the Zagros is therefore still controversial.

In order to defi ne the regional fracture pattern and 
its chronological relationship with folding, a careful 
analysis of fracture sets was carried out. To this pur-

Fig. 4.  Possible patterns of fold-
related fracture sets. a Concep-
tual fracture models of Stearns 
(1968, 1978) in cylindrical and 
pericline parts of a simple 
buckle fold, in map view. Note 
the change in strike of fold-
related fractures with changing 
bedding attitude in the 
pericline. b Fracture pattern in 
the cover above dip-slip normal 
(up) and reverse (down) 
basement faults (aft er Ameen, 
1988, 1990) 
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pose, the orientations of sets of joints, veins and shear 
fractures/faults were measured in several anticlines lo-
cated in the Izeh zone and in the northern part of the 
Dezful Embayment (Fig. 1c), within the uppermost 
part of the Asmari Formation which displays a lithol-
ogy dominated by mudstones to wackstones (Fig. 3). 
Rather than focusing on fold-fracture relationships in 
a single anticline, data collection was thus organized 
to cover a large area in order to be able to diff erenti-
ate regional fracture trends from fold-related fractures 
and local complexity. Th is allowed the relationships 
between fracture sets and regional structural trends to 
be discussed although all sets were not observed in all 
anticlines, especially those located away from under-
lying N-S basement faults. 

At the outcrop scale, the most represented fractures 
are rectilinear with quite a regular spacing and a sig-
nifi cant length (3 to a few tens of meters). Th ese frac-
tures can be confi dently classifi ed as joints because 
they do not show any evidence of off set across the frac-
ture plane (mode-I opening); they are generally per-
pendicular to major bedding surfaces, and fracture 
walls oft en show plumose structures/hackle marks. 
Th ese joints are frequently associated with parallel-
mineralized veins. In contrast, some fractures were 
determined to have had a shearing mode of deforma-
tion where evidence of tail cracks or extensional jogs 
could be observed in the fi eld. 

It is, however, out of the scope of this paper to de-
scribe all the fracture sets identifi ed in the investigated 
area and their relative chronology, which is reported 
in detail elsewhere (Ahmadhadi et al., submitted). In 
this paper, we only focus on the fracture sets which il-
lustrate pre-folding extensional fracture development. 
In the following, members of a fracture set share both 
a common range of strike and dip orientation and a 
common deformation mode. For most of the joint sets, 
common orientation could be identifi ed only aft er re-
moval of bedding dip by stereographic rotation. Com-
monality of fracture orientation aft er removal of bed-
ding dip, where the fractures are subparallel and bed 
perpendicular, is taken as supportive of a pre-folding 
origin (Hancock, 1985). Fracture strikes either per-
pendicular or parallel to bedding strike are not aff ect-
ed by rotation of bedding to remove the dip and may 
be interpreted as occurring during any stage of fold 
growth. When the pre-folding origin of a fracture set 
is consistently deduced from several anticlines, a re-
gional signifi cance of this pre-folding fracture set can 
be confi dently derived.

Most joint sets described hereinaft er are either 
pseudo-axial (i.e., sub-parallel to fold axes) or oblique 
to fold axes; most of them were reactivated (re-opened 
and/or sheared) during later fold development.

3.1 Early N040–050° (and N020–030°) 
 Joint/Vein Sets 

Among the diff erent fracture sets observed in the in-
vestigated anticlines, an early set of N040–050° trend-
ing joints has been identifi ed in numerous outcrops. A 
good example of this set is provided by the Asmari an-
ticline (location Fig.1c) where a population of straight, 
regularly-spaced N040–050° fracture sets is observed 
on the crest and near the SE termination of this an-
ticline (Fig. 5 a and b). Th ese fractures oft en display 
plumose structures (e.g., in the Safi d anticline) and/
or occur as parallel-mineralized vein systems (e.g., 
Bangestan anticline); the attitude of these fractures 
with respect to bedding in fold fl anks indicates that 
they predate folding and should be interpreted in their 
unfolded attitude. Th e strike of this joint set is oft en 
slightly oblique to present-day fold axes or to the local 
bedding strike (e.g., in Asmari, Khaviz, and Bangestan 
anticlines). Development of this joint set could be syn-
chronous with the formation of stylolitic peaks paral-
lel to this direction (Ahmadhadi, 2006).

Th e aerial photograph of Fig. 5 (a, b), taken near the 
top of the Asmari anticline confi rms that the N040–
050° fracture set is not strictly perpendicular to the 
fold axis. It corresponds to a very regular pattern of 
systematic joints without any directional perturba-
tion. At the same location, lineaments in form of N140° 
trending fracture swarms (Fig. 5a), slightly oblique to 
the fold axis, are identifi ed (see Sect. 3.2). As some of 
these fractures abut on fractures belonging to the reg-
ular N040–050° fracture set, the latter developed fi rst. 
Such a chronology is further compatible with the fact 
that the N040–050° fracture set forms a very regular 
fracture pattern compared to the N140° set. Finally, a 
minor N-S set is observed. It corresponds to relatively 
short rectilinear fractures which generally abut on the 
two previous fracture families (see Sect. 3.3).

A second minor group of fractures comprises N20° 
to N30° joints (e.g., in Asmari, Khaviz, Bangestan). In 
Bangestan anticlines, they postdate the development 
of the 040–050° joint set, but show confl icting chron-
ological relationships with N140° fractures. Th ey like-
ly refl ect a slight evolution of the compressional trend 
from N40°–50° to N20°–30°, also marked by the change 
in trends of stylolitic peaks (Ahmadhadi, 2006).

3.2 Pseudo-Axial N140° Joint/Vein Sets

Th e Khaviz anticline (Figs. 6 and 7, location Fig.1c) 
is remarkably rectilinear with a mean axial trend of 
about 110–120° and dip of the fl anks of about 30°. Th e 
NE fl ank is more gently inclined than the SW fl ank. 
Fracture measurements were performed in the fi eld 
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around the SE nose of the anticline (Fig. 6). It is note-
worthy that the directions of large-scale lineaments 
observed on the satellite image from the NW part of 
the anticline (Fig. 7) are roughly similar to those of the 

small-scale fracture sets (Fig. 6b). Th is suggests again 
that the scale of observation has little infl uence on the 
identifi cation and statistical measurements of these 
fracture sets.

Fig. 5. Main fracture sets observed on the southern plunge of the Asmari anticline (see Fig. 1c for location): a aerial photographs 
and b Interpretation. Th e regular, non-disturbed fracture network with an azimuth of about N50° is considered as the fi rst frac-
ture set; N130-140° trending fractures formed a series of fracture swarms almost parallel to the fold axis; N-S fracture sets abut on 
the previous sets. c A series of ESE-WNW grabens near the NW termination of the fold on its northern fl ank
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As shown in Fig. 6a, a group of fractures which are 
perpendicular to bedding and have a mean strike of 
130°–150° are observed around the SE nose of the an-
ticline where the fold axis swings into an orientation 
of 120–130°. In most sites, these fractures mimic axi-
al fractures, but are in fact slighty oblique to the local 
fold hinge : their strike always deviates clockwise from 
the anticline axis and in most sites this deviation rang-
es from 10° to 20°. In addition, the strike of these frac-
tures in the pericline is not consistent with that pre-
dicted for axial, fold-related fractures (Figs.4a and 6). 
Th ese characteristics support that the 130°–150° bed-
perpendicular fractures rather predate folding. Unfor-

tunately, the low bedding dip precludes unambiguous 
demonstration that these fractures have been actual-
ly folded (unfolding would have revealed a better com-
monality of fracture orientation than with the current 
bedding attitude, hence a pre-folding origin). Larger 
deviations of the trend of this joint set relative to the 
anticline axis can be seen in the stations K3, K9, and 
K10. Th ese stations are located almost along an arbi-
trary N-S trending line, although no N-S fault was ob-
served on the measurement location or on the geolog-
ical map. Aft er unfolding, the fractures (red on Fig.6a) 
become vertical, with a 155–170° trend. In these three 
sites, the strong obliquity of fracture strike with fold 
axis further confi rms that these fractures are not fold-
related (see Sect. 5).

Fault slip-data were additionally collected in the 
NE fl ank of the Khaviz anticline (Fig.7). An impor-
tant point at the fi rst glance is that most of the fault-
plane strikes slightly obliquely to the local bedding 
strike (N130°–N°140 vs. N110–120°) although the lo-
cal fold axis is very rectilinear nearby the measure-
ment site. Special attention was paid to the geometri-
cal attitude of these faults with respect to tilted beds; 

Fig. 6. a Geological map of the eastern part of the Khaviz anti-
cline (see Fig. 1c for location) and fracture orientations around 
its NE termination. Diagrams: Schmidt lower hemisphere pro-
jection. Red, green, blue, purple: N140°, N050°, N-S-N020° and 
E-W trending fracture sets, respectively. Dashed lines are bed-
ding planes. Fractures on diagrams with white background have 
been unfolded. Th e N140° fracture is persistently observed 
around anticline termination regardless of bedding attitude. Th e 
neraly N-S fracture trend, observed in the sites K3, K9, and K10, 
is likely related to an underlying N-S trending fault zone, indi-
cated by a dashed line. b Main fracture sets observed in site K2

Fig. 7. a SPOT 5 satellite image on the western part of the 
Khaviz anticline. b Main sets of fractures observed on satellite 
image. Large photo-scale lineament show almost the same 
trends as those which were observed on the SE nose of this an-
ticline at the outcrop scale. Fault slip data: Wulff  lower hemi-
sphere projection; fi ve, four, and three corner stars correspond 
to the maximum (σ1), intermediate (σ2) and minimum (σ3) 
principal stress axes, respectively; Convergent/divergent solid 
arrows show the direction of compression and extension, re-
spectively. Dashed lines are bedding planes
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within a heterogeneous fault population, this geomet-
rical reasoning allows separation of data subsets based 
on their age relative to fold development, even though 
no direct cross-cutting relationships between faults or 
superimposition of striations on fault planes are ob-
served. Th ese faults were further interpreted in terms 
of stress regimes using the method developed by An-
gelier (1990).

Among the data set, three populations of faults 
were identifi ed and separated on the basis of their ki-
nematics and their chronology relative to folding. Th e 
fi rst set consists of steeply dipping normal faults with 
dip-slip slickenside lineations. Th e stress tensor com-
puted from this set does not display a vertical σ1 axis; 
rather, the σ1 axis is perpendicular to bedding, while 
the other stress axes lie within the bedding plane. In 
such a case, the fault system has to be interpreted af-
ter back tilting to its initial position. Aft er unfolding, 
the dip-slip normal faults indicate a pre-folding hori-
zontal N30° extension (Fig. 7, diagram i), roughly con-
sistent with the pre-folding N140° joint set identifi ed 
in the SE nose of the anticline. Most of the remaining 
faults can be separated into a set of reverse faults and 
a set of oblique-slip normal faults, respectively relat-
ed to a N40° compression and a N20° extension, both 
postdating folding (Fig. 7, diagrams ii and iii). Th e ge-
ometry of some of the post-folding faults suggests that 
they could result from the reactivation of the earlier 
normal faults despite the absence of evidence of super-
imposed striations on fault planes. Th e reverse faults 
likely mark the compressional state of stress responsi-
ble for folding. Th e signifi cance of the late post-folding 
normal faults in terms of extension at fold hinge could 
seem questionable since the site of measurements is ap-
parently located away from this hinge; however, since 
only the uppermost part of the fold is visible (most 

part remains buried) and taking into account the low 
dip of the fl ank, it is likely that at the scale of the fold, 
the site is still located in its outer rim, so we conclude 
that this normal fault set and the related N020° exten-
sion presumably refl ects extension at the fold hinge.

Th e Razi anticline (Fig. 8, location Fig. 1c) is locat-
ed in the northern part of the Mountain Front Fault 
(MFF) at about 56 km south-eastward of the Khaviz 
anticline. Fracture orientations were collected along 
a valley cutting the anticline axis and both fl anks 
were accessible to measurements. Th is anticline has a 
quite gentle geometry and the structural dip is even 
less than 10°. Among fracture data, a group of frac-
tures striking N130°–N140° and N040°–050° are con-
sistently observed (Fig. 8a), as in the Khaviz anticline. 
Th e N140° fractures are everywhere perpendicular to 
the bedding plane. Furthermore, two of the measure-
ment stations (R1 and R2, Fig. 8a) where this fracture 
group is observed are located in a gentle syncline next 
to the Razi anticline, in the concave-upward part of 
which fold-related axis-parallel extensional fractures 
are unlikely. Th ese observations demonstrate that, as 
in the Khaviz anticline, the N140° fracture set (and 
probably the N040°–050° as well) predated folding (or 
were created at a very early stage of folding).

On the NE fl ank and near the NW termination of 
the Asmari anticline where the structural dip is low, 
some grabens can be observed (Fig. 5c). Th ese gra-
bens are trending ESE-WNW, oblique to the fold axis. 
Th erefore, they presumably predated folding that led to 
the present-day Asmari anticline structure. Although 
likely, off set of the normal faults bounding these gra-
bens due to bedding-parallel slip during folding, which 
could have unambiguously demonstrated that these 
grabens developed before folding, could unfortunate-
ly not be observed. However, off sets of early outcrop-

Fig. 8. a Geological map of the Razi anticline (see Fig. 1c for location) and fracture orientations on both fl anks and fold crest. Note 
that the prominent joint sets are observed in the adjacent syncline (sites R1 and R2). b Intensive fracturing within horizontal beds 
in the Razi anticline. Colour code for fracture sets: same key as in Fig. 6. Fractures on diagrams with white background have been 
unfolded 
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scale N130–140° trending extensional fractures (and 
even normal faults) by bedding-parallel slip have been 
observed in other outcrops (e.g., the Lappeh anticline, 
location Fig. 1c), which supports that early extensional 
fractures and normal faults formed in response to pre-
folding extensional state of stress (Fig. 9).

As for the normal faults, the N140° trending joints 
and veins of this set were reopened and/or sheared 
during later folding (Ahmadhadi et al., submitted).

3.3 N-S (and Perpendicular E-W) 
 Trending Joint/Vein Sets Oblique to Fold Axes 

Another group of fractures which show no symmet-
rical relationship with fold geometry in the studied 
area include N-S fractures. Th ese N-S fractures are 
commonly found associated with perpendicular E-
W joints and mineralized veins (Fig. 10), the interpre-
tation of which is still enigmatic (Ahmadhadi, 2006), 

so the reason of this association will not be dealt with 
hereinaft er. It was mentioned previously that in the 
nose of the Khaviz anticline, nearly N-S trending frac-
tures oblique to the fold axis were observed. Th e NW 
termination of the Khami anticline and the NE fl ank 
of the Dil anticline are two other examples in which 
N-S and E-W trending joint sets perpendicular to bed-
ding bear no symmetrical relationship with fold ge-
ometry (Fig. 10). Th is strongly suggests that these sets 
are not fold-related and that they have to be interpret-
ed as pre-folding joint sets. Th eir abutting relation-
ships on the N050° and N140° sets further confi rm 
that all three sets are likely pre-folding. 

In the Asmari anticline the N-S set has been ob-
served next to N-S trending faults in the eastern part 
of the fold (Fig. 5), which are likely underlain by a N-
S trending basement fault. More generally, the sites 
where the N-S trending fractures were measured in 
these anticlines more or less coincide with the location 
of an underlying basement fault (Fig. 10). 

Fig. 9. Off set and segmentation of a large extensional N130°-140° trending fractures within Asmari carbonate beds by bedding-
parallel slip in the SW limb of the Lappeh anticline (see Fig. 1c for location). Th is observation supports extensional fracture devel-
opment before layer tilting (folding)
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In the very same way, interpretation of Spot imag-
es of the NW termination of the Bangestan anticline 
(Fig. 11) also shows N-S and E-W trending lineaments 
(i.e., large-scale fractures) which are strongly oblique 
to the fold axis. Th ese fracture sets developed in the vi-
cinity of the nearby underlying N-S trending Izeh fault 
(Fig. 11). 
In summary, outcrop investigation and lineament in-
terpretation on satellite photos indicate that N-S (and 
sometimes associated E-W) trending fracture sets pre-
dominantly occur in the outcrops located near N-S 
trending basement faults (e.g., IZHF and KMF, Fig. 
1b and c); this suggests that the development of these 
fracture sets is not fold-related but is rather controlled 
by the reactivation of these N-S basement faults.

4 Paleogeographic Evidence for a Basement 
 Fault Control on Sub-Basin Geometries 
 and Lateral Facies Variations 
 During Oligocene-Lower Miocene Times

Th e main objective of this section of the paper is to 
study whether the basement faults aff ected  basin ar-
chitecture and facies distribution during lower Tertia-
ry times. Such information can be used to date the in-
ception of deformation in the foredeep and therefore 
to test models where fracturing predates folding. With 
this aim, we examined paleofacies evolution in the re-
gion located between the Bala-Rud (BR) Fault to the 
north-west and the Kazerun Fault to the east (Fig. 1b) 

Fig. 10. N-S (and perpendicular 
E-W) striking joint sets in the 
northern fl ank of the Dil 
anticline and the northwestern 
termination of the Khami 
anticline (see Fig. 1c for 
location). Th ese joint sets are 
strongly oblique to the general 
structural trend. Th is area is 
located near an underlying N-S 
trending basement fault (KMF)
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Fig. 11. a SPOT 5 satellite image on the SE termination of the Bangestan anticline (see Fig. 1c for location) and b interpretation of 
large-scale fractures on the NW termination of the Bangestan anticline close to a N-S trending basement fault (IZHF). Note that 
the main interpreted lineaments strike N-S and E-W, i.e., oblique to the local structural trend. c Main joint sets observed in the 
fi eld in the SE nose of the Bangestan anticline
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during the Lower Tertiary. Our study is mainly based 
on both previous works (James and Wynd, 1965; Ber-
berian and King, 1981; Motiei, 1993) and a new anal-
ysis of well data from the Dezful Embayment. We 
especially focus on Oligocene to Lower Miocene pa-
leofacies, which is the period of the Asmari sedimen-
tation. 

Th e Zagros basin with marine carbonate platform 
sedimentation became established in the early Juras-
sic and continued until Miocene times with the great-
est subsidence being located in the northeast, possibly 
along several faults (Berberian and King, 1981). Dur-
ing the Palaeocene and Eocene the Pabdeh (neritic to 

basinal marls and argillaceous limestones) and the 
Jahrum (massive shallow marine carbonates) Forma-
tions were deposited in the middle and on both sides 
of the Zagros basinal axis, respectively (Fig. 12a). Th is 
basin was gradually narrowed and in Lower Oligocene 
times the Lower Asmari Formation, including car-
bonates, deeper marine marls, and sandy limestone 
(Ahwaz Member) were deposited (Fig. 12b). Diff erent 
intra-basins and facies including clastic facies (Ah-
waz/Ghar sandstone Member), carbonates and evap-
orites (Kalhur Member) were well developed during 
the Upper Oligocene-Early Miocene time (Fig. 12b to 
d). Th e important feature at this time is the rough co-

Fig. 12. Paleogeographical maps in the Central Zagros based on previous work (James and Wynd, 1965; Berberian and King, 1981; 
Motiei, 1993) and information from unpublished paleologs of drilled wells and surface sections in the Central Zagros: a Eocene; b 
Oligocene; c Lower Miocene (Aquitanian); d Lower Miocene (Burdigalian); see text for details
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incidence of these intra-basins with the main NW-
SE trending basement faults (i.e. MFF and DEF). Just 
in the center of the basin, basinal facies (marls and 
shales) changed to an evaporitic facies (Fig. 1c). No in-
termediate facies variation and transition from marls 
and shales to evaporites has been reported in the lit-
erature. Th is narrow basin is limited to the north and 
northeast by the MFF and BF and to the south and to 
the east by the DEF and IZHF, respectively. Farther 
south, the Ahwaz/Ghar Member delta front, indicated 
by more than 30% of the sand content of the Asmari 
carbonate, formed just and parallel to the south of the 
ZFF. Th is sand content gradually increases southward 
(Fig. 12c and d). During Burdigalian times, the Up-
per Asmari carbonates covered the entire basin with 
a hemipelagic facies toward the northern part of the 
Mountain Front Fault (Fig. 12d).

Th e present-day approximate coincidence of fa-
cies changes and the elongated shape of the confi ned, 
evaporitic sub-basin with basement faults is notewor-
thy. However, one has to take into account the infl u-
ence of Mio-Pliocene deformation on the distribution 
of paleofacies in the Oligocene-Lower Miocene times. 
Th e amount of shortening estimated on the basis of 
balanced cross-sections in the Central Zagros, includ-
ing the High Zagros and extending to the southwest 
of the Dezful Embayment, was reported to be about 
50 km (Sherkati et al., 2006). Shortening in the Dez-
ful Embayment is lower than in the High Zagros and 
the Izeh zone where a large amount of shortening is 
accommodated by imbricated thrust nappes. Th is 
means that the amount of southwest-ward diff erential 
displacement of the cover above the basement, some-
where between MFF and DEF can be considered neg-
ligible for our concerns. Nevertheless, there is always 
some discrepancies concerning the (projected) loca-
tion of basement faults in the present-day cover but in 
any case, this intra-basin could not be displaced from 
the Izeh zone, northeast of the MFF, into the Dezful 
Embayment.

As a result, we conclude that during lower Tertia-
ry times, both the geographic distribution of the fa-
cies and the location of the basement faults appear 
remarkably consistent. During Eocene times, the Pab-
deh basin covered a wide area from the south of the 
High Zagros fault toward the Zagros Foredeep Fault 
(Fig. 12a). Th e depocenter of this basin gradually nar-
rowed and migrated toward somewhere between the 
MFF to the north and the ZFF to the south following 
the progradation of the carbonate platform and clas-
tic facies of the Lower Asmari Formation during the 
Lower Oligocene (Rupelian) (Fig. 12b). Th e develop-
ment of a long narrow evaporitic intra-basin (Kal-
hur Member) during the latest Oligocene-early Lower 
Miocene (Chattian-Aquitanian, Fig. 12c) likely indi-
cate an abrupt facies change (both laterally and ver-

tically), which seems to be diffi  cult to interpret sim-
ply by eustasy or any sedimentological process alone, 
without any tectonic control. Rather, the localization 
of this intra-basin somewhere between the MFF which 
borders its northern margin and the DEF which bor-
ders its southern margin (Fig. 12c) and also an abrupt 
facies change from marls to evaporites, suggests a di-
rect relation between this restricted lagoon intra-basin 
and deep-seated basement faults. So, even though an 
eustatic control cannot be ruled out, we suggest that 
the genesis of this sub-basin has been, at least partly, 
tectonically controlled.

If the above-mentioned basement faults were reac-
tivated during lower Tertiary times with a component 
of vertical motion, causing large wavelength fl exure or 
forced-folds in the overlying cover and therefore local 
topographic uplift s, they should have infl uenced ac-
commodation space for the sedimentation especially 
for those areas located above them. To test this idea, a 
simplifi ed transect based on the thickness variations 
of the main lithostratigraphical units (formations) 
with defi nite time lines (top and bottom) and data ac-
cessibility in the region was built (Fig. 13). Th e direc-
tion of this transect was chosen to cut the main NW-
SE trending basement faults in the studied area (Fig. 
1b). Th e Sarvak formation does not seem to be aff ect-
ed by the NW-SE trending basement faults (Fig. 13a). 
Th is formation shows almost a uniform variation in 
their thickness between ZFF and MFF, while the im-
portant fl uctuations appear within Pabdeh/Jahrum 
and Asmari formations (Fig. 13b). Both thickness and 
main facies variations coincide with the location of the 
main basement faults; this strongly suggests that these 
faults were reactivated during Pabdeh/Jahrum and 
Asmari deposition.

5 Discussion: Early Fracture Development in the   
 Asmari Formation Related to Flexure/Forced-  
 Folding above Reactivated Basement Faults

Based on the fi eld observations in the Central Zagros 
(Sect. 3), some prominent fracture sets cannot be in-
terpreted by a conventional fold-related fracture mod-
el, and therefore explained by a single episode of frac-
turing during the Mio-Pliocene cover folding. Th ere 
are several lines of evidence supporting that they are 
not fold-related fracture sets: (i) most of identifi ed frac-
ture sets are made of joints/veins lying perpendicular 
to bedding whatever their position in the fold (Figs.6 
and 8) (ii) the N140° trending joints and normal faults 
(Figs.5 to 8), which mimic axial fractures, are in fact 
slightly oblique to the anticline axes and are some-
times observed in the adjacent synclines (e.g., Razi an-
ticline); (iii) these N140°–160° fracture sets display a 
relatively consistent trend even in the nose of anticlines 
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(e.g., the Khaviz anticline), in contrast with common 
predictions of axial, fold-related fractures; (iv) the N-S 
trending outcrop-scale fractures and photo-scale lin-
eaments are strongly oblique to the general fold axi-
al trend in the sites close to N-S trending underlying 
basement faults (e.g., Dil, Khami, and Bangestan anti-
clines). On the other hand, the orientations of the main 
fracture group (~N140°–160°), despite the lack of their 
direct relations with the folds, are nearly similar in the 
Khaviz, Razi, Asmari and Bangestan anticlines (Figs.5 
to 8, 11) and in the other anticlines investigated with-
in the Central Zagros (Ahmadhadi et al., submitted). 
Th ese observations strengthen the idea that this prom-
inent fracture group developed under an extension-
al stress fi eld (either local or regional) which aff ected 
the Asmari Formation before the main Mio-Pliocene 
phase of cover folding (Ahmadhadi et al., 2005).

We have suggested that basin architecture and fa-
cies variations and distribution during the Asmari 
sedimentation could have been controlled by the re-
activation of deep-seated basement faults. We propose 
that at that time, the reactivation of the N140° and N-S 
basement faults included a component of vertical mo-
tion, which caused large wavelength fl exure or forced-
folds in the overlying cover (Fig. 14). Flexures/forced-
folds could have induced an extensional state of stress 
above NW-SE trending basement faults (e.g. MFF, ZFF) 
within the uppermost part of the sedimentary cover 
(e.g. the Asmari limestones, which were likely rapidly 
lithifi ed aft er deposition). Th e observed N-S trending 
fracture set (e.g., Khaviz anticline) and the location of 
measurement sites containing this fracture group near 
underlying N-S trending basement faults (e.g. IZHF 
and KMF) suggest that they should have also initiat-

Fig. 13. Simplifi ed transect perpendicular to the general trends of the folds in the Central Zagros (see transect location on Fig. 1b, 
and text for details). Th e Sarvak Formation does not show any thickness variations across NW-SE-trending basement faults a, 
while important fl uctuations appear within the Pabdeh/Jahrum and Asmari Formations (Paleogene to Lower Miocene) b



Chapter 11  ·  Early Reactivation of Basement Faults in Central Zagros (SW Iran) 221

ed quite early and presumably synchronously with the 
reactivation of the NW-SE trending basement faults 
(Fig. 14). Edgell (1992) stated that the reactivation of 
N-S trending basement faults occurred since the lat-
est Cretaceous. Our observations in the Asmari For-
mation suggest that this reactivation probably contin-
ued in the Lower Tertiary and that the N-S trending 
fractures are likely related to the reactivation of these 
transverse basement faults. Th is is in agreement with 
recently documented movements along the MFF and 
N-S trending faults during deposition of Gachsaran 
Fm (Abdollahiz et al., 2006).

However, as suggested by Fig. 4b, extensional frac-
tures similar to those identifi ed in the Central Za-
gros may develop whatever the type of vertical motion 
along basement faults, and it is generally diffi  cult to 
distinguish between a normal and a reverse movement 
along basement faults if only extensional fractures are 
observed in the overlying cover. So one may question 
whether early extensional fractures were caused by 
fl exure/forced-folding above either compressionally 
or extensionally reactivated basement faults (Fig. 4b). 

One should also consider the possibility that these ex-
tensional fractures developed in the cover in response 
to forebulge development and extensional stresses re-
lated to Arabian plate fl exure.

Th e possibility of creating extensional fractures in 
the cover (and also to extensionally reactivate NW-
SE pre-existing basement faults) in response to plate 
fl exure/forebulge development in the Central Zagros 
during Lower Miocene times has been investigated 
through a preliminary numerical modelling of bend-
ing stresses based of subsidence curves (Ahmadhadi, 
2006). It is out of the scope of this paper to discuss 
this modeling in detail. First results suggest that bend-
ing stresses related to the Arabian plate fl exure may 
have been high enough to cause development of early 
extensional fractures within the Asmari Fm., but that 
the area which underwent signifi cant bending stress-
es appears smaller than the region where early exten-
sional fractures were actually recognized in the fi eld.

Th e earliest N040–050° regional joint set suggests 
that the Zagros basin was loaded by a N040–050° di-
rected far-fi eld compression during lower Miocene 

Fig. 14. Proposed model of early 
fracture development in the 
Central Zagros related to the 
reactivation of deep-seated 
main basement faults a 
followed by superimposition of 
Mio-Pliocene folds b
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times. So, as an alternate interpretation to plate fl ex-
ure, we propose that the early extensional fractures 
developed locally above fl exure/forced-folds related 
to the compressional reactivation of basement faults. 
In response to the N040–050° compression, and de-
spite our limited knowledge on their geometry, the 
N140 and N-S-trending basement faults were like-
ly reactivated with a component of vertical motion: 
a dip-slip component of reverse motion along N140° 
trending faults and an oblique-slip component of mo-
tion (reverse, right-lateral) along N-S-trending faults 
(Fig. 14).

Based on the previous discussion on the Asmari in-
tra-basins, we propose that large-scale forced-folding 
above reactivated NW-SE trending basement faults 
may be a possible explanation for the development of 
NW-SE trending joints and normal faults during the 
fi rst stage deformation in the Zagros. As explained be-
fore, paleogeography, facies variations and intra-basin 
development also support the onset of cover deforma-
tion in the form of large wavelength forced-folds be-
fore the whale-back anticlines developed during Mio-
Pliocene shortening. One of the major diff erences in 
the geometry of early forced-folds and Mio-Pliocene 
buckle folds is their aspect ratio (half wavelength to 
axial length ratio) (Fig. 15). As the forcing members 
that generate the forced-folds generally result from 
long linear steps in the basement, the resulting folds 
frequently have a long aspect ratio and are, although 
not always, asymmetric (Sattarzadeh et al., 2000). Th e 
amount of aspect ratio in buckle folds has been pro-
posed in the range of 1/5 to 1/10 (Sattarzadeh et al., 
2000). So, we can expect to fi nd evidence of early ep-
isodes of fracture development above basement faults 
around the terminations of some present folds in the 
Zagros and even in adjacent synclines despite the dif-
ferential shortening of cover and basement (Figs. 14 
and 15), in agreement with fi eld observations.

6 Implications for the Onset 
 of Compressional Deformation 
 and Stress Build-up in the Zagros Belt 

6.1 Basement Fault Reactivation in the Foreland
 of the Zagros Orogen and
 Far-Field Arabia-Eurasia Orogenic Stresses

Our analysis of the early fracture pattern and basin 
architecture at the time of deposition of the Asmari 
limestones therefore supports the occurrence of early 
compressional reactivation of basement faults within 
the Zagros basin. Such intraplate compressional defor-
mations basically require that the build-up of intra-
plate compressional stresses, which likely result from 
a (far-fi eld) stress transmission from the plate bound-
ary, leads to suffi  cient stress magnitudes to overcome 
the local strength of the crust and cause reactivation of 
pre-existing weaknesses. Frictional resistance is gen-
erally less than shear rupture strength under the same 
confi ning pressure (e.g., Etheridge, 1986), so the stress 
necessary to initiate sliding on favorably oriented pre-
existing faults is less than that needed to initiate new 
faults in intact rocks. In addition, depending on the 
nature of fractured rocks, preexisting fractures may 
become overpressured during compression, thereby 
decreasing the eff ective normal stress holding the op-
posite walls of the faults together (Sibson, 1993). Preex-
isting N140° and N-S basement faults therefore acted 
as crustal weaknesses when the Arabian crust under-
went later shortening. 

Such an intraplate stress build-up requires an effi  -
cient transmission of orogenic stresses, which largely 
depends on the amount of coupling between the oro-
gen and the foreland (Ziegler et al., 1998). Reactiva-
tion of the N140° and N-S striking pre-existing base-
ment faults within the Arabian foreland indicates that 

Fig. 15. Schematic model in 
map view of the superimposi-
tion of the Mio-Pliocene folds 
on an earlier large-scale forced-
fold above a reactivated NW-
SE-trending basement fault in 
the Central Zagros. Th is model 
makes it possible to explain the 
directional persistency of the 
fracture sets around the nose of 
an anticline and the presence of 
axis-parallel joint set in an 
adjacent syncline
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the far-fi eld stress transmission from the Arabia-Cen-
tral Iran plate boundary, and therefore mechanical 
coupling between the Arabian and Eurasian plates 
were already effi  cient at that time. However, the trans-
mission of stress through the pre-fractured Arabi-
an crystalline basement was likely heterogeneous and 
complex, so the deformation front propagated in an 
irregular fashion through the basement and the cov-
er. Th is is in agreement with the distinction made by 
Lacombe and Mouthereau (1999, 2002) between the 
front of the shallow thrust cover wedge, the reactiva-
tion front (the outermost inverted structure) and even 
the deformation front (the outermost microstructures 
related to orogenic stresses).

Th e timing of cover folding relative to basement 
shortening needs careful consideration since it refl ects 
the sequence of deformation at the front of the oro-
gen. It is of considerable importance when address-
ing the question of whether shortening in the base-
ment occurred fi rst and was transmitted to the cover, 
or the cover detached fi rst because of low friction bas-
al horizons, and deep-seated thrusting occurred sec-
ond. Th e answer to this question is a key to understand 
how orogenic wedges reached a state of equilibrium. 
We provide herein evidence of an early involvement of 
the basement in shortening in Central Zagros through 
reactivation of inherited basement faults, before any 
signifi cant involvement of the cover in the orogen-
ic wedge. Folding/wedging of the cover occurred lat-
er, mainly during the Mio-Pliocene, together with a 
generalized involvement of the basement in collision-
al shortening. 

6.2 Timing of Early Fractures and Reactivation
 of Basement Faults  in the Central Zagros

Although the relative age of small-scale fractures can 
sometimes be established using for instance abutting 
relationships, their absolute age is generally more dif-
fi cult to ascertain. Deformation in the Zagros belt in-
cluding folding and fracturing is the consequence of 
the Arabia-Eurasia continental collision. Th e age for 
initiation of this collision has been estimated from 
~64 Ma (Beberian and King, 1981), using the end of 
ophiolite obduction, to ~5 Ma (Philip et al., 1989), us-
ing the angular unconformity between Bakhtiary 
conglomerates and the underlying Agha-Jari Forma-
tion (Falcon, 1974). None of these approaches provides 
a date for the fi rst time Arabian and Eurasian conti-
nental crusts came into contact in response to conver-
gence (Allen et al., 2004). Deformation and syn-tec-
tonic sedimentation took place on the northern side 
of the Arabian plate in the Early Miocene (~16–23 Ma) 
(Robertson, 2000; Sherkati et al., 2006), related to the 
overthrusting of allochthonous nappes originating on 

the Eurasian side of the Neo-Tethys (Allen et al., 2004). 
Other studies in the same region put the initial col-
lision-related deformation in the Oligocene (Yilmaz, 
1993), or even in the Middle Eocene (~ 40 Ma) (Hemp-
ton, 1987).

North-south Arabia-Eurasia convergence across the 
northwest Zagros is achieved through a combination 
(partitioning) of NE-SW shortening and right-lateral 
strike-slip faulting on the Main Recent Fault (MRF) 
in the NW Zagros (Fig. 1b) (Talebian and Jackson, 
2004). Talebian and Jackson (2002) reported an off set 
of about 50–70 km along the right-lateral strike-slip 
MRF based on a restoration of the drainage patterns 
and geological markers. Th en they proposed an age of 
about 3–5 Myr for the initiation of the MRF. Th is rep-
resents an average velocity of about 15 mm/yr along 
this fault. Th ere are at the present day no other major, 
northwest-southeast-trending seismically active right-
lateral strike-slip faults within this part of the Zagros 
belt that could help partition the overall convergence 
in this way (Allen et al., 2004). Furthermore, based on 
recent GPS measurements of convergence between the 
Central Iranian block and the Arabian plate (Vernant 
et al., 2004), the Central Zagros accommodates about 
4–7 ± 2mm/yr of north-south shortening. Th e maxi-
mum slip rate along the MRF would be of 4 ± 2.5 mm/
yr if the fault achieves complete partitioning of this 
shortening.  Th is is not in agreement with a Pliocene 
(3–5 Ma) initiation of the MRF (Talebian and Jackson, 
2002) and with a cumulative lateral slip of 50–70 km 
along that fault, which leads to a long-term slip rate of 
10–17 mm/yr (Talebian and Jackson, 2002). If the cu-
mulative right-lateral off set on the MRF is correct, and 
if the age of the Bakhtiari Formation, which is essen-
tial from establishing the age of the MRF, is not un-
derestimated, it is possible that horizontal slip may 
have occurred along precursor faults to the MRF or in 
the vicinity of the future MRF between the Late Cre-
taceous (using the age of the Ophiolite body as an off -
set marker (Talebian and Jackson, 2002) and the Plio-
cene, during dominantly transpressive deformation in 
the High Zagros. Agard et al. (2005) already suggested 
occurrence of belt-parallel strike-slip movement with-
in the Crushed zone much before the Plio-Quaterna-
ry right-lateral movement along the MRF reported by 
Talebian and Jackson (2002). 
Based on the evidence of facies changes, forced folding 
above basement faults in the Central Zagros strong-
ly aff ected the Asmari basin during Aquitanian times 
(Lower Miocene) and possibly continued up to the fi -
nal stage of deformation in the Upper Miocene – Plio-
cene times. Fig. 16 shows a tentative scenario of the 
geodynamic evolution of the Central Zagros basin. 
Th e geodynamic evolution of the basin during the low-
er Tertiary, at least in the Central Zagros, is not clear. 
Most parts of the Paleocene sediments, based on pale-
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olog data in the Dezful Embayment, have been eroded 
and this unconformity sometimes reaches Maastrich-
tian formations in this region. Documented emergent 
zones near N-S basement fault (e.g., IZHF) during the 
latest Cretaceous and even Paleocene times suggest 
that these N-S-trending basement fault may have been 
reactivated. Progressive basin restriction and sedimen-
tary fl ux progradation toward the depocenter of the 
previous Pabdeh basin, and the emergence of the Eo-
cene carbonate platform (Jahrum/Shahbazan carbon-
ates) in the southern part of the basin (Fig. 12b) during 
Eocene-Oligocene times, suggests that the NW-SE-
trending basement faults were presumably reactivat-
ed by a far-fi eld stress resulting from Arabia-Eurasia 
continental collision. During Early Miocene (Aqui-
tanian) times, signifi cant changes in the basin archi-

tecture and facies distribution occurred. At this time, 
early reactivation of basement faults (e.g., MFF, DEF) 
led to forced-folding (Fig. 16) which at least partly con-
trolled the formation of the Kalhur evaporitic intra-
basin which is located between the Mountain Front 
Fault (MFF) and the Dezful Embayment Fault (DEF). 

Th e present study clearly emphasizes the overall 
importance of basement tectonics in the early struc-
tural evolution of the foreland of the Zagros collision-
al orogen. We propose a sequence of deformation in 
which the basement is involved early in the shorten-
ing, i.e., through Oligocene-Lower Miocene local-
ized inversion of pre-existing basement faults in re-
sponse to early intraplate stress build-up. During this 
time the cover was loaded by a N040°–050° compres-
sion, but did not suff er any important deformation, ex-

Fig. 16 Proposed lower Tertiary geodynamic evolution of the Central Zagros basin, on lithospheric cross-sections (left ) and in map 
view (right) during a (late?) Oligocene; b Early Miocene (Aquitanian-Burdigalian); c Upper Miocene-Plio-Quaternary. Th is mod-
el suggests early involvement of the basement in shortening before any signifi cant involvement of the cover in the orogenic wedge. 
Th e main episode of cover deformation and the generalized involvement of the basement in collisional shortening occurred later, 
during the Upper Miocene-Pliocene times



Chapter 11  ·  Early Reactivation of Basement Faults in Central Zagros (SW Iran) 225

cept forced-folds or large-scale fl exures above reacti-
vated basement faults which induced local extensional 
states of stress. During the Mio-Pliocene paroxysm of 
deformation, the cover was involved in the orogenic 
wedge, while generalized involvement of the basement 
in shortening gave birth to the main morphotectoni-
cal regions in the Zagros fold belt (Figs. 16 and 1b).

6.3 Geodynamic Implications 

Th e group of NW-SE-trending fractures are thought 
to have formed during the early stage of forced-fold-
ing above the main Zagros basement faults, and with-
in the Asmari Formation during its deposition. Taking 
into account the earliest N050° regional joint set (Ah-
madhadi et al., submitted) and also the second group 
which formed above forced folds, it is suggested that 
collisional stress build-up could have started, at least, 
as early as the Aquitanian (~23 Ma) and maybe earli-
er (Oligocene). 

Th e fi rst stage of basement fault reactivation may 
have started as early as the Oligocene, during the de-
position of the Asmari Formation. Th is early basement 
fault reactivation may, together with the regional early 
N050° joint set, mark the onset of compressional stress 
build-up related to the Arabia-Central Iran continen-
tal collision (Fig. 16a). Th en, amplifi cation of basement 
fault movements during the Upper Oligocene to Low-
er Miocene (Chattian- Early Aquitanian, ~ 27–23 Ma) 
led to diff erent isolated intra-basins in the studied area 
and initiated a series of fractures, parallel to general 
trends of these intra-basins and basement faults (Fig. 
16b). In agreement with Allen et al. (2004) and Agard 
et al. (2005), we propose that 22–30 Ma (Chattian-
Aquitanian) is a likely minimum age for initial plate 
collision, and that partitioning of the N-S Arabia-Eur-
asia convergence into belt-perpendicular shortening 
and belt-parallel strike-slip faulting in the NW Zagros 
happened long before what has been estimated for the 
initiation of the MRF.

Conclusions

Th e majority of fracture sets observed in the Asmari 
Fm in the Central Zagros are not compatible with con-
ventional fold/fracture models. We proposed herein 
that they have been initiated before the main Mio-Plio-
cene shortening episode. Intra-basin architecture and 
facies changes during Lower Tertiary times suggest 
that large-scale forced-folds or fl exures above com-
pressionally reactivated basement faults controlled the 
Asmari sub-basins. Th e timing of reactivation of the 
main basement faults was estimated early Aquitanian 
in age, possibly before (late Oligocene). Th e non-com-

patibility between fracture populations in the Central 
Zagros folds and classical fold-related fracture mod-
els arises from the diff erences between the geometry 
and orientation of early large-scale and likely gentle 
forced-folds above reactivated basement faults and the 
superimposed Mio-Pliocene smaller-scale folds. Th is 
study emphasizes that early basement block move-
ments may have an impact on fracture development in 
the cover rocks. However, the transmission of orogen-
ic stress through the fractured crystalline basement of 
the Zagros was probably heterogeneous and complex, 
so the deformation front likely propagated in an irreg-
ular fashion through the basement and the cover lead-
ing to a complex chronology of fracture development 
in the cover. Such a complexity should be taken into 
account in further studies of folded and fractured res-
ervoirs.

Finally, from a geodynamic point of view, it comes 
from our study that partitioning of the Arabia-Eurasia 
N-S-trending convergence and initiation of belt-paral-
lel strike-slip movements (as currently along the Main 
Recent Fault) probably occurred as early as 22–30 Ma 
(Chattian-Aquitanian), which is likely to be the min-
imum age for the onset of Arabia-Eurasia plate colli-
sion in the Central Zagros.
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Evolution of Maturity in Northern Fars 
and in the Izeh Zone (Iranian Zagros) 
and Link with Hydrocarbon Prospectivity

Jean Luc Rudkiewicz · Shahram Sherkati · Jean Letouzey

Abstract Paleozoic and Mesozoic reservoirs (Permo-Triassic, 
Neocomian and Cenomanian carbonates) could be consid-
ered as potential targets for hydrocarbon exploration in 
Northern Fars and in the Izeh Zone of Central Zagros. A re-
gional study has been carried out to reconstruct the history of 
subsidence, temperature and maturity of source-rocks 
through geological times in that area. The relationship be-
tween the structural evolution of the fold-and-thrust belt and 
the thermal history of the source-rocks is recognized as a crit-
ical parameter for hydrocarbon exploration, together with 
the extension of the source-rocks, which might be present at 
various stratigraphic levels along regional transects crossing 
the study area.

This study is based on integration of fi eld work, seismic 
profi le interpretation and well data. Coupled structural, ther-
mal and geochemical modelling was undertaken to handle 
compositional generation and expulsion. 

Probable Early Paleozoic source-rock matured everywhere 
in the Izeh Zone in Jurassic time and expulsion of liquid hy-
drocarbon mostly occurred during the Cretaceous period, 
hence long before Zagros folding. It is suggested that the 
presence of paleo-structures and of Triassic evaporites, acting 
as top seal, are among the main factors for a successful Per-
mo-Triassic gas exploration in the study area. Generation and 
expulsion behaviour of Jurassic and Albian source-rocks con-
siderably varies within the Izeh Zone. Thickness of the Late 
Cretaceous–Eocene sediments and the fi rst vertical move-
ments at regional scale in the inner part of the belt considera-
bly infl uenced the maturation expulsion, migration and en-
trapment of petroleum from these source-rocks. An accurate 
timing of structural formation and the source-rock distribu-
tion are therefore crucial factors for trap assessment in Meso-
zoic reservoirs.

1 Introduction 

1.1 Objective 

Th e Zagros fold belt and its foreland are one of the most 
prolifi c petroleum provinces in the world. Among the 
hydrocarbon provinces of Iran, the Dezful Embayment 
(Fig. 1) has been the most studied, from a stratigraph-
ic point of view (James and Wynd, 1965; Setudehnia, 

1978; Motiei, 1995), structural style (Falcon, 1967 and 
1974; Colman-Sadd, 1978; Sherkati and Letouzey, 
2004) and petroleum system analysis (Murris, 1980; 
Bordenave and Burwood, 1990 and 1995; Bordenave 
and Huc, 1995). However, when moving away from the 
Dezful Embayment, where the main hydrocarbon dis-
coveries are located (Fig. 2), the information is more 
limited. Th is information includes, however, extensive 
fi eld work carried out by OSCO’s geologists in the 60s 
and 70s, and the result of a few wells, among which 
we can cite Kuh-e Bangestan, Kuh-e Rig, Shurom, Du-
drou and Mokhtar. Th erefore, this paper intends to 
discuss the timing of maturity and source-rock expul-
sion in Northern Fars and in the Izeh Zone of Central 
Zagros (Fig. 1).

Permo-Triassic carbonates (Middle to Late Perm-
ian Dalan and Early Triassic Kangan Fms.) and Meso-
zoic limestone reservoirs (Jurassic Surmeh Fm., Neo-
comian Khami Group and Cenomanian Sarvak Fm.) 
are potential targets for hydrocarbon exploration in 
Northern Fars and in the Izeh Zone.

Th e prospectivity assessment of the Izeh Zone and 
of Northern Fars depends upon the distribution of 
generating and expelling source-rocks, the existence 
of reservoir and cap rocks and the existence of traps at 
the time of oil and gas expulsion. Our assessment will 
not discuss in detail the occurrence of source-rock and 
their facies distribution. Our main aim is to defi ne the 
areas where burial and temperature history might have 
made possible generation and expulsion. Th e work is 
based upon structural cross-sections in Northern Fars 
and synthetic wells located in the Izeh Zone (Fig. 1). 
Regional structural and geochemical modelling was 
undertaken to reconstruct the history of tempera-
ture and maturity of source-rocks through geologi-
cal times. Th rough modelling, most constraints issued 
from geological history could be taken into account 
(Tissot and Welte, 1984; Burrus et al., 1991; Rudkie-
wicz et al., 2000).

 Th e present study is based on the integration of 
fi eld work, seismic profi le interpretation and well data. 
We will fi rst review the various petroleum systems in 
the study area and then we will describe the modelling 
techniques used and the implications of temperature, 
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maturity and expulsion modelling on the prospectivi-
ty of the area. Th e commercial soft ware Genex (Beicip-
Franlab, 1995) and the IFP in-house tool Th rustpack 
(Sassi, 2005) were used to handle temperature, maturi-
ty and compositional generation and expulsion mod-
elling through geological times.

1.2 Rapid Review of the Regional Geology 

Numerous studies have reviewed the structural evolu-
tion of the Central Zagros fold belt (Ricou, 1974; Hes-
sami et al., 2001; Sherkati, 2004). In short, the Zagros 
is a collisional belt between the Iranian block and the 
Arabian shield, whose convergence started at the be-
ginning of the Late Cretaceous (Ricou, 1974; Berberi-
an and King, 1981), accelerated during the Late Mio-
cene and Pliocene (Stöcklin, 1968) and continued up 
to the present day (Glennie, 2000; Sella et al., 2002; 
Bordenave and Hegre, 2005). Th e converging plates 

deformed paleozoic sediments, mesozoic rocks depos-
ited during the past tethyan evolution (Dercourt et al., 
1993) and synfolding Cenozoic sediments (Homke et 
al., 2004; Verges et al., 2005).

Within the structural division of Zagros (Stöck-
lin, 1974; Alavi, 1994), the area under study is limited 
from the foreland (Dezful Embayment) by the Moun-
tain Front Th rust Fault to the SW and towards the hin-
terland by the High Zagros Fault to the NE (Fig. 1). Th e 
Izeh Zone is located NW of the transverse Kazerun 
fault. Th e part of Northern Fars studied in this paper 
is located SE of the Kazerun fault (Fig. 1). Within this 
area, the structural complexity is essentially related 
to the interplay between subsidence, faulting, folding, 
sedimentation and erosion processes. Th is is a com-
mon feature of many foreland and fold-and-thrust 
belts orogens (e.g. Roure et al., 1993). In addition, the 
structural complexity of the Zagros has been recog-
nised as resulting from the mechanical behaviour of a 
sedimentary sequence where several detachment lev-

Fig. 1. Location map of the 
Dezful Embayment, the Izeh 
Zone, Northern Fars and the 
High Zagros area. Th e bold 
black lines in Northern Fars 
represent the location of 2D 
modelling transects, whereas 
the circles named “a” to “h” 
represent synthetic 1D wells 
located in selected deepest 
preserved synclines in the Izeh 
Zone. Altitude is colour coded 
from SRTM data



Chapter 12  ·  Evolution of Maturity in Northern Fars and in the Izeh Zone (Iranian Zagros) and Link with Hydrocarbon Prospectivity 231

els, locally changing, are at work (O’Brien, 1950; Mc 
Quillan, 1974; Favre, 1975; Collman-Sadd, 1978; Mo-
tiei, 1995; Sherkati, 2004). Within the Izeh Zone and 
Northern Fars, the main detachment levels are locat-
ed in the Late Proterozoic/Lower Paleozoic (Hormuz 
salt), in the Triassic (where the evaporitic Dashtak Fm. 
is present), in Mesozoic (where Kazhdumi or Pabdeh 
Fms. are in shaly organic-rich facies) and in Cenozo-
ic (Gachsaran Fm.) (Sherkati and Letouzey, 2004; Bo-
sold et al., 2005). 

1.3 Petroleum Systems

Two main petroleum systems exist in the Zagros Fold 
belt, a Paleozoic Petroleum System (Bordenave, 2002a) 
and the Middle Cretaceous to Early Miocene Petro-
leum System (Bordenave, 2002b). Th ey are linked to 
the existence of eff ective source-rocks and eff ective top 
seals. Nevertheless, because of stratigraphic complex-
ity, lateral variations induce changes from the well-

known situation in the Dezful Embayment towards 
the Izeh Zone and Northern Fars (Fig. 2).

Th e Paleozoic sourced system caused the accumu-
lation of huge amounts of gas in the Permian Deh Ram 
Group. Th ese accumulations were conditioned to the 
existence of thick enough evaporites in the Triassic 
Dashtak Fm. to form an effi  cient cap rock. Th e source 
for hydrocarbons in the Permian carbonates is usually 
attributed to the Llandoverian shales, because of its oc-
currence 600 km away from Izeh Zone. 150 km north 
of Bandar Abbas, at Kuh-e Gahkum and at Kuh-e Far-
aghan, Silurian shales are 40 m thick, having TOC val-
ues up to 4.1% although being over mature (Bordenave 
and Burwood, 1990). Th is level extends from the Ara-
bian Platform where it forms the base of the Qusaiba 
Fm. (Mc Gillivray and Husseini, 1982) to Northern 
Africa (Chaouche, 1992; Lünning et al., 2000).

However, in the paleozoic outcrops at the base of 
the High Zagros Th rust in the Izeh Zone, no Silurian 
sediments were found, because this interval was erod-
ed, as the result of the Hercynian orogeny. It is known 

Fig. 2. Location map oil and gas 
fi elds in  the Central Zagros 
(NIOC, 1993). Oil fi elds are 
represented in dark blue and 
gas fi elds in yellow
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from the description of the facies variation of the Da-
lan Fm. that a well-individualized high existed north 
of Kuh-e Dena. Th is high was associated to the deposi-
tion of siliciclastics originated from the Late Protero-
zoic to Early Cambrian Mila Fm., and to the develop-
ment of reefoid facies in the Lower part of the Dalan 
Fm. (Szabo and Kheradpir, 1978). Moreover, the high 
was marked by the deposition of stacked paleo-soils 
time-equivalent of the deposition of the Nar Member 
of the Dalan Fm. in Fars (Insalaco et al., 2006).

Th e Kuh-e Surmeh outcrop in Central Fars and sev-
eral deep wells drilled in Fars and off shore showed that 
this high extended to the south, separating an east-
ern Silurian basin extending from Kuh-e Gahkum to 

Oman from a western basin assumed to extend from 
Saudi Arabia to the Dezful Embayment (Bordenave, 
2002a). 

In addition to the Llandoverian possible source-
rocks, we have to mention the existence of dark shale 
attributed to the Cambrian lacustrine to deltaic Mila 
Fm.. Th is shale sampled in the Izeh Zone near Kuh-e-
Sefi d (N 32°58, E49°37), showed TOC values up to 11% 
and Tmax values in the range of 450°C.

From these considerations, it is probable that the 
Llandoverian source-rocks do not exist in the part of 
the study area located in Northern Fars, while they are 
more likely to exist in the Izeh Zone. Not being sure of 
the distribution of the Llandoverian shales, we will use 

Fig. 3. Simplifi ed stratigraphic 
chart, indicating the petroleum 
systems. Source-rocks are 
indicated with green shadow-
ing, reservoirs with blue 
shadowing and seals with pink 
shadowing (modifi ed aft er 
Bordenave and Burwood, 1995)
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the term “Early Paleozoic shale” for modelling pur-
pose, whatever its stratigraphic age may be.

Th e second petroleum system is related to the Teth-
yan history of the Zagros. During the Mesozoic peri-
od, the Izeh Zone and Northern Fars underwent an 
episode of continuous deposition and more than 3 km 
of sediments accumulated on the margin of the Arabi-
an plate. Several major source-rock layers were depos-
ited in depressions when euxinic conditions prevailed 
as the result of water layering. Th eir distribution is rea-
sonably established (Bordenave and Burwood, 1990 
and 1995; Bordenave 2002b). Source-rocks were de-
scribed in the Middle Jurassic (Sargelu Fm.), Valangin-
ian (base of the Garau Fm.), Albian (Kazhdumi Fm.), 
and Middle Eocene (part of the Pabdeh Fm.). In ad-
dition, prolifi c Hanifa-Tuwaiq Mountain source-rocks 
extended during the Late Jurassic in Saudi Arabia and 
in the Arabo-Persian Gulf (Carrigan et al., 1994). 

Jurassic and Early Cretaceous source-rocks accu-
mulated in the Mesopotamian depression (Murris, 
1980), and their facies changed abruptly toward the 
NE along a well-marked shelf edge into high-energy 
platform facies (Murris, 1980; Bordenave and Huc, 
1995). Th e shelf edge passed between Kuh-e Mungasht 
and Kuh-e Bangestan. At Kuh-e Bangestan-1, nearly 
300 m of Sargelu source-rocks showed TOC values av-
eraging 4% with Tmax values around 442°C, while a 
few hundred meters of Garau facies were described at 
the base of the Fahliyan Fm.. It is assumed from this 
information that the Sargelu and the Garau source-
rocks exist in the SW part of the Izeh Zone, but are 
replaced by shallow carbonates in its NE part and in 
Northern Fars. 

Two source-rock layers, the Kazhdumi and the 
Pabdeh are assumed to charge the prolifi c fi elds of the 
Dezful embayment (Bordenave and Burwood, 1990 
and 1995). Th e Kazhdumi source-rocks were deposit-
ed in a silled intrashelf depression that corresponded 
almost exactly to the present-day Dezful Embayment. 
However, the organic-rich Kazhdumi facies was as-
sumed to extend eastwards into the Kuh-e Rig to Shi-
raz area (Bordenave and Hegre, 2005). Th is extension 
would explain the oil accumulation in the Sarvak and 
in the Fahliyan/Dariyan carbonates of the fi elds locat-
ed in the Kuh-e Rig area, in Saadat Abad and Sarvest-
an, south of Shiraz (Fig. 2), and oil seepages described 
north of Shiraz. As part of this study, a sample of Ka-
zhdumi with TOC of 5% and a Tmax of 440°C recent-
ly collected in the Dashtak anticline (N 30°30, E52°30) 
confi rms the extension of the Kazhdumi source-rock 
in the Shiraz area. However, the Kazhdumi was de-
posited in an oxic organic-lean facies at Sabspushan-1 
well, south of Shiraz and in the Jahrum area as shown 
in several outcrops (Bordenave and Burwood, 1995). 
Organic-rich Pabdeh was deposited in a NW-SE elon-
gated trough, parallel to the Zagros suture, extending 

from Lurestan to Fars (Bordenave and Hegre, 2005). 
However, in most of the Izeh Zone and Northern Fars, 
the Pabdeh is immature.

All source-rocks consist of Type II to type IIS kero-
gen (Bordenave and Burwood, 1990). 

Th e potential reservoirs of this second petroleum 
system are the Jurassic and Early Cretaceous carbon-
ates of the Khami Group (Surmeh, Fahliyan and Dari-
yan Fms.) and the carbonates of the Middle to Late Cre-
taceous Bangestan Group (Sarvak and Ilam Fms.). Th e 
Miocene Asmari Fm. that is well developed in Dezful 
Embayment is not considered as a potential reservoir 
in the Izeh Zone and in Northern Fars, because it is ei-
ther outcropping or at shallow depth. 

Top seals are more problematic, as the Mesozoic 
evaporites of the Hith/Gotnia Fm. laterally disappear 
when moving to Northern Fars (Bordenave and Huc, 
1995). However, the Mokhtar-1 well drilled in the Yas-
uj area showed that thick organic-rich Kazhdumi could 
be, in addition of its classical role of source-rocks, con-
sidered as an effi  cient seal (Bosold et al., 2005). With-
in the Bangestan Group, lateral facies changes or high 
stand shales could possibly form cap-rocks (Taati Qor-
ayem, 2005). 

2 Methodology and Modelling Results

Once the structural cross-sections were interpreted 
and balanced (Sherkati and Letouzey, 2004), an as-
sessment of the petroleum system could be done. Th e 
technique used here is basin modelling through ma-
turity and expulsion modelling. Basin modelling puts 
fi gures and physical/chemical equations on geologi-
cal assumptions to reconstruct a basin and its history 
(Ungerer et al., 1990). It can calculate, for example, if a 
given source-rock is mature, if oil, condensate and/or 
gas were expelled from it. However, the results depend 
upon the validity of the initial assumptions. Neverthe-
less, basin modelling is an eff ective way of checking 
assumptions. It can be used to check what might hap-
pen according to the organic richness of the Kazhdu-
mi Fm. with, for instance, average TOC values being 
0.5%, 1%, 2% or 5%.

In a thrust and foreland system like the Zagros Fold 
belt, our basin modelling aims at answering the fol-
lowing questions: 

 What is the maturity of possible source-rocks in a 
given formation, here Lower Paleozoic, Jurassic or 
Cretaceous ?

 At what geological times did it reach maturity? Af-
ter or before the formation of the structural traps 
linked to the Zagros orogeny? 

 Did the kerogen-bearing formations expel any hy-
drocarbon to nearby structures? 
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 What is the nature of expelled hydrocarbons: heavy-
oil, oil, condensate, wet-gas or dry-gas? 

2.1 Thermal Modelling 

Th e fi rst step in maturity modelling consists in tem-
perature modelling (Tissot and Welte, 1984; Doligez 
et al, 1985). In order to reconstruct the tempera-
ture through time, the standard procedure is to col-
lect present-day temperatures in wells and to deduce 
from this data the boundary conditions that have to 
be applied to compute present-day temperatures from 
coupled conductive/convective heat transfer. Th ese 
boundary conditions are crustal heat fl ux and surface 
temperatures. Th en, in order to compute the temper-
atures in the past, where no direct measurements are 
possible, the boundary conditions are extrapolated 
to the past. A cross-check with paleo-thermometers, 
such as vitrinite refl ectance, Tmax from Rock Eval or 
transformation ratio of organic matter is needed to be 
sure that the basal heat fl ow can be confi dently extrap-
olated (Durand et al., 1985).

Such a standard work has been performed on a rep-
resentative set of 57 wells in Central Zagros. Present-

day temperature data is not easily available and a map 
of thermal gradient (Motiei, 1985) was used as substi-
tute for temperature information. Th e crustal heat fl ux 
coming into the basin was calibrated on this temper-
ature data  (Fig. 4, aft er Gabalda, 2004).  It shows that 
Izeh Zone and Northern Fars are signifi cantly cooler 
than the Dezful Embayment. Th ough hard tempera-
ture control points are scarce in the area, the present-
day heat fl ow trend probably refl ects the deep crustal 
heterogeneity of the lithosphere and its ancient passive 
margin signature.

Present day heat fl ows have been kept constant 
through geological times, even though this is known 
as been an oversimplifi cation, due to the past geody-
namic structure of the thrust belt. An analysis of the 
variation of subsidence through time shows the rela-
tive stability of the north-eastern part of the Arabi-
an Platform, and seems to justify the use of constant 
heat fl ow, at least during the Jurassic, Cretaceous, and 
Paleogene (Bordenave and Hegre, 2005). Classically, 
Tethyan rift ing was associated, during the Permian 
and Triassic, with elevated heat fl ows, followed by post 
rift  decay. However, the crustal stretching factor that 
could be used as a constraint on the paleo heat fl ow is 
impossible to derive, because the whole passive margin 

Fig. 4. Regional heat fl ow map. 
Heat fl ow was deduced from 
temperature data available at 
regional scale through present-
day thermal calibration 
(Gabalda, 2004, unpublished 
report). Posted values show the 
calibration points from which 
the map has been interpolated. 
Original gradient data has been 
published by Motiei (1995). 
Note the rapid decrease of heat 
fl ow in the Izeh Zone and 
Northern Fars, as compared to 
those of the Dezful embay-
ment. Heat fl ow in the Izeh 
Zone is only controlled by 
temperature data coming from 
the Rig and Shurom wells. 
HZF: High Zagros fault, 
MFF: Mountain front fault



Chapter 12  ·  Evolution of Maturity in Northern Fars and in the Izeh Zone (Iranian Zagros) and Link with Hydrocarbon Prospectivity 235

setting has been overprinted by the Arabian-Iranian 
collision. So the heat fl ow was kept constant through 
time, which results only in a possible shift  of paleoma-
turity during the Triassic and perhaps the Early Juras-
sic times, long before structural traps linked to the Za-
gros orogeny existed.

2.2 Structural Modelling in Northern Fars 

Several successive episodes of sedimentation/erosion 
should be considered in the studied area (Stöcklin, 
1968 and 1974; Berberian and King, 1981; Alavi, 1994; 
Sharland et al., 2001): 

1. A long Paleozoic and probably Precambrian histo-
ry, with several stratigraphic gaps due to the vari-
ous collisional events, among which a mild Acadian 
phase was followed by a strong Hercynian phase 
that caused up to one thousand meters of erosion 
on N-S oriented blocks, and the deposition of Perm-
ian on signifi cant angular unconformity (Szabo 
and Kheradpir, 1978; Berberian and King, 1981; 
McGillivray and Hussaini, 1992).

2. A passive margin set up during the Mesozoic and 
part of the Cenozoic, where sediments compact 
mostly vertically, as the basin grows through fi lling 
up accommodation space; 

3. A multiphase collision margin set up mostly since 
the Neogene, but starting as early as the Coniacian, 
when the former NeoTethys was closing up and the 
Zagros thrust belt was building. Th en movements 
of sediments were both vertical, through synstruc-
tural deposits and horizontal, through thrust move-
ments. 

For structural modelling purpose, we have only con-
sidered the last compressional event. Two diff erent 
modelling tools were used to reconstruct the maturity/
expulsion history of the source-rocks during the two 
episodes. Th e 1D tool Genex (Beicip, 1995) has been 

used to account for the fi rst stages, until the onset of 
horizontal deformation of sediments, and then in or-
der to reconstruct the structural history of the colli-
sion system, we have used the Th rustpack soft ware to 
get access to 2D results on cross-sections. Fig. 1 shows 
the location of the modelled cross-sections in North-
ern Fars.

Th rustpack is a 2D soft ware that has been devel-
oped for forward kinematic reconstruction of fold-
and-thrust belts. Taking into account synfl exural or 
synkinematic sedimentation and erosion, it provides 
geometric constraints to reconstruct the burial histo-
ry of potential source-rocks and the simultaneous or 
delayed formation of structural anticlinal traps (Sas-
si, 2005). A balanced cross-section is the starting point 
from which the geometry through time is reconstruct-
ed (Fig. 5; for balanced sections see Sherkati et al., 
2006). Th en, depending upon the geological history of 
the thrust belt, stages of deformation are selected, for 
which it is decided to move the diff erent modules of the 
balanced cross-section, with deformation rates suited 
to the global tectonic history of the area. Th rough trial 
and error, a scenario of deformation steps with thrust 
movements and fl exural uplift  or subsidence together 
with syntectonic deposition or erosions is reconstruct-
ed. Th e fi nal step of deformation should lead as close 
as possible to the present day geometry. 

Table 1 lists the stages of deformation that have 
been selected to account for the thrusting history in 
the Zagros fold belt. Th ere is an arbitrary part in the 
selection of deformation ages for all events that hap-
pened aft er the deposition of Asmari Formation. Most 
age-dating information available comes from James 
and Wind (1965) which attributed the Gachsaran Fm. 
as to the Early Miocene, the Mishan Fm. to the Early 
to Middle Miocene, the Agha Jari is indicated as being 
Late Miocene to Pliocene and the Bakhtiari to be Late 
Pliocene in age. However, these authors underlined the 
lack of diagnostic fossils in the later formation. Th e ab-
solute ages corresponding to the Miocene and younger 
stages are taken from Haq and Van Eysinga (1998).

Fig. 5. Balanced structural cross-section used to perform maturity and expulsion modelling (simplifi ed aft er Sherkati and Letouzey, 
2004) Formation legend: 1. Mishan, Agha Jari and Bakhtiari Fms, 2. Gachsaran Fm, 3 Pabdeh, Gurpi and Asmari Fms, 4. Kazhdu-
mi (a) and Sarvak (b) Fms, 5. Early Cretaceous to Early Jurassic interval, 6. Triassic, 7. Paleozoic, 8. Hormuz salt, 9 Basement
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Th e deformation rates need to account for the total 
shortening of the sections. Th ey were taken in order 
to be always lower than the plate tectonic convergence 
rates. No hard constraint on the deformation stages is 
available. However, the global assumption that the Za-
gros fl exure was progressing through times from the 
foreland to the hinterland was accounted for through 
diff erences in thickness in the Mishan Fm. from exter-
nal to internal areas (Hessami et al., 2001). It is also as-
sumed that the movements of thrusts started earlier in 
the internal part of the fold belt, probably during Early 
Miocene times, and later in the most external.

Other geological assumptions have been used to 
build a most probable scenario of deformation events: 

1. Some structures are developed on faults with large 
off set for Paleozoic to Cenozoic layers, like Buzpar. 
Others like Serbalesh (Fig. 6) show less off set in Pa-
leozoic and Mesozoic formations, but exhibit rather 
a buckling type of deformation. Th erefore, we have 
assumed that the deformation started as early as 
Mishan times for the structures with large off set, 
and only later, for structures with less off set.

2. We assumed in this present work that all structures 
began to grow as soon as shortening started. Th is 
assumption is supported by the fact that the lower 
detachment level in Northern Fars is a low-friction 
level (Hormuz salt). An alternate assumption, not 
documented here, would have been to propagate 
the deformation from hinterland to foreland 
through Miocene and Neogene times, the most in-
ternal structures being the fi rst to form, the most 
external being the later. 

3. Because of observations on seismic sections and be-
cause of recent seismicity (Berberian, 1995), we 
have assumed that the crust gets involved in the de-
formation. Hormuz salt moves at the same time and 
accommodates the deformations. 

4. Erosion of the section, and specifi cally of anticlines, 
occurs whenever their altitude gets several hun-
dreds of meters higher than the surrounding layers. 

Erosion also occurs when the average elevation gets 
higher than the present-day altitude of the section.

5. Th e thickness and facies of synfl exural formations 
deposited during Middle Miocene to Pleistocene 
(Mishan, Agha Jari and equivalent) and eroded 
away at present has been selected to fi t Tmax values 
observed in the fi eld for both the Kazhdumi and 
Pabdeh source-rocks. In the internal areas little di-
rect indications about the thickness of sediment of 
Middle and Upper Miocene or Pliocene equivalent 
of Mishan/Agha Jari or Bakhtiari do exist. Th e only 
assumption is to use a thickness equivalent to the 
one observed in the external thrust areas, because 
rare Tmax values around 430–440°C indicate early 
mature state of the source-rocks and a shallow pa-
leo burial of the anticlines.

Fig. 6 shows the reconstructed geometry through time 
for the Buzpar-Serbalesh transect. Th e scenario of de-
formation resulting from this reconstruction is only 
one of several possible solutions. Care has been tak-
en to fi t the present-day maximal burial depth in each 
of the synclines adjacent to the anticlines, because 
most of the maturity and expulsion of hydrocarbons 
will preferentially happen there. Th e hydrocarbons ex-
pelled from the source-rocks will then migrate lateral-
ly into the adjacent anticlines, if expulsion is young-
er than the formation of the Buzpar and the Sarbalesh 
Zagros folds. Due to the deformation algorithms used 
in Th rustpack, the geometry in the anticlinal areas is 
sometimes diffi  cult to match. But here also, we have 
tried to reach at least a partial overlap of computed 
and observed shapes. 

One can see that to compute the present-day geom-
etry, there is no need to have faults cutting through Ju-
rassic and Cretaceous layers up to the surface; faults 
would aff ect the Paleozoic formations and then die out 
laterally into the Triassic evaporitic Dashtak, as shown 
by seismic sections in this area. Th is is especially visi-
ble at the anticline of Sarbalesh (Fig. 6). Other faults in 
this section act as quasi kink axis in Jurassic to Mio-
cene formations, with no large throw.

2.3 Hydrocarbon Generation 
 and Expulsion in Northern Fars 

In order to perform maturity and expulsion model-
ling, source-rocks were assumed to exist in Early Pa-
leozoic, Jurassic and Cretaceous formations every-
where in the Northern Fars-Izeh Zone. Th eir eff ective 
occurrence remains to be discussed. As an example, 
the Kazhdumi Fm. becomes organic-lean when near-
ing Kazerun fault (Bordenave and Huc, 1995).

Once the structural history has been reconstruct-
ed and the thermal history calibrated, the transforma-

Stage Geological 
age 

Starting age 
in Ma

Ending age 
in Ma

Present day Pleistocene 1.62 0

Bakhtiari Pliocene 5 1.62

Upper Miocene Miocene 7 5

Agha Jari Miocene 9 7

Mishan Miocene 11.2 9

Gachsaran Miocene 16.6 11.2

Asmari Miocene 23.7 16.6

Table 1. Stages of deformation used in the structural modelling
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tion ratio of the kerogen can be deduced and the gen-
esis and expulsion of hydrocarbons can be assessed. 
We have used a kinetic description of cracking (Van-
denbroucke et al., 1999) that is able to model the gene-
sis of hydrocarbons with a full range of chemical com-
position, in order to explain the development of heavy 
oil, oil, condensate, gas and even CO2. Th e kinetics for 
the hypothetical Lower Paleozoic  kerogen were taken 
from Abu Ali et al. (1999) who measured composition-
al kinetics from a immature Silurian sample in north-
western Saudi Arabia. 

Th e maturity history of the following formations 
that may include potential source-rock intervals at 
least somewhere in the Zagros Fold belt was computed 
with the following base-case assumptions:

 Pabdeh, with Type II kerogen and TOC of 2%;
 Kazhdumi, with Type II or Type II-S kerogen and 
TOC of 2%;

 Jurassic (Sargelu Fm.) with 2% TOC, although the 
Sargelu Fm. is likely to be in shallow platform lime-
stone facies and is not expected to include any 
source-rocks; 

 Early Paleozoic (“Silurian”) with Type II kerogen 
and 2% TOC (although no Llandoverian hot shales 
are expected in an area that has been a regional 
high extending from Kuh-e Dena and Kuh-e Sur-
meh, already observed at the end of the Ordovician, 
and that has been uplift ed during the Hercynian 
phase, as shown by the deep wells drilled in Fars 
(Bordenave, 2002a).

Because the history of the folding started during the 
Early Miocene, we have not modelled the pre Miocene 
history with the 2D tool. Th e starting point of the de-
formation is set arbitrary at 23.7 Ma, corresponding 
to the beginning of the Middle Asmari deposition, ac-
cording to the James and Wynd (1965) terminology 
(Table 1). 

Two types of result can be used to discuss the pro-
spectivity of the area: the transformation ratio of the 
various source-rocks and the expulsion rates comput-
ed for the diff erent components.

In the Sarbalesh-Buzpar section, the basal sketch of 
Fig. 6 shows that Kazhdumi Fm., if it has been pres-
ent in the section, would not have expelled any hydro-

Fig. 6. Kinematic reconstruc-
tion of the Buzpar cross-
section. Four deformation 
stages are represented in the 
upper part of the fi gure, note 
the horizontal shortening and 
the early movements of 
Paleozoic layers. Th e lowest 
sketch shows the total amount 
of expelled oil (represented by 
the C15+ saturated fraction) 
since the deposition of three 
assumed source-rocks. It shows 
that the Kazhdumi source-
rock, if present, would not have 
expelled any hydrocarbons (see 
text)
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carbon, due to low maturity, whatever the TOC of the 
formation could be. If present, Sargelu source-rocks 
would have only expelled oil in the deepest synclines. 
When comparing to the maturity profi le through time 
on the same section (Fig. 7), the Sargelu Fm. would 
have been already at the peak oil window in the Late 
Miocene and within the gas window today. We have 
to keep in mind that the maturity of source-rocks is 
not suffi  cient to evaluate the time of hydrocarbon ex-
pulsion, as the time of expulsion also depends on the 
source-rock richness. Namely, the time shift  between 
maturation and expulsion peaks increases for lean 
source-rocks.

 Fig. 7 shows the change of maturity on the Sarbalesh-
Buzpar section through geological times. Th ese results 
show when and where hydrocarbons were generated 
from potential source-rocks. Th ere, any Early Paleo-
zoic source would be over mature before the Miocene. 
Jurassic source would become mature during Agha-
Jari time of deposition in the shallowest locations of 
the synclines and Kazhdumi would get early maturity 
with ongoing fl exural sedimentation during the Late 
Miocene. 

In the section Shahnehin, north of the previous sec-
tion (Fig. 8) we have also included hypothetical Juras-
sic and Kazhdumi source. As previously indicated in 
our discussion on the extent of the organic-rich Ka-
zhdumi facies, a sample of Kazhdumi with TOC of 5% 
and Tmax of 440°C was collected in Dashtak anticline 
(N 30°3, E52°30) showing that the source-rock fa-

cies extends from the Dezful Embayment north-east-
wards. Th e maturity history is similar to the previous 
section, though the maturity of Kazhdumi is just be-
ginning in the anticlines. In the synclines, both Juras-
sic and Kazhdumi would be in the oil or condensate 
window. Th ese results are consistent with the presence 
of oil in the Sarvak and of shows of oil and gas in the 
Fahliyan carbonates, as encountered in the structure 
of Sarvestan, south east of Shiraz, in the same struc-
tural zone. 

In Fig. 9, the evolution of oil expulsion is modelled 
for the most external cross-section that starts near the 
shoreline at the Mand anticline. Th ree possible source-
rocks have been considered: Pabdeh, Kazhdumi and 
Early Paleozoic. Even if we know that the Kazhdu-
mi and the Pabdeh Fms. are probably not in source-
rock facies in the area (Bordenave and Hegre, 2005), 
we have included them in the modelling in order to 
test their possible behaviour. A source-rock included 
in the Early Paleozoic would have been already over 
mature at the time of Asmari deposition. Any Kazh-
dumi and Pabdeh organic layer would have been still 
immature at the time of Mishan deposition. Maturi-
ty and expulsion rates would increase with the fl exur-
al sedimentation of the Agha Jari and Bakhtiari Fms., 
until the present day, when Kazhdumi is early mature 
in anticlines, but is mature in synclines. Pabdeh Fm. 
would have been early mature in synclines and not 
mature in anticlines. Th e results show that the origin 
of the hydrocarbons in Mand is probably more com-

Fig. 7. Computed source-rock maturity on the Buzpar section. Source-rocks in Jurassic and Kazhdumi were assumed to contain 
standard Type II kerogens, Early Paleozoic kinetic parameters were derived from analysis of a Silurian sample from Saudi Arabia 
(Abu Ali et al., 1999)



Chapter 12  ·  Evolution of Maturity in Northern Fars and in the Izeh Zone (Iranian Zagros) and Link with Hydrocarbon Prospectivity 239

plex that presented by Mamariani et al. (2000). Th e re-
sults could explain the presence of gas in the Permian 
carbonates in Kuh-e-Mand and also in similar struc-
tures, like Dalan, south of the section. So far, the pres-
ence of heavy oil in Kuh-e-Mand and oil and gas in 
the Bangestan carbonates in the nearby Kuh-e Kaki 
could be possibly explained by early mature Cenozo-
ic source, although no such source-rocks are observed 
on the wells of Mand. However, lateral migration from 
the Jurassic Hanifa-Tuwaiq Mountain source-rocks 
well developed in the Arabo-Persian Gulf would also 
explain the origin of the heavy oil discovered in the 
Asmari and in the Sarvak of Kuh-e Mand (Bordenave, 
personal communication).

Fig. 9 also shows expulsion rates through time for 
two hypothetical sources located either in the Kazh-
dumi or in the Paleozoic. Th e picture for the Lower 
Paleozoic source shows the expulsion rate in the syn-
cline north of Khurmuj, whose burial is slightly diff er-
ent from the syncline immediately adjacent to Kuh-e-
Mand. It can be seen that most of the expulsion occurs 
prior to the trap formation, hence during the passive 
margin state of the basin. Th ere is just a small hint of 
expulsion at the onset of syntectonic burial. Eventual-
ly, the risk of non hydrocarbon gases in Permo-Trias-
sic reservoirs can also be checked through modelling. 
Studies in Northern Germany (Kroos et al., 1995) have 
shown that there might be a signifi cant contribution 
of nitrogen from deeply buried Type III source-rock. 
A nitrogen supply could be expected, provided the or-
ganic matter of Lower Paleozoic is rich in C-N chem-
ical bonds. Such a scenario could be tested, where ex-
tremely deep paleozoic source-rock and high crustal 

heat fl ow might lead to nitrogen generation at the time 
of trap formation and thus decrease the prospectivi-
ty of an area.

2.4 Discussion on Hydrocarbon Prospectivity
 in the Izeh Zone 

When looking at the 2D sections in Northern Fars, it 
appears that the hydrocarbon expulsion is mostly con-
trolled by the situation from possible sources in the 
deepest buried synclines. Source-rocks located in anti-
clinal position always have lower maturity and expul-
sion. Structural cross-sections through the Izeh Zone 
have been constructed by Sherkati et al. (2006). From 
those sections, synthetic wells in deepest synclinal po-
sition were therefore constructed to analyze the mat-
uration and expulsion history of hydrocarbons in the 
Izeh Zone. Synthetic wells constructed from structur-
ally balanced cross-sections are better suited than real 
wells drilled on anticlines. However, the 1D modelling 
is aimed at describing the source-rock history, hence 
the primary migration at the location of the synthetic 
well. Implicitly, when extrapolating the computed 1D 
compositions to represent the hydrocarbons accumu-
lated in structures, it assumes that secondary migra-
tion is then mostly in lateral direction from the syn-
clines to the highest points and  towards the reservoir 
level.

A total of eight synthetic wells has been constructed 
and modelled. In this paper, the results of only three of 
those are discussed (Rig, Sartal and Keynow, see Fig. 1 
for location and Figs. 10 and 11 for the results).

Fig. 8. Computed transformation ratios for various source-rocks on the Shahnehin section in the High Zagros. Note that any 
source located within the Early Paleozoic would be mature before the Late Miocene; i.e., before the major trap formation. Any 
source potential in Jurassic layers reached the onset of the peak of the oil zone (transformation ratio above 50%) only in deepest 
synclinal positions. Any potential younger source-rocks (Kazhdumi or Pabdeh) remained immature
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Th e lithofacies of the wells have been selected ac-
cording to the regional facies distribution. Crust-
al heat fl ow values are depicted in Fig. 4. Again, as in 
Northern Fars, we will assume that source-rock facies 
might be present in various formations and look for 
the consequence on hydrocarbon charge to structures. 
Kerogen parameters for all sources were equivalent to 
those used in Northern Fars. 

Th e synthetic well in the Rig syncline (Fig. 10) 
shows that Mid Cretaceous shales (Kazhdumi Fm.) 
entered the oil window in the last 20 Ma, whereas any 
source-rocks located in the Jurassic would be current-
ly in the condensate window. Any Paleozoic source 
would be in the gas window since at least 30 Ma. Th e 
comparison of maturity windows with the expulsion 
timing of hydrocarbons (Fig. 11) shows that Kazhdumi 
shales reached the peak of oil expulsion during fold-
ing and formation of the Zagros structures, similar 
to what was found in the Dezful Embayment (Borde-
nave and Hegre, 2005). Th is could explain the occur-
rence of hydrocarbons trapped in the structure of Rig, 
where oil is present in the carbonates of the Dariyan 

and the Sarvak Fms., in Shurom (oil-bearing Sarvak), 
in Dodrou, where oil was discovered in the Fahliyan, 
and in the Mokhtar well, where gas has been encoun-
tered in the Daryian and the Fahliyan Fms. capped 
by a thick repeated section of Kazhdumi. By contrast, 
when looking at deeper source-rocks, peaks of oil ex-
pulsion happened before the Zagros folding, except 
perhaps for a small remnant expulsion of condensate 
and gas for any Jurassic source potential. Th e peak of 
expulsion of any Paleozoic source would happen dur-
ing the Late Jurassic to Cretaceous times.

Hydrocarbons expulsion rates in the Sartal syncline 
show that any potential source existing in the Jurassic 
layers, likely to be the Sargelu Fm., would be currently 
at the end of the oil window. Expulsion would be max-
imum around 16 Ma, contemporaneous with the Za-
gros folding and the trap formation. Th is modelling 
fi ts with the presence of oil in Early Cretaceous (Fahli-
yan) reservoirs in the nearby structure of Dodrou. 
Further east in the Izeh Zone, the maturity of Jurassic 
source is sensitive to the thickness of Pabdeh-Gurpi 
Fms.. When the thickness exceeds 1400 m; i.e., in the 

Fig. 9. Computation of the expelled amounts of hydrocarbons in the most external part of Zagros, in the Mand-Khurmuj area sec-
tion. Th e two lower sections represent the oil expulsion rates at two time-steps in the basin history, at Bakhtiari times and at pres-
ent day. Th ree possible sources have been taken into consideration (Early Palaeozoic, Cretaceous Kazhdumi and Pabdeh-Gurpi of 
Middle Eocene). Th e upper pictures represent the expulsion rates through time for two points located in the deepest possible po-
sitions. It can be seen that the Early Palaeozoic source-rocks did no longer expel any oil aft er the formation of the trap, because 
most of its charge was released during Late Jurassic/Cretaceous times. On the contrary, any potential source-rocks located within 
the Cretaceous interval would have reached the expulsion peak during the time of trap formation
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north-eastern part of the Izeh Zone, most of the Juras-
sic charge is pre-folding, whereas when Pabdeh-Gurpi 
is thinner, the peak of oil expulsion is postponed un-
til Middle Miocene, and becomes available for Zagros 
traps. Th e maturity history of Early Paleozoic source-
rocks, whether Cambrian, Ordovician or even Siluri-
an would be similar in the area of Izeh and Northern 
Fars (Figs. 9 and 11). Peak expulsion happened dur-
ing the Late Jurassic to Cretaceous times, oil and gas 
migrated in available traps, regional highs and early 
formed salt-related structures. Th erefore, only small 
pulses of dry gas expulsion are expected since the time 
of Zagros thrust belt building. We have to note that the 
temporary increase of heat fl ow due to Tethyan rift ing 
during the Permo-Triassic would not make the expul-
sion peak younger.

3 Conclusion 

Th e relationship between the evolution of the fold and 
the thrust belt and the thermal history of the source-

rocks is recognised as an important parameter for hy-
drocarbon exploration, together with the distribution 
of source-rocks, which are present in various structur-
al settings along a regional transect crossing the belt.

3.1 The Early Paleozoic Permo-Triassic System 

Whether in the Izeh Zone or in Northern Fars, any 
source within the Early Paleozoic (either of Cambri-
an, Ordovician or Silurian age) clearly generated and 
expelled liquid hydrocarbons during the Late Juras-
sic, Cretaceous and perhaps the Early Cenozoic. Th ese 
hydrocarbons migrated to then existing traps and 
formed pre-Zagros oil and gas fi elds. Th ese pre-Za-
gros fi elds accumulated in wide very low-relief region-
al highs and in salt-related domes and N-S elongated 
structures. Th e migration path and the location of the 
pre-Zagros accumulations could be derived from a set 
of regional isopachs/cumulative isopach maps (Borde-
nave and Hegre, 2005). Later, when the Zagros Folds 
were forming, either previously trapped hydrocar-

Fig. 11. Expulsion rates for the various source-rocks assumed to exist in the Izeh Zone. Geological time is indicated on the hori-
zontal axis, expulsion rates on the vertical axis, split into the diff erent hydrocarbon components. For comparison, the Zagros fold-
ing starts approximately 15 Ma ago (Note that the horizontal time axis of is not equal in the diff erent graphs)
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bons were remigrating to folds located in the close vi-
cinity of the pre-Zagros accumulations, or previously 
trapped hydrocarbons dysmigrated to surface through 
faults and were lost. Th e gas accumulated at present 
day in the Permo-triassic reservoirs of Zagros folds 
could have two distinct origins. On one hand, it could 
then be issued from oil of pre-Zagros fi elds second-
ary cracked to gas and remigrated to nearby Zagros 
folds. On the other hand, it would result from the ulti-
mate stage of kerogen cracking that generates only gas 
(Vandenbroucke et al., 1999), that occurs with the syn-
tectonic burial. Th is latter solution is more straightfor-
ward and seems therefore more probable.

Exploration for gas in Permian reservoirs in the 
Izeh Zone and Northern Fars would also be condi-
tioned to the existence of Triassic evaporitic top seal 
(see its extent in Szabo and Kheradpir, 1978), to effi  -
ciently prevent dysmigration. 

3.2 The Mesozoic Petroleum System 

Th e modelling of generation and expulsion of hydro-
carbons from the Mesozoic source-rocks shows con-
trasted results for the various sources.

Pabdeh/Gurpi source-rocks became early mature 
very recently in some of the deepest synclines of the 
Dezful embayment, in particular at its north-east-
ern part (Bordenave and Burwood, 1990; Bordenave, 
2002b). Th e contribution of this source-rock to the 
charge to any structure is assumed to be marginal in 
the Izeh Zone and in Northern Fars. 

Th e distribution of the Kazhdumi source-rock is an 
important parameter for oil exploration. Th e Kazhdu-
mi is well known in the Dezful Embayment. It was re-
cently proven to extend in the Yasuj and in the Shiraz 
areas. By contrast, it does not exist at Sabspushan-1, 

south of Shiraz, nor in the Jahrum area, where it is 
thin, organic-lean and oxic. In deep synclines, the Ka-
zhdumi source-rocks are mature and have expelled oil-
prone hydrocarbons during the formation of structur-
al traps. Hence, expelled hydrocarbons have charged 
the existing traps through vertical and lateral migra-
tion (Bordenave and Hegre, 2005). Th e result of our 
modelling is not very sensitive to less-controlled pa-
rameters, such as the estimated thickness of the erod-
ed synfl exural sediments, the timing of deformation. 
However, expulsion was delayed or even not happened 
for source-rock having TOC values lower than 1%. It 
can be concluded that the prospective Zagros folds for 
the Sarvak or in the Dariyan and Fahliyan reservoirs 
are directly associated to the existence of source-rocks 
facies in the Kazhdumi Fm..

Th e Jurassic source-rock (Sargelu) is present in the 
Dezful embayment and in the NW of the Izeh Zone 
(Bangestan-1 well), but probably does not extend NE 
of the shelf edge that limited the Mesopotamian De-
pression. Almost everywhere in the deepest parts of 
the synclines in the Dezful embayment, in the fold belt 
and in the Northern Fars, Jurassic source-rocks cur-
rently reached the condensate or gas window. By con-
trast, in the Izeh Zone, its generation and expulsion 
behaviour greatly varies and several domains could be 
distinguished, depending upon the thickness of the 
fi rst fl exural sediments (Fig. 13). Th e timing of gen-
eration and expulsion of oil- or gas-prone products 
depends upon thermal history and burial of Jurassic 
rocks. With a “cold” thermal heat fl ow of 50 mW/m2, 
and thick fl exural deposits, there is a higher chance 
of trapping liquid products in Zagros structures than 
with thin fl exural deposits. Accordingly, a “warm” 
heat fl ow of 58 mW/m2 , as it exists towards the Dez-
ful embayment would be more in favour of the gener-
ation of condensate or gas during the Zagros Folding. 

Fig. 12. Conceptual model for expulsion and migration of diff erent types of hydrocarbon from potential source-rocks during the 
Zagros folding in the Izeh Zone and Northern Fars. Gas represented in red, and oil in green. Generated hydrocarbons from prob-
able Paleozoic source-rocks before Zagros folding (left ) would be trapped in large regional paleohighs, or in salt-related structures 
associated with Hercynian N-S oriented deep-seated basement faults. Dry gas, oil or condensate from Jurassic source might be 
trapped in Zagros structures, provided the existence of eff ective seals is eff ective (right sketch)
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Similarly, if Jurassic source-rocks are shallow, as could 
be the case in the High Zagros, there is a better proba-
bility of having oil charged into the Zagros structures. 
If Jurassic source was buried deeply before the Zagros 
Folding, the oil charge might be lost. Nevertheless, the 
charge of mesozoic traps from Jurassic source-rocks 
would be rather diff erent of the entrapment mecha-
nism envisaged in the Paleozoic System (Fig. 12). 

As a result of modelling using the 1D Genex pro-
gram for the pre-folding period and the Th rustpack 
program for the Zagros folding period, this study 
gives information on the timing of  maturation of po-
tential source-rocks. Th ree transects located in the SE 
of the Kazerun fault, and three wells located in the 
Izeh Zone were used for this purpose. Th e relative tim-
ing of the generation and expulsion from the various 
source-rocks as compared to the formation of any spe-
cifi c trap is a crucial factor for assessment of the nu-
merous prospects yet undrilled in the study area. Th e 
presence of eff ective top seal has not been addressed in 
this paper. In addition, more eff ort is necessary to bet-
ter know the distribution of the source-rocks in the 
Izeh Zone and in Northern Fars.

Acknowledgments

Th e authors thank the National Iranian Oil Compa-
ny (NIOC) exploration staff  for permission to publish 

this paper and particularly M. Mohaddes, M. Zadeh 
Mohammadi and A. Ahmadnia for their continuing 
support over many years. S. Sherkati acknowledges a 
PhD grant from TOTAL. Special thanks are due to M. 
Bordenave, R. Gambini and an anonymous reviewer 
for their useful comments that helped a lot to improve 
the paper.

References 

Abu-Ali M.a, Rudkiewicz J.l, Mcgillivray J.g, and Behar F. 
(1999) Paleozoic Petroleum System of Central Saudi Arabia. 
GeoArabia, vol 4. (3). 321–336 

Alavi. M. (1994) Tectonics of the Zagros orogenic belt of Iran: 
new data and interpretations. Tectonophysics. 229, 211–238 

Beicip-Franlab (1995) Genex Single Well (User Guide), Beicip-
Franlab, 464 pp. 

Berberian, M. and King, G.C.P., 1981. Towards a paleogeogra-
phy and tectonic evolution of Iran, Can. J. Earth Sci, 18(2), 
210–265.

Berberian M. 1995 Master blind thrust faults hidden under the 
Zagros folds: active basement tectonics and surface mor-
photectonics. Tectonophysics, 241, p. 193–224.

Bordenave, M.L. and Burwood, R., 1990. Source rock distribu-
tion and maturation in the Zagros belt; provenance of the 
Asmari and Bangestan reservoir oil accumulations. Org. 
Geochem., 16, 369–387. 

Bordenave, M.L. and Burwood, R., 1995. Th e Albian Kazhdumi 
Formation of the Dezful Embayment, Iran: one of the most 
effi  cient petroleum generating systems. In: Katz, B.J., (Ed). 

Fig. 13. Map of the timing of ex-
pulsion from possible Jurassic 
source-rock in Izeh Zone.
- Domain I & IV: Pre-folding 
oil expulsion, fair prospectivity 
where Jurassic is present, poor 
prospectivity where it is absent. 
- Domain II: Contemporaneous 
oil expulsion and Zagros 
folding, good prospectivity 
where Jurassic source is 
present. - Domain III: Absence 
of expulsion area because of 
shallow burial: poor prospec-
tivity



Chapter 12  ·  Evolution of Maturity in Northern Fars and in the Izeh Zone (Iranian Zagros) and Link with Hydrocarbon Prospectivity 245

Petroleum Source Rocks. Springer Verlag, Heidelberg, 183–
207. 

Bordenave, M.L. and Huc, A.Y., 1995. Th e Cretaceous source 
rocks in the Zagros Foothills of Iran: an example of a large 
size intra-cratonic basin. Rev. Inst. Fr. Petrol 50, 527–753. 

Bordenave, M.L., 2002a. Th e Middle Cretaceous to Early Mio-
cene Petroleum System in the Zagros Domain of Iran, and 
its prospect evaluation. 6pp. AAPG Convention, Houston 
(extended abstract) available at www.aapg.org/datasystems/
abstract/13annual/42471.pdf. 

Bordenave, M.L., 2002b. Gas prospective areas in the Zagros 
Domain of Iran and in the Gulf Iranian Waters. AAPG Con-
vention, Houston, Extended abstract, 6 pp. available at www.
aapg.org/datasystems/abstract/13annual/42471.pdf.

Bordenave, M.L. and J.A. Hegre, 2005. Th e infl uence of tecton-
ics on the entrapment of oil in the Dezful Embayment, Za-
gros Foldbelt, Iran. J. Petrol. Geology, 28(4), 339–368. 

Bosold, A., Schwarzhans, W., Julapour, A., Ashrafzadeh, A.R., 
and Ehsani, S.M., 2005. Th e structural geology of the High 
Central Zagros revisited (Iran). Petroleum Geoscience, 11, 
225–238

Burrus J., Kuhfuss A., Doligez B. & Ungerer P., (1991) - Are nu-
merical models useful in reconstructing the migration of 
hydrocarbons? A discussion based on the Northern Viking 
Graben. From England W. A. & Fleet, A. J. (eds), Petroleum 
Migration Geological Society, Special Publication 59,. 89–
109. 

Carrigan W.J., Cole G.A., Colling E.L. Jones P.J., 1994, Geo-
chemistry of the Upper Jurassic Tuwaiq Mountain and 
Hanifa Formation Petroleum Source Rocks of Eastern Saudi 
Arabia., in B. Katz (edt) Petroleum Source Rocks, Springer 
Verlag, p. 67–87.

Chaouche A. (1992) Genèse et mise en place des hydrocarbures 
dans les bassins de l’Erg Oriental (Sahara Algérien). Th èse 
Université de Bordeaux, France, 347 pp. better to cite Lün-
ing (2000) which covers the full area from Morocco to Sau-
di Arabia and Iran

Colman-Sadd S.P. (1978) Fold Development in Zagros Simply 
Folded Belt, Southwest Iran, AAPG Bull., v 62, n° 6, pp. 984–
1003. 

Dercourt, J., Ricou, L.E. & Vrielynck, B. (eds.) (1993) Atlas Te-
thys Palaeoenvironmental Maps. Gauthier-Villars, Paris, 
307 p. 

Doligez B., Bessis F., Burrus J., Ungerer P., Chénet P.Y. (1985) 
Integrated numerical simulation of the sedimentation, heat 
transfer, hydrocarbon formation and fl uid migration in a 
sedimentary basin: the Th emis model, in Th ermal model-
ling in sedimentary basins, Ed J. Burrus, Technip. 

Durand B., Alpern B., Pittion J.L., Pradier B. (1985) Refl ectance 
of vitrinite as a control of thermal history of sediments, in 
Th ermal modelling in sedimentary basins, Ed J. Burrus, 
Technip. 

Glennie, K.W., 2000. Cretaceous tectonic evolution of Arabia’s 
eastern plate margin: a tale of two oceans. Middle East Mod-
els of Jurassic/Cretaceous Carbonate Systems. SEPM Special 
Publ. 69,9–20.

Insalaco E. , Virgone A., Courme B., Gaillot J., Kamali M. , 
Moallemi A., Lotfpour M. and Monibi S. (2006) Upper Da-
lan Member and Kangan Formation between the Zagros 
Mountains and off shore Fars, Iran: depositional system, 
biostratigraphy and stratigraphic architecture GeoArabia 
Volume 11, v 2, p. 75–176.

Falcon N.L. (1967) Th e geology of the northeast margin of the 
Arabian Basement shield. Advancement Science 14, pp. 1–
12. 

Falcon N.L. 1974 Southern Iran: Zagros Mountains, In A.Spen-
cer (editors) Mesozoic-Cenozoic orogenic belts. Geol. Soc. 
London special Publ. , 4, p. 199–211.

Gabalda S. (2004) Analyse régionale du régime thermique du 
Zagros Iranien. Rapport de DEA. Univ. PM Curie, Ecole des 
Mines de Paris, Ecole des Pétroles et Moteurs. Unpublished 
report, 48 pp.

Haq B.U. and Van Eysinga F.V.B. (1998): Geological Time Table. 
Fift h revised, enlarged and updated edition. Elsevier. 

Hessami K., Koyi H.A., Talbot C.J., Tabasi H., Shabanian E. 
2001 Progressive unconformity within an evolving foreland 
thrust-belt, Zagros Mountains, J. Geol. Soc. London, 158, p. 
969–981.

Homke, S., Verges, J., Garces, M., Emami, H. and Karpuz, R., 
2004. Magnetostratigraphy of Miocene-Pliocene Zagros 
foreland deposits in the front of the Push-e Kush Arc (Lures-
tan Province, Iran). Earth and Planetary Science Letters, 
225, 397–410

James, G.A. & Wynd, J.G. (1965) Stratigraphic nomenclature of 
Iranian Oil Consortium Agreement Area. Bull. Amer. As-
soc. Petrol. Geol., 49, 2182–2245. 

Krooss-B-M; Littke-R; Mueller-B; Frielingsdorf-J; Schwochau-
K; Idiz-E-F (1995) Generation of nitrogen and methane 
from sedimentary organic matter: implications on the dy-
namics of natural gas accumulations. In: Processes of natu-
ral gas formation. Rice-Dudley-D (editor); Schoell-Martin 
(editor) Chemical Geology. 126; 3-4, pp. 291–318. Elsevier. 
Amsterdam, Netherlands. 1995. 

Lüning S., Craig J., Loydell D.K., Torch P., Fitches B., Lower Si-
lurian `hot shales’ in North Africa and Arabia: regional dis-
tribution and depositional model. Earth-Science Reviews 
(49)(1–4) (2000) 121–200.

Mamariani M., Kamali M., Angajivand M. (2000) Source Rock 
Assessment and Geochemical Process Involved in the For-
mation of Heavy Oil (Kuh-e-Mund, Southwest Iran). Geo 
2000 Abstracts, GeoArabia, v5,n° 19.

Mcgillivray, J.G. and Husseini, M.I., 1992. Th e PaleozoicPetro-
leum geology of Central Arabia. AAPG Bull., 76, 1473–
1490. 

McQuillan H. 1974 Fracture Pattern on Kuh-e-Asmari anti-
cline, Southwest Iran, AAPG Bull., v58, n°2, pp 236–246. 

Motiei, H., 1995, Petroleum geology of Zagros: Publ. Geol. Sur-
vey of Iran (in Farsi), 589 p. 

Murris, R.J. (1980) Middle East: stratigraphic evolution and oil 
habitat. AAPG Bull., 64, pp. 597–618. 

NIOC (1993) Oil and Gas General Information Map of the Is-
lamic Republic of Iran. 

O’Brien C.A.E. 1950 Tectonic problems of the oil fi eld belt of 
southwest Iran. 1st Internat. Geol. Cong. Proc., London, 6, 
pp. 45–48. 

Ricou, L. E., 1974 L’évolution géologique de la région de Neyriz 
(Zagros iranien) et l’évolution structurale des zagrides, 
Th èse, Université d’Orsay, France.

Roure F., Roca E. and Sassi W. (1993). Th e Neogene evolution of 
the outer Carpathian fl ysh units (Poland, Ukraine and Ro-
mania): kinematics of a foreland/fold-and-thrust belt sys-
tem. Sedimentary Geology, 86, pp. 177–201. 

Rudkiewicz J.L., Penteado H.L, Vear A., Vandenbroucke M., 
Brigaud F., Wendebourg J, Düppenbecker S. (2000) Inte-
grated basin modelling helps to decipher petroleum sys-



246 Jean Luc Rudkiewicz · Shahram Sherkati · Jean Letouzey

tems. In R. Melo and B.J. Katz Eds, Petroleum systems of 
South Atlantic Margin, AAPG Memoir 73, p27–40. 

Sassi W. (2005) Modèles cinématiques et géomécaniques pour 
l’interprétation structurale et pétrolière des bassins sédi-
mentaires. Mémoire d’Habilitation à Diriger des Recherch-
es, Univ. Montpellier, 317 pp. 

Sella G.F., Dixon T.H., Mao A. 2002 A model for recent plate ve-
locities from space geodesy. Journal of Geophysical Re-
search, 107, pp. 11–1, 11–30. 

Setudehnia A, 1978 Th e Mesozoic sequence in south-west Iran 
and adjacent areas. Journal of Pet. Geol., 1 (1), p3–42.

Sherkati. S., Letouzey, J. (2004). Variation of structural style 
and basin evolution in the central Zagros (Izeh Zone and 
Dezful Embayment), Iran. Marine and Petroleum Geology, 
21, 535–554. 

Sherkati S (2004) Style tectonique et cinématique du plissement 
dans le Zagros Iranien (Zone d’Izeh) : Conséquences pétro-
lières. Th èse de l’Université de Cergy-Pontoise, 224 pp. 

Sherkati S. , Letouzey J., Frizon de Lamotte D. (2006)  Th e Cen-
tral Zagros fold-thrust belt(Iran) New insights from seismic 
data, fi eld observation and sandbox modeling. TECTON-
ICS, VOL. 25, TC4007, doi:10.1029/2004TC001766

Stöcklin, J., 1968, Structural history and tectonics of Iran: a re-
view: AAPG Bull., v. 52, p.1229–1258. 

Stöcklin, J., 1974. Possible ancient continental margins in Iran. 
In: BURK, C.A. and DRAKE, C.L., (Eds). Th e Geology of 
Continental Margins, Springer-Verlag. New York, pp. 873–
887.

Szabo, F. and Kheradpir, A., 1978. Permian and Triassic stratig-
raphy, South-West Iran. Journ. Petrol. Geol, 1, 57–82

Taati Qorayem F. (2005) Stratigraphie séquentielle des systèmes 
carbonatés dans un contexte tectonique actif : le groupe de 
Bangestan (Albien-Turonien) dans le Zagros (Iran). Th èse 
de l’Université Bordeaux 3. 266, p 20 

Tissot B.P. et Welte D.H. (1984) Petroleum formation and oc-
currence. Springer Verlag, Berlin 

Ungerer P., Burrus J., Doligez B., Chenet P.Y. and Bessis F. 
(1990) Basin evaluation by integrated 2D modelling of heat 
transfer, fl uid fl ow, hydrocarbon generation and migration. 
Bull. Am. Assoc. Pet. Geol. 74, 309–335. 

Vandenbroucke M, Behar F., Rudkiewicz J.L., (1999) Kinetic 
modelling of petroleum formation and cracking implica-
tions form the high pressure/high temperature Elgin Field 
(UK, North Sea) Org. Geochem. 30, pp 1105–1125. 

Verges, J., Homke, S., Garces, M., Karpuz, R., Sharp, I., Serra-
kiel, J., Emami, H. and Goodarzi, M., 2005.Timing of Onset 
and Destruction of the Foreland Basin in Lurestan, Iran: 
New Magneto-telluric Data. AAPG Convention, Paris, Sep-
tember 11–14, (Abstract).



Chapter 13 13

Mechanical Constraints on the Development 
of the Zagros Folded Belt (Fars) 

F. Mouthereau · O. Lacombe · J. Tensi · N. Bellahsen · S. Kargar · K. Amrouch

Abstract. We synthesize available structural, seismotectonics 
and microtectonics studies, mechanical modelling of the to-
pography as well as stratigraphic constraints on the timing of 
Plio-Pleistocene folding and Zagros basin evolution in order 
to examine which mechanical behaviour would explain the 
development of the Zagros Folded Belt at both local and re-
gional scale. 

At the local scale we focus on the mechanism of cover fold-
ing and internal deformation of cover rocks. At the regional 
scale we focus on crustal rheology that led to the observed 
regional topography. Recent mechanical constraints derived 
from a critical wedge modelling of the regional topography 
together with available structural studies and seismotectonic 
studies confi rm that the basement is necessarily involved in 
the deformation. Additionally, crustal rheology should in-
volve a suffi  ciently strong lower crust to maintain the topo-
graphy. 

Stratigraphic data on the basin scale suggests that the de-
formation in the Zagros Folded Belt initiated by inversion of 
the inherited N-S and NW-SE-trending marginal structures in 
the early Miocene. At 5–3 Ma, the intraplate stresses have in-
creased suffi  ciently in response to ongoing convergence to 
exceed the brittle strength of the pre-fractured basement 
and then to produce the initiation of the Zagros uplift. This 
event occurred simultaneously with the rapid development 
of cover folding until the Bakhtyari conglomerates were de-
posited unconformably on these structures as the fold growth 
decreased. The Hormuz salts at the base of the pile allowed 
the upper sedimentary cover to be decoupled from the base-
ment but there is no evidence of independent development 
through time. This is confi rmed by the kinematical consisten-
cy of the Mio-Pliocene small-scale faulting in the cover and 
seismogenic faulting refl ecting the internal deformation of 
basement and cover, despite the occurrence of the thick Hor-
muz salt layer. Buckling of the cover rocks, rather than thin-
skinned propagation of the Zagros Folded Belt, is proposed 
to be a more reliable mechanism to account for stratigraphic 
data, fi eld observations, structural studies, microtectonic 
data and mechanical modelling. 

We fi nally conclude that the overall thick-skinned defor-
mation that followed the initial margin inversion was proba-
bly coeval with cover folding (buckling). The way basement 
and cover deform is thus remarkably diff erent; the basement 
is pre-fractured so it shortens preferentially by faulting. In 

contrast, the folding (buckling) of the sedimentary cover de-
veloped with the assistance of plastic-viscous processes.

1  Introduction

Th e Zagros Mountains form a broad orogenic domain 
in Iran, approximately 2000 km long and 100–200 km 
wide in front of the Turkish-Iranian plateau (Fig. 1). 
Th e mountain range results from the accommoda-
tion of the convergence between the rift ed continental 
margin of the Arabian plate and the Iranian continen-
tal block, which followed the closure of the neo-Tethys 
ocean during the Tertiary [Stocklin, 1968; Berberian 
and King, 1981; Koop and Stoneley, 1982]. Th e pres-
ent-day convergence between Arabia and Eurasia is ~3 
cm/yr and about 7 mm/yr is currently accommodated 
across the Zagros collision belt [Vernant et al., 2004]. 

Th e collision suture zone is outlined by the Main 
Zagros Th rust that separates the Sanandaj-Sirjan do-
main to the North from the Imbricate Zone and the 
Zagros Folded Belt (ZFB) to the South. Th e Sanandaj-
Sirjan belt is a broad tectono-metamorphic belt which 
represents the former active margin of the Iranian 
microplate (Fig. 2). To the South, the Imbricate Zone 
and the Zagros Folded Belt, separated by the High Za-
gros Fault, form a large folded domain within the rift -
ed Arabian continental margin. Th e Imbricate Zone is 
mainly composed of folded Mesozoic strata (Fig. 2) but 
locally along the Main Zagros Th rust, ophiolitic rocks, 
remnants of the obducted ocean or one of its deriva-
tives (e.g., back-arc or fore-arc oceans) are preserved 
[Stoneley, 1990; Ziegler, 2001]. 

In this paper we focus on the Central Fars province 
of the ZFB (Fig. 2). Th is area is located between the 
Dezful-Izeh domain to the northwest recently docu-
mented by several studies [e.g. Blanc et al., 2003; Sher-
kati and Letouzey, 2004], and the Bandar-Abbas prov-
ince at the southeastern extremity of the Fars area 
investigated by Molinaro et al. [2005]. Th e Central 
Fars is a 200 km-wide arcuate folded belt, which re-
sults from folding of a thick pile of sedimentary rocks 
up to 12 km in thickness [Stocklin, 1968] including 
Paleozoic, Meso-Cenozoic strata and Neogene syno-
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rogenic deposits (Fig. 3). Th e deformation in the Fars 
area is characterized by periodic folding with axial 
lengths sometimes greater than 200 km (Fig. 2). 

Th e exceptional geomorphic expression of folding 
is linked to the presence, within the folded pile, of the 
competent carbonates of the Asmari Formation, Oli-
go-Miocene in age, which is one of the main oil reser-
voirs in the Zagros. Th e Fars domain of the ZFB is lim-
ited to the West by a main structural, topographic and 
paleogeographic boundary: the Kazerun fault [Motiei, 
1993; Sepher and Cosgrove, 2005] (Fig 1). It is a major 
N-S trending active right-lateral strike-slip fault in-
herited from the Late Proterozoic fault system of the 
Pan-African basement [Talbot and Alavi, 1996]. 

Cover folding is generally thought to be explained 
by the occurrence of a thick (up to 2 km) incompetent 
layer of salt at the base of the cover within the Eo-Cam-
brian series of the Hormuz Formation (Fig. 3). Th is 
basal décollement allows decoupling of the sedimenta-
ry cover from the underlying Precambrian series and 
crystalline basement. In addition to this main décolle-
ment, second-order shallower detachment levels lying 
in the sedimentary pile present in other parts of the 
Zagros Folded Belt [Sherkati and Letouzey, 2004; Mo-
linaro et al., 2005a] may also have been potentially ac-
tive during folding in our study area. One of the major 
issues that should be addressed is the mechanisms of 
folding that produce such a large folded belt. Indeed, 
no consensus exists so far on whether folding is simply 
thrust-related folding accommodating shortening in a 

brittle cover [McQuarrie, 2004; Sherkati and Letouzey, 
2004; Molinaro et al., 2005] or a consequence of buck-
ling of the sedimentary rocks [e.g. Schmalholz et al., 
2002; Mouthereau et al., 2006]. In the fi rst type of 
models, it is the accommodation of deformation as-
sociated with cover thrusting which produces folding. 
In contrast, for the second type of models, folding is 
caused by mechanical instabilities within the compe-
tent cover overlying an incompetent layer. In this case, 
if faulting occurs it is not the cause but rather the con-
sequence of folding. It is obvious that the mechanical 
implications of both models in terms of rocks rheolo-
gy and mechanics of the folded belt are very diff erent. 

A second controversy concerns the recent uplift  
of the ZFB. If the timing of the Zagros uplift  is rel-
atively well constrained by a regional unconformity, 
two diff erent mechanisms have been proposed to ex-
plain it: crustal shortening [Mouthereau et al., 2006] 
or thermal anomaly [Molinaro et al., 2005b]. Whatev-
er the uplift  mechanism, seismotectonic studies [Ber-
berian, 1995; Talebian and Jackson, 2004; Tatar et al., 
2004] together with subsurface data and cross-section 
balancing [Blanc et al., 2003; Sherkati and Letouzey, 
2004] have suggested that basement-involved shorten-
ing may be essential to explain the anatomy of the Za-
gros folded belt. 

Our objective in this paper is to examine which 
type of mechanical behaviour would better explain 
particular features observed in the Zagros folded belt 
at both local and regional scales. On the local scale we 

Fig. 1. Geodynamic framework 
of the Zagros Folded Belt. Black 
arrows show the present-day 
convergence between the 
Arabian plate and stable 
Eurasia deduced from current 
global plate motion Nuvel 1A 
[De Mets et al., 1994]. It 
predicts a present-day 
convergence of ~3±0.5 cm/yr 
oriented N-S on average at the 
front of the Zagros Mountains. 
Th e grey rectangle indicates the 
study area of the Fars province. 
Th e inset shows the distribu-
tion of earthquakes (2.4 <mb 
<7.4) in the Zagros collision 
belt with focal depths lower 
than 35 km issued from ISC 
and CMT catalogs (1965-2003). 
Many of the earthquakes in the 
Zagros correspond to events 
occurring in the basement. 
Inset : D. for Dezful and F. for 
Fars areas
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focus on the mechanics of cover folding and how in-
ternal deformation is accommodated in cover rocks. 
On the regional scale we focus on crustal rheology. 
To this aim, we synthesize available structural studies 
to constrain the fi rst-order geometry of folds and the 
location of major basement thrust faults. Th ese data 
are used to build a crustal-scale section of the Central 
Fars. Recent modelling of critical wedges [Mouthereau 
et al., 2006] as well as recently published seismotecton-
ics and microtectonics studies [Lacombe et al., 2006] 
including recent results on calcite twinning [Amrouch 
et al., 2005] are combined together with new fi eld ob-

servations to constrain the mechanics and the timing 
of deformation that prevailed in both the sedimentary 
cover and the basement. 

2 From Rifting to Collision 
 of the Arabian Margin: 
 Stratigraphy of the Zagros Basin 

We fi rst introduce the Zagros collision belt in the 
framework of the opening then the closure of the Neo-
Tethys. To this purpose, we summarize hereinaft er the 

Fig. 2.  Simplifi ed geological 
map of the Fars province of the 
Zagros Folded Belt (based on 
the National Iranian Oil 
Company [1977]. Th e Imbricate 
Zone to the North of the High 
Zagros Fault is clearly 
distinguished from the Zagros 
Folded Belt to the South by the 
lack of Oligo-Miocene deposits. 
Th e heavy black solid line 
displays the location of 
geological section of Fig. 4
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main tectonic events recorded on the Arabian conti-
nental margin in the ZFB since the Paleozoic. 

Following the Hercynian orogeny, by the end of 
the Paleozoic, the Arabian lithosphere was stretched 
(Fig. 3). Th is episode is recorded in the Zagros basin by 
a main unconformity at the base of mid-Permian car-
bonates together with the occurrence of Permian clas-
tics and volcanics in the High Zagros [Koop and Stone-
ley, 1982]. Extension aff ected the Zagros crystalline 
basement and produced a series of NW-trending gra-
bens parallel to the current orientation of the Zagros 
Belt [Sepher and Cosgrove, 2004]. Th is fracture pat-
tern is superimposed on an older Precambrian set of 
fractures in the basement trending N-S oblique to the 

Zagros main trend [Talbot and Alavi, 1996]. Th e Neo-
Tethyan rift ing initiated at the Trias-Jurassic bound-
ary. A major unconformity at the base of the Jurassic 
series records this transition. Since this time, the Ara-
bian continental passive margin developed with a dif-
ferent sedimentological pattern than in Central Iran 
which has drift ed away. During the Upper Cretaceous 
(Campanian), isopachs reveal the presence of a narrow 
trough located to the south of the present position of 
the MZT [Koop and Stoneley, 1982]. From the Upper 
Cretaceous-Paleocene limit until the Eocene the con-
ditions of deposition changed dramatically and sub-
sidence clearly increased to the NW, especially in the 
Dezful-Izeh domain of the ZFB [Koop and Stoneley, 

Fig. 3. Simplifi ed chronostrati-
graphic chart and lithologies 
encountered in the Central Fars 
folded belt aft er [Motiei, 1993]. 
Sketches on the right show the 
main tectonic events reported 
on the Arabian continental 
margin. Th e basal décollement 
(black arrow) of the folded 
cover lies within the Eo-
Cambrian salts of the Hormuz 
formation. Other black arrows 
refer to second-order detach-
ment levels encountered in 
other parts of the Zagros belt
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1982; Sherkati and Letouzey, 2004]. Th e early Neogene 
period is characterized by deposition of the carbonates 
of the Asmari Formation on the Arabian continental 
margin and of the Qom Formation on the Iranian pla-
teau. Biostratigraphic constraints yield an age rang-
ing from upper Oligocene to lower Miocene for both 
formations (Chattian-Aquitanian boundary) [Schus-
ter and Wielandt, 1999]. Post-Asmari clastics, known 
as the Fars Group including the Gashsaran, Mishan 
and Agha Jari Formations (Early Miocene to Plio-
cene), have a total thickness of up to 3000 m in the 
Fars area [Koop and Stoneley, 1982] indicating a rapid 
tectonically-controlled subsidence. Th is Group forms 
a progradational synorogenic sequence in the subsid-
ent Zagros foreland basin fed by the products of the 
erosion of the hinterland that was thickening and up-
lift ing. Th is stage is considered by several authors as 
being controlled by the fi nal closure of the Neo-tethy-
an ocean [Elmore and Farrand, 1981; McQuarrie et al., 
2003; Agard et al., 2005] leading to the development of 
the Zagros orogeny. 

Th e presence of local angular unconformities and 
disconformities within the folded belt indicates that 
the Arabian continental margin was probably de-
forming earlier than generally thought. For instance, 
Hessami et al. [2001] suggested that folding in the 
ZFB started at the end of the Eocene and then prop-
agated in-sequence southwards in thin-skinned style. 
Sherkati and Letouzey [2004] suggested from isopach 
maps in the NW Zagros that compressive deformation 
might have been initiated in the upper Eocene-Oligo-
cene times. 

Ahmadhadi et al. [this issue] also report an early 
Miocene reactivation and inversion of NWtrending 
inherited Tethyan normal faults in the Zagros fore-
land. Th is emphasizes that the Arabian continental 
margin underwent compression, inversion and base-
ment-involved shortening during the early stage of the 
collision. 

Th e last period of sedimentation is character-
ized by the deposition of alluvial conglomerates of 
the Bakhtyari Formation throughout the ZFB whose 
base is dated at 3 Ma in the Northeastern part of the 
ZFB [Homke et al., 2004]. As continental deposits, the 
Bakhtyari Formation is probably diachronous both 
along-strike and across-strike of the Zagros Folded 
Belt. Regarding the Fars Group whose fi rst-order sed-
imentary characteristics support ongoing foreland ba-
sin evolution, the unconformable deposition of con-
glomerates on top of previously folded strata suggests 
that the main phase of shortening in the ZFB occurred 
before 3 Ma. It is worth noting that such changes in 
the type of deposition suggest modifi cations in the ef-
fi ciency of erosion driven by global cooling well docu-
mented at that time [e.g., Molnar and England, 1990] 
or/and by uplift  related to Zagros collision. 

3 Mechanical Modelling of the Topography:
 a Critical Wedge Approach 

3.1 Thin-Skinned versus Thick-Skinned Model: 
 a Short Review 

Th e presence of a thick and weak salt-bearing forma-
tion (i.e., the Hormuz Formation) has led for years to 
interpret the style of cover folding as resulting from 
fault-related folding that developed in a thin-skinned 
style, in agreement with the critical wedge model de-
scribed by Davis and Engelder [1985]. Th ese authors 
applied the theory of Coulomb wedges to thin-skinned 
frictional wedges overlying a ductile decollement. Such 
salt-based wedges are characterized by low topograph-
ic slopes and the absence of clear vergence of folding. 
Th e lack of clear fold vergence (Fig. 4) and the obser-
vations of low topographic slopes < 0.5° (Fig. 5) seem 
to support this model. Sand-box experiments involv-
ing silicone putty as analogous to viscous properties 
of salt décollement provided additional constraints 
on the way the spatial distribution of salt controls the 
shape of the Zagros Folded Belt and the sequence of 
deformation [Jackson et al., 1990; Weijermars et al., 
1993; Costa and Vendeville, 2002; Bahroudi and Koyi, 
2003]. Ongoing cover folding is further supported to-
day by GPS surveys across the ZFB [Walpersdorf et al., 
in press] and is consistent with quaternary folding at 
the Mountain Front evidenced through dated tilted 
marine terraces [Oveisi et al., this issue]. 

On the other hand, seismotectonic studies over the 
last 20 years have provided several lines of evidence 
that the Precambrian basement is shortening and 
thickening [Jackson, 1980; Berberian and King, 1981; 
Ni and Barazangi, 1986; Berberian, 1995]. Active base-
ment-involved shortening was confi rmed by new ac-
curate estimates of the depths of earthquakes [Talebi-
an and Jackson, 2004; Tatar et al., 2004]. Furthermore, 
balanced cross-sections have shown that diff erent top-
ographic elevations of the base of the Paleozoic and 
Mesozoic Formations required basement involvement 
[Blanc et al., 2003; Sherkati and Letouzey, 2004; Mo-
linaro et al., 2005a]. 

It consequently appears that the Zagros Folded Belt 
is actively deforming by superimposed thin-skinned 
and thick-skinned styles. In order to examine the rel-
ative involvement of both thin-skinned and thick-
skinned deformation to explain the origin of the pres-
ent topographic slope, a critical wedge modelling has 
been recently carried out [Mouthereau et al., 2006]. 
Th e main results are summarized hereaft er. Th is work 
aimed at comparing the observed topographic slopes 
with that derived from modelling of 1) a shallow brit-
tle wedge of sedimentary cover detached above a salt 
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Fig. 4. Crustal-scale geological section across the Zagros Folded 
Belt in the Central Fars. This section attempts at accounting for 
1) faulting in the basement especially along the MFF and the 
Surmeh Fault, 2) decoupling between cover folding and seismo-
genic basement-involved deformation, 3) lack of evidence for 
fault-related folds features in the cover as well as 4) the varia-
tions in sedimentary rock thicknesses. Note the decrease of fold 
wavelengths from the Imbricate Zone toward the Surmeh 
Fault

décollement; 2) a thick brittle wedge of upper crystal-
line basement decoupled above a ductile lower crust. 

3.2 Mechanical Modelling of the ZFB as
 a Thin-Skinned Critical Wedge 

In this model the strength of sedimentary rocks is lim-
ited by a Coulomb failure criterion. Th e convenience 
of this simple model is that it can be directly compared 
with structural constraints in existing cross-sections, 
which assumes fault-related fold geometries, or with 
other models of salt-based fold-thrust belts. When the 
state of stress within the wedge attains a critical value, 
a critical taper is achieved, which is defi ned by the sum 
of the dip of its base b (taken positive toward the hin-
terland) and the dip a of its upper topographic slope 
(taken positive toward the foreland). Th e equation that 
provides the relationship between the wedge taper an-
gle a+b and the basal shear stress tb and internal fric-
tion angle f in the thrust wedge (aft er [Davis and En-
gelder], 1985]) is given by 

 (1)

where a is the topographic slope of the wedge (pos-
itive toward the foreland), b is the slope of the base-
ment (positive toward the hinterland), l is the pore 
fl uid pressure ratio within the wedge, tb is the yield 
stress of the salt, f is the angle of internal friction (be-
tween 30° and 40°), rsed is the average volumetric mass 
of the wedge and H is the thickness of the wedge. 

Th e forces in the salt resisting the advancement of 
the wedge are believed to be accommodated by simple 
shear. To constrain the value of the décollement dip b 
(basement top) we assumed that the top of the base-
ment is parallel to the Moho discontinuity. Th e dip of 
the Moho ranges between 0.6° and 1° based on seismo-
logical constraints [Hatzfeld et al., 2003] and inversion 
of gravity data [Snyder and Barazangi, 1986], respec-
tively. Taking into account the slope of the basement 
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derived from restored sections [McQuarrie, 2004] we 
fi nally adopted a value of 0.5°. 

Th e “steepest” topography or the highest topo-
graphic slope (~ -0.33°) is obtained for the highest bas-
al shear stress (443 kPa) and the lowest angle of in-
ternal friction (30°) (Fig. 6a). Th e lowest topographic 
slope (~ -0.39°) is obtained for a lower basal shear 
stress (11 kPa) and a higher internal friction (40°). It is 
clear, despite relatively important variations between 
each model, that the predicted topography is essential-
ly fl at. Th is result reveals that the sedimentary cover 
and the underlying salts are both remarkably thick in 
the Zagros. As a result, the ratio tb / rsedgH in Eqn (1) 
is very small of the order of 10-3. Th is illustrates that 

when a thick layer of salt (relatively to its overburden) 
forms the basal décollement it is generally too weak 
and cannot support the growth of signifi cant topog-
raphy. We concluded that the observed topographic 
slopes across the ZFB can not be reproduced by a salt-
based wedge model. 

3.3  Mechanical Modelling of the ZFB as 
 a Thick-Skinned Critical Wedge 

An alternative is to consider that the Zagros topog-
raphy results from the thickening of the brittle base-
ment, in agreement with current seismogenic activity, 

Fig. 5. a Topography (SRTM 
data) and main structural 
features and b topography 
derived from SRTM data and 
topographic slopes estimated 
along sections 1, 2 and 3 
located  in a. Th e folded 
sedimentary cover is decoupled 
from the basement above the 
Hormuz Salt Formation. Th e 
present-day and long-term 
deformation within the 
basement is attested along the 
MFF and the Surmeh Fault in 
agreement with the position of 
the main basement faults 
presented by several works 
[Berberian, 1995; Talebian and 
Jackson, 2004]. Focal mecha-
nisms reveal that the basement 
is deforming and thickening 
along distributed faults 
probably inherited from 
Permo-Triassic rift ing. Fault 
plane solutions (4.6 <Mw < 6.7) 
[from Talebian and Jackson, 
2004] are shown with focal 
spheres in light gray. Focal 
mechanisms of small earth-
quakes (1.7 < ML < 4.1) 
determined from local network 
[Tatar et al., 2004] are shown 
with black focal spheres

a

b
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that is decoupled above a viscous lower crust. Studies 
of receiver functions revealed a crustal thickness of 
45 km and a ~25 km-thick lower crust [Hatzfeld et al., 
2003]. Th is is consistent with the deepest small earth-
quakes, observed at 18 km by Tatar et al. [2004] and 
the depth distribution of major and moderate earth-
quakes shown by Maggi et al. [2000]. At such depths, 
temperature-activated ductile deformation in the 
crust predominated and dislocation creep of miner-
als occurs. Th e deviatoric yielding stresses in the low-
er ductile crust thus follow a power law that is depen-
dent on temperature and strain rates. In order to cover 
a wide range of viscosities, diff erent rock types such 
as quartzite for weak lower crust and mafi c composi-
tion like diabase, quartz-diorite or granulite for stron-
ger lower crust were tested. A cold crustal geothermal 
gradient of 10–15°C/km was assumed in agreement 
with temperatures required, at Moho depth, to pro-
duce continental subduction. 

Assuming a quartz-diorite rheology, a negative 
value of -0.42° (taper angle of 0.08°) is obtained for 
α (Fig. 6b). In this case, similarly with the salt-based 
wedge hypothesis, the lower crust is too weak and can-
not maintain the observed topography. In contrast, 
when stronger rheologies (diabase or granulite) are 
used, positive topographic slopes of 0.4° and 0.86°, re-
spectively (equivalent to tapers of 0.9° and 1.36°), are 
obtained in agreement with the observed topography. 

In contrast to the thin-skinned hypothesis, we dem-
onstrate that the shortening of the basement above a 
viscous lower crust is able to reproduce the observed 
topography. We note that rock composition in the 
lower crust should necessarily comprise suffi  ciently 
strong (mafi c) materials. We conclude that although 
thin-skinned deformation obviously occurs, base-
ment-involved shortening is responsible for the pres-
ent-day topography. 

Aft er having demonstrated that basement-involved 
shortening is the only viable mechanism to account 

for the current regional topography, we now examine 
both geological observations and constraints from the 
topography, which support long-lived basement tec-
tonics. 

4 Evidence for Long-Lived Faulting 
 in the Basement 

4.1 Topographic Steps Related 
 to Basement Faulting 

Despite the apparent continuity of structures, mor-
phology and surface geology, two locally important 
topographic steps and structural features are recog-
nized: the Mountain Front Fault (MFF) and the Sur-
meh Fault, 100 km apart (Fig. 5). Using wavelengths 
analysis of the topography, these faults clearly aff ect 
the overall topography over distance comprised be-
tween 40 km and 100 km [Mouthereau et al., 2006]. 

In the following, we have used the nomenclature 
defi ned by Berberian [1995] for major faults. Th e MFF 
[Berberian, 1995] is also called the Mountain Front 
Flexure by Falcon [1961] or the Zagros Frontal Fault 
by Sepher and Cosgrove [2004]. Th ese latter authors 
named the Surmeh Fault, the Mountain Front Fault. 

Th e Mountain Front Fault is not directly observ-
able in the fi eld. Its topographic expression is howev-
er clearly depicted along the coastline of the Persian 
Gulf as it is formed by a girdle of en-échelon folds over 
more than 200 km (Fig. 7). Topographic profi les show 
a clear topographic step, across the MFF, which is out-
lined by the uplift  of the local base level up to 700 m 
(e.g., Asaluyeh anticline, profi le 1 of Fig. 7). Th e second 
topographic off set is about 500 m and occurs across 
the faulted Surmeh Anticline, one of the few folds of 
the ZFB where Paleozoic strata are exposed.

Fig. 6. a Topographic slopes 
modelled by a thin-skinned 
wedge of brittle materials 
overlying a ductile décolle-
ment. b Topographic slopes 
modelled by a thick-skinned 
critical wedge of brittle upper 
crust sliding over a ductile 
(non-Newtonian) lower crust 
for which diff erent rock types 
are used [aft er Mouthereau et 
al., 2006]

a

b
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4.2 Current State of Stress in the Basement 

Most of the thrust earthquakes in the Zagros Folded 
Belt occur between the coast of the Persian Gulf and 
the Surmeh thrust zone (Fig. 5). In this context, the 
present-day activity of the Mountain Front and Sur-
meh faults has been demonstrated by extensive seis-
motectonic analyses by Berberian [1995]. For instance, 
recent destructive earthquakes like the Ghir (1972, 
MS=6.9) and the Lar (1966, MS=6.2) earthquakes [Ber-
berian, 1995] aligned along the trace of the Surmeh 
topographic step and form the Surmeh-Ghir thrust 

zone. Th e Surmeh-Ghir thrust zone is connected with 
the Karebass Fault, a major right-lateral transverse 
fault rooted into the basement (Fig. 5). For the MFF, 
Berberian [1995] has suggested that the location of the 
Asaluyeh anticline coincides exactly with the trace of 
a major seismic trend along which large-to-moderate 
earthquakes occur on buried, high-angle basement re-
verse fault segments. 

Th e present-day stress regimes in the Fars have been 
recently derived from available focal mechanisms of 
earthquakes [Lacombe et al., 2006]. Th e inversion pro-
cess applied to a set of moderate earthquakes [Tale-
bian and Jackson, 2004] and microearthquakes [Ta-

Fig. 7. Top: Landsat 7 (TM) 
image of the southern Central 
Fars province. Large-scale folds 
bordering the Persian Gulf and 
related to the Mountain Front 
Fault (including the Asaluyeh 
anticline) are well depicted. 
Topographic profi les across 
these folds are shown below. All 
topographic profi les are plotted 
with a common reference 
frame, i.e. their fold axes
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tar et al., 2004] led to subhorizontal σ1 axis trending 
N209°(±15) and N206°(±5) respectively. Noticeably, 
the value of the Φ=(σ2-σ3/σ1-σ3) ratio in both cases is 
low (<0.3) suggesting σ2/σ3 stress permutations. Such 
a regime and the absence of clear structural relation-
ships between strike-slip/reverse mechanisms and ma-
jor strike-slip/reverse (Surmeh-Ghir) faults shows that 
basement deformation depicted by microearthquakes 
at the local scale is rather distributed and occurred 
under both reverse faults and right-lateral strike-slip 
faults. 

Th e computed N020–030° compressional trend is 
in good agreement with the pattern and kinematics 
of active faults in the western Fars [Baker et al., 1993; 
Berberian, 1995]. It is also consistent with current geo-
detic (cover) and seismic (basement) strain shortening 
axes which are coaxial and oriented N010° on average 
[Masson et al., 2005]. 

4.3 Long-Lived Basement Thrusting:
 Constraints from Middle Miocene 
 Basin Geometry 

Th e Mishan Fm is a well-defi ned transgressive inter-
val within the Fars Group outlined by the deposition 
of limestones, silts and bioclastics throughout the Za-
gros foreland basin. In the Zagros basin, the isopachs 
of the Mishan Formation provide further constraints 
on the paleo-topography at the time of deposition, i.e. 
in Middle to Upper Miocene times (Fig. 8). 

Th e base of the Mishan Fm varies from about 600 m 
depth at the latitude of Firuz Abad and attains about 
900 m southward. A large depocenter developed in 
the Coastal Fars area between the MFF and the Sur-
meh Fault and a large portion of the northern Fars 
domain, roughly limited by the Sabz-Pushan and the 
Karebass strike-slip faults, is uplift ed. Since the sub-
sidence is more pronounced in the depression located 
in the hangingwall of the Karebass-Surmeh fault, we 
infer the possibility that basement-involved deforma-
tion locally aff ected the Zagros basin during the Mid-
dle Miocene. On average, the isopachs south of Shi-
raz suggest that the overall subsidence in the basin 
was controlled regionally by plate fl exure and locally 
by basement thrust loading. 

At the southern border of the Zagros basin, in 
the forelimb of the Asaluyeh anticline, the Gashsa-
ran Formation and the base of the Mishan Formation 
are missing above the Asmari Limestones [Mouthere-
au et al., 2006]. Th is fi eld observation is correlated 
with isopach maps of the Neogene strata showing at 
larger scale that the Mishan are continuously thin-
ning toward the MFF. Furthermore, it is also across 
this anticline that the morphological step is the larg-
est suggesting long-lived basement thrusting along the 

MFF (Fig. 7). We suggest that this stratigraphic hiatus 
was locally uplift ed above sea-level during the upper 
Miocene. Th is might be a consequence of basement in-
volvement along the buried MFF, but alternative pos-
sibilities such as forebulge uplift  or local amplifi cation 
due to cover folding should be also envisaged. 

Whatever the style of deformation, this would sug-
gest that the deformation had already reached the cur-
rent location of the Mountain Front Fault by Middle-
Miocene times. 

In summary, it appears that basement-involved de-
formation occurs mainly by faulting and initiated at 
least in the Middle Miocene during an early phase of 
margin inversion. 

5 The Main Phase of Cover Folding: 
 Evidence from Unconformities within 
 the Agha Jari and Bakhtyari Formations 

We have seen that basement-involved shortening along 
the Surmeh-Karebass faults segment or the MFF initi-
ated in the Middle Miocene prior to the main phase of 
cover folding. 

On the other hand, GPS studies [Walpersdorf et al., 
in press] and dated tilted marine terraces [Oveisi et al., 
this issue] indicate that cover folding is currently ac-

Fig. 8. Isopach maps of the Mishan Formation. Equidistance is 
300 m. Main depocenters are shown by converging arrows. 
F: Firuz Abad. Black dashed lines correspond to major active 
transverse structures, e.g., the one passing close to Firuz Abad 
depicts the position of the Karebass-Surmeh Fault
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tive with a signifi cant accommodation of shortening 
across the MFF. According to fi eld observations, the 
existence of intraformational unconformities with-
in the Agha Jari Formation has been recognized for 
years in the Dezful or Lorestan areas [e.g. Hessami et 
al., 2001; Homke et al., 2004]. Th is places strong con-
straints on the timing of the initiation of folding in 
the cover and the rate at which these folds developed. 
However, no evidence of such unconformities has been 
described in the Central Fars so far. 

During our fi eld investigations in the Central Fars, 
numerous unconformities or disconformities have 
been reported within the Agha Jari Fm. However, 
many of them are not progressive unconformities but 
rather correspond to unconformities of limited exten-
sion, typically of several tens of meters, probably not 
related to tectonics (Fig. 9). On the other hand, when 
synclinal sections were available, several progressive 
intraformational unconformities were observed that 
are clearly correlated with fold growth. 

Th e fi rst example of folds that clearly display pro-
gressive intraformational unconformities within the 
Upper Agha Jari Formation is found to the North of 
Shiraz in the vicinity of the Qalat anticline (Fig. 10). 

Th e total thickness of the Agha Jari Formation and 
Bakhtyari Formation reaches 700 m and form cliff s 
on both limbs of the Qalat fold. Th e older strata, i.e. 
the Upper Agha Jari Fm, show progressive unconfor-
mities revealing coeval fold activity to the north. Th e 
Bakhtyari strata do not display progressive unconfor-
mities but are rather onlapping the underlying fold-
ed strata of the Upper Agha Jari Fm toward the crest 
of the fold. 

Another observation of progressive unconformities 
is found in association with the growth of the Karba-
si anticline about 200 km southeast (Fig. 11). Despite 
the large distance between both folds several similar-
ities are found. For instance, the cliff  formed by the 
Bakhtyari conglomerates displays no evidence of in-
traformational unconformity. In contrast, the lower 
and older strata belonging to the Agha Jari Fm show 
progressive unconformities that can be related to the 
development of the Karbasi anticline. 

Th ough more observations and stratigraphic con-
straints are required to draw an accurate image of 
the sequence of folding, we suggest that the upper 
Agha Jari strata are synfolding whereas the overly-
ing Bakhtyari conglomerates are mainly post-folding. 

Fig. 9. Examples of intraformational unconformities within the Agha Jari Formation of two fold limbs located in the Southern 
Central Fars (see Fig. 7 for location). Th ese unconformities are not progressive and of local extent. Th ey are probably not related to 
fold activity but rather to sedimentary processes in the ancient alluvial plain
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Fig. 10. Intraformational 
unconformities within the 
upper Agha Jari strata North of 
the Qalat anticline (see Fig. 2 
for location). Th e upper alluvial 
conglomeratic beds of the 
Bakhtyari Fm onlap the older 
strata of the Agha Jari thus 
suggesting a slowing down of 
fold uplift  relatively to 
sedimentation rates

Fig. 11. Intraformational 
unconformities within the 
upper Agha Jari strata to the 
South of the Karbasi anticline 
(see Fig. 2 for location). Th e cliff  
shows the upper alluvial 
conglomeratic beds of the 
Bakhtyari Fm. Th ey clearly 
onlap the older strata of the 
Agha Jari again suggesting a 
slowing down of fold uplift  
relatively to the sedimentation 
rates
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Th e same chronology has been proposed in the Dez-
ful area [e.g. Homke et al., 2004]. In the Coastal Fars, 
this inference is supported by the observation that the 
youngest conglomerates usually unconformably over-
lie folded strata. Th e duration of synfolding unconfor-
mities ca. 2–2.5 Ma. is approximated by the age of the 
top of the folded strata, i.e. Upper Agha Jari Fm, and 
the age of the base of the Bakhtyari Fm provided by 
Homke et al. [2004] in the Dezful-Izeh area. 

Th is indicates that the folds growth was initially 
rapid in association with limb rotation. Th e lack of ev-
idence for diachronous folding further suggests that 
folding rather occurred coevally across the strike of the 
belt. Moreover, the geometry (onlaps) of the Bakhtyari 
conglomerates with respect to underlying folded Agha 
Jari Formation reveals that the rate of fold uplift  de-
creased with respect to the rate of deposition of the 
Bakhtyari conglomerates in the Zagros foreland. Th is 
provides constraints on the overall mechanism which 
produced rapid fold development coevally across the 
Zagros Folded Belt. 

6 Long-Term Rheology of Folded Cover Rocks:
 Insights from Folding Geometry and 
 Mesoscale to Microscale Tectonic Studies 

Figure 4 shows a schematic 300-km-long cross-sec-
tion of the Zagros Fold Belt including the Imbricate 
Zone. Th is section has been constructed using struc-
tural constraints from NIOC geological maps [Na-
tional Iranian Oil Company, 1977], structural dips 
at surface, variations in layers thickness within the 
Meso-Cenozoic strata based on well data [Motiei, 
1993]. Th e lack of faults at the surface except where ac-
tive basement thrusts are reported (e.g. MFF, Surmeh, 
Karebass, Sabz-Pushan fault zone) makes dubious a 
systematic involvement of thrusting to explain folds 
in the sedimentary cover. We do not exclude howev-
er, when shortening increased and fold limbs rotated, 
that faulting occurred due to deformation in the fold 
hinges, but this is not supported by any fi eld observa-
tions in our study area.

6.1 Distribution of Fold Wavelengths 
 and Topographic Signature of Folding 

Figure 12 shows the distribution of fold wavelengths 
for 149 folds measured between two successive syn-
clines, in the Eastern and Western Fars areas. A mono-
modal distribution of the fold widths clearly appears 
on the graph showing a dominant wavelength of cov-
er folding between 10 and 20 km representing 70% of 
the measured folds. One important parameter that 
mechanically controls the observed dominant wave-

length of folding is the thickness of the deformed 
competent units. Despite some scatter, the Gaussian 
distribution of fold widths would suggest that a sin-
gle main competent level is involved. It is worth not-
ing that the presence of intermediate detachment lay-
ers described in the Dezful and Bandar-Abbas areas 
[Sherkati and Letouzey, 2004; Molinaro et al., 2005] 
is weakly supported by fi eld observations in the Cen-
tral Fars. Th ough probably not exhaustive, fi eld obser-
vations carried out in the Central Fars only reported 
the possible involvement of intermediate detachments 
close to the MFF (Figure 13). Inversely, when well-
known incompetent layers such as the Gashsaran Fm 
can be observed at the surface, they are not involved 
in the compressional deformation (Figure 14). If other 
potential detachment like the evaporitic Dashtak Fm 
(Trias) present only in the Coastal Fars accommodates 
folding it would lead to lower dominant wavelengths 
of folds, which are not observed. It thus comes that in-
termediate detachment layers are of second-order im-
portance to explain the wavelength of folding. Indeed, 
they only aff ect the superfi cial folding style at a scale 
lower than the dominant wavelength of folding. 

As a consequence this would not change our main 
conclusion that folding is mechanically explained to a 
fi rst-order by one single detachment level. 

A simple relation might exist between the depth to 
which crustal deformation occurs and the wavelength 
of its topographic expression; the thicker the deformed 
unit the larger the wavelengths of deformation. Th e 
analysis of wavelengths in the topography can be also 
qualitatively used as a proxy to distinguish diff erent 

Fig. 12. Distribution of fold widths measured for 149 anticlines 
in the Fars (see text for explanation). Fold widths have been es-
timated as the distance between two adjacent synclines inde-
pendently from the stratigraphy of the folded strata. 101 folds 
(70% of the measured folds) have wavelengths between 10 and 
20 km
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levels of deformation [Mouthereau et al., 2006]. Fig-
ure 15 shows 2-D analysis of topographic wavelengths 
along the strike of the Fars folded belt along three top-
ographic sections. High-pass and low-pass fi lters were 
applied to the 3’ x 3’ gridded SRTM topography. 

For example, when wavelengths larger than 40 km, 
i.e. the maximum wavelength of cover folding (Fig. 15), 
are removed, the remaining topography of folds shows 
amplitude reaching 1000 m. Th ese are found 1) close 
to major active basement fault zones, e.g., the sharp 
increase of the elevation near the Gulf corresponds to 
the position of the MFF (Sects 2 and 3), 500 to 1000 
m are correlated with the position of active transpres-
sive strike-slip faults such as Kazerun (KzF), Karebass 
(KrF), Sabz-Pushan (SPF) or Sarvestan (SF) faults; 2) 
for folds fl anked by more deeply incised synclinal val-
leys or 3) for folds whose development is perturbed by 
the ascent of salt diapirs, especially in the southern-
eastern part of the ZFB (Sect 3). Despite such local per-
turbations, the deformation associated with folding is 
remarkably homogeneous in amplitudes and wave-
lengths and is consequently not visible on the residual 
topography. Th is topographic pattern again suggests, 
in addition to the distribution of fold widths, that the 
mechanism of folding is primarily controlled by the 
thickness of the competent cover. Independently from 
mechanical assumptions, similar conclusions are also 

supported by balanced cross-sections [McQuarrie, 
2004; Sherkati and Letouzey, 2004]. Th e quasi-sinusoi-
dal shape of the short-wavelength component of the 
topography related to folding appears simply superim-
posed onto larger wavelengths, i.e. larger than 40 km, 
which refl ects basement-involved thickening (Fig. 16).

6.2 Mechanical Behaviour of the Cover Sequence:
 Constraints from Mesoscale Faulting 
 and Microscale Calcite Twinning 

Field observation of folding has revealed that meso-
scale faulting is oft en associated with shear calcite fi -
bers in the few carbonaceous beds of the Fars Group 
or in the Asmari Formation and gypsum fi bers in lo-
cal evaporite facies from Gachsaran Formation and 
Agha Jari Formation. In addition, pervasive pressure 
solution accompanied faulting as evidenced by wide-
spread stylolitization. Hydraulic breccia in some sites 
indicates that local high fl uid pressures assisted fault-
ing. Moreover, analysis of calcite twin strain (Fig. 17) 
has been carriedout for limestones of the Pabdeh-Gur-
pi, Asmari-Jahrom, Gachsaran and Mishan Forma-
tions [Dissez, 2004; Amrouch, 2005]. Th e twin shapes 
reveal that the deformation occurred at temperature 
lower than 150–200°C and that internal strain did not 

Fig. 13. Example of smaller 
scale folding in the southern 
limb of one of the larger scale 
folds in relation to the 
Mountain Front Fault (see 
location on Fig. 7). Such 
features are atypical in the 
Central Fars domain and 
mostly observed along the 
Mountain Front

Fig. 14. Northern limb of the 
Zalemi anticline (see location 
on Fig. 7). Note the normal 
stratigraphic succession in the 
Fars Group (Mishan Fm is not 
visible on this photograph) 
above the Asmari carbonates. 
Like many other examples over 
the Central Fars, the incompe-
tent layers of the Gashsaran Fm 
(mainly gypsum with marls) do 
not act as an intermediate 
detachment
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southern part of the Iranian plateau [Amrouch et al., 
2005]. Th is result is consistent with the compressional 
stress orientations obtained from the inversion of fault 
slip data and present-day compression derived from 
the inversion of focal mechanisms of earthquakes [La-
combe et al., 2006]. 

Noticeably, all computed stress tensors show a low 
Φ=(σ2-σ3/σ1-σ3) ratio suggesting that σ2 and σ3 are 
comparable, accounting for the coeval occurrence of 
reverse and strike-slip faulting in the cover and the 
basement. Th ese results suggest that the Hormuz lay-
er, although acting as a major cover-basement décol-
lement and as a mechanical boundary for the upward 
propagation of most earthquakes, poorly decouples 
the states of stress within the cover and the basement. 

In addition, due to the existence of a constant crit-
ical resolved shear stress (CRSS) for twinning, diff er-
ential stress magnitudes related to a given stress ten-
sor can further be estimated. For a given palaeostress 

Fig. 15. Wavelength analysis of the topography along transects 1, 2 and 3 (whose location is also presented in Fig. 5). Th e profi les 
show the observed topography (solid lines) and the fi ltered topography for both large- and short-wavelength components of the to-
pography (dashed and dotted lines, respectively). Th e main fault zones are the MFF (Mountain Front Fault), SPF (Sabz-Pushan 
Fault), KzF (Kazerun Fault), KrF (Karebass Fault), SF (Sarvestan fault) and Surmeh (Surmeh Fault). In the northern part of the 
Fars, the MZT (Main Zagros Th rust) and the Imbricate Zone are also shown

Fig. 16. Schematic representation of the way the diff erent wave-
lengths of deformation including basement-involved shorten-
ing and cover folding interact

exceed 3–4%. Th is suggests that even at low depths, 
viscous-plastic processes were active in cover rocks 
and has assisted the fold growth. 

Th e reconstructed paleostress orientations from the 
inversion of calcite twins show a homogeneous mean 
N020° compression throughout the folded belt and the 
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orientation, the (σ1-σ3) values correspond to the peak 
diff erential stresses attained during the tectonic histo-
ry of the rock mass. 

To a fi rst-order, diff erential stress values corre-
sponding to the post-folding N020° compression are 
low and lie within a nearly similar range (45 ± 15 
MPa) in the southern Iranian plateau and across the 
ZFB [Amrouch et al., 2005]. Th ese diff erential stress 
values across the ZFB unexpectedly diff er from pre-
viously reported stress values in fold belts, which are 
much higher (e.g., 90–150 MPa in the Idaho-Wyoming 
thrust belt [Craddock and Van der Pluijm, 1999]) and 
show a strong decay across both the fold belt and the 
undeformed foreland (e.g., from 100 to 20 MPa in the 
Sevier-Appalachian forelands: [Van der Pluijm et al. 
1997]). 

Th ese low and homogeneous stress values highlight 
major diff erences in the mechanics of the ZFB com-
pared to other fold belts. Th e fact that the sedimenta-
ry cover sequence is currently aseismic would support 
that a signifi cant part of the convergence is accom-
modated by internal ductile mechanisms in the rocks‘ 
mass including pression-solution or plastic strain. 

Th e relatively narrow range of variation of diff er-
ential stress magnitudes across the ZFB agrees with 
the homogeneously distributed shortening in the fold-
ed cover, where no deformation gradient toward the 
backstop is observed (Fig. 4).

6.3 Mechanical Implications of Cover Buckling 

Large-scale critical wedge modelling together with 
consistency of internal cover plastic (calcite veins) de-
formation with seismogenic basement stress regime 

suggest that the cover rocks in the Zagros Folded Belt 
do not simply behave to fi rst-order as a brittle medi-
um. 

Moreover, the sequence of folding has suggested a 
rapid development of folding coevally across the strike 
of the belt with no clear evidence of southward prop-
agation. Hereaft er, we focus on the possibility that 
most characteristics of cover folding in the ZFB be ex-
plained by buckling. 

Several analytical and numerical models have al-
ready considered folding in the Zagros Folded Belt 
as a case example for studying mechanisms of buck-
ling [Biot, 1961; Schmalholz et al., 2002; Turcotte and 
Schubert, 2002]. Th e theory of buckling predicts that 
a single competent layer with random perturbations 
overlying a weaker matrix will develop into a regular 
fold train when subjected to layer-parallel shortening 
[e.g, Biot, 1961; Zhang et al., 1996]. Th e fold train re-
sults from the process of selection and amplifi cation of 
initial perturbations that is dependent on the compe-
tency contrasts between matrix and layer. 

Practically, only the perturbations with maximum 
growth rates will transform into fi nite folds. 

Moreover, the initiation of fold growth is exponen-
tial when the dominant wavelength is selected and 
then gradually slows down. At least three observations 
may support such development in the Zagros Folded 
Belt: 

1. Th e rapid growth of folds in probably less than 3 
Ma while the collision-related compressive defor-
mation on the Arabian continental margin likely 
started in Middle Miocene times (ca. 20 Ma); 

2. Tolds probably initiated coevally across the ZFB;

Fig. 17. Photograph illustrating 
examples of calcite twins 
formed in vesicles of this 
shallow-water bioclastic 
carbonate within the Gashsa-
ran Formation (Meymand fold, 
northern Central Fars)
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3. Progressive onlaps of Bakhtyari conglomerates 
onto older growth strata suggest a slowing down of 
fold growth (relatively to the rate of deposition). 

Th e thick Paleozoic and Mesozoic carbonates can be 
treated as a single competent layer overlying a homo-
geneous and fi nite viscous matrix lying in the Cam-
brian salts. It has been noticed for years that the pure 
elastic solution for buckling dominant wavelengths 
given by

 

oft en requires unrealistic high layer-parallel stress s 
to fi t observed buckling wavelengths. However, it has 
been proposed that folding wavelengths averaged to 
values of ~20 km in the ZFB may be roughly approxi-
mated by a brittle-elastic solution [Mouthereau et al., 
2006]. Indeed, the observed wavelengths can be repro-
duced assuming a layer-parallel stress that must be at 
least 300 MPa and a low value of Young’s modulus E of 
109 Pa as suggested by recent mechanical experiments 
on Miocene carbonates [Amrouch, 2005]. Th e result 
is however largely dependent on the eff ective elastic 
thickness H we chose for the competent layer. A val-
ue of less than 2 km, i.e., representing only a quarter of 
the value of the unfolded layer, i.e. the thickness of the 
sedimentary cover, is compatible with fold curvature-
1 (> 10-5 m) and brittle yielding in a brittle/elastic lay-
er. If this mechanism may account for the failure of the 
thin-skinned critical wedge model and the sequence of 
folding, it however fails to reproduce the internal pres-
sion-solution processes observed and supported by the 
poor seismogenic potential of the cover sequence. 

On the other hand, a pure viscous solution for buck-
ling dominant wavelengths given by

is limited by viscosity contrasts between layer and ma-
trix of less than two orders of magnitudes [Schmalholz 
et al., 2002]. Th e viscosity of the Hormuz evaporites 
has typical viscosities (Newtonian) of salts between 
1017 and 1018 Pa s. In that case, fold wavelengths may 
be reproduced using a viscous layer of H=2 km with 
viscosity hl of 1019 Pa s. 

Th ere are several limitations to both models. First 
they assume infi nitesimal deformation which is only 
applicable at the initial stages of folding. Second, they 
are small-scale models that neglect the eff ects of grav-
ity. Finally, they implicitly consider that the weak vis-
cous matrix is infi nitely thicker than the competent 
layer, which is obviously not the case in the Zagros; 
e.g. Fig. 4 shows average ratios of the matrix thick-
ness to layer thickness between 0.1 (1:8) and 0.3 (2:7) 
maximum. A better fi t of the observed wavelengths of 

folding in the Zagros has been obtained for a more re-
alistic solution involving buckling of a viscous (non-
Newtonian)-elastic layer resting on a homogeneous 
Newtonian matrix with fi nite thickness [Schmalholz 
et al., 2002]. 

Figure 4 shows that from the Imbricate Zone to-
ward the Surmeh Fault, fold wavelengths progressive-
ly decrease from 35 km to 11 km as fold amplitudes in-
crease (e.g., Dalu and Sim anticlines in Fig. 2). Th en 
toward the MFF, fold wavelengths increase again from 
11 km close to the Surmeh Fault up to 17 km on av-
erage. We suggest that folding might have initial-
ly developed with homogeneous and relatively low-
er amplitude/wavelength ratio. Such wavelengths are 
currently preserved in the Imbricate Zone or close to 
the MFF. A possible control by basement-involved de-
formation cannot be excluded. Th en as shortening in-
creased, wavelength of folds reduced, limbs rotated, as 
exemplifi ed by intraformational unconformities, and 
fold amplitude increased leading to higher amplitude/
wavelength ratios. Th is is especially the case where the 
southward propagation is limited by the presence of 
topographic high like the Surmeh Fault. 

Conclusions 

Th e aim of the paper was to discuss which type of me-
chanical behaviour better explains the development of 
the Zagros folded belt in terms of cover folding, in-
ternal deformation of cover rocks and on the regional 
scale the crustal rheology that led to the observed re-
gional topography. 

Th e available structural studies combined with seis-
motectonic constraints demonstrate that the base-
ment is necessarily currently involved in collisional 
deformation. Additional mechanical constraints de-
rived from a critical wedge modelling of the regional 
topography confi rm this result. Th e basic assumptions 
in Coulomb critical wedge models and the present 
day stress regimes together suggest that the state of 
stress within the upper crust of the Arabian continen-
tal margin has everywhere reached the brittle strength 
of the crust in agreement with Byerlee’s law. However, 
the lack of seismogenic strain derived from the sum-
mation of seismic tensors [Jackson et al., 1995] sug-
gests that aseismic deformation is likely to occur in the 
(lower ?) crust. 

In agreement with the failure of a thin-skinned 
critical wedge model for the Fars, the distribution of 
deformation in the cover rocks does not display a gra-
dient of deformation increasing rearward (i.e., toward 
the MZT) as it is usually observed for typical thin-
skinned thrust wedges. 

Th e thickness distribution of the Mishan Forma-
tion suggests that the Arabian continental margin was 
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inverted as early as the Middle Miocene in response 
to continent-continent collision. Margin inversion oc-
curred by the reactivation of NW-SE-trending Tethy-
an normal faults (e.g., Surmeh Fault, Mountain Front 
Fault) and Panafrican inherited N-S fault trend (Kare-
bass, Sabz-Pushan, Sarvestan transcurrent faults). 
During this episode, the sedimentary cover suff ered 
little shortening near active basement faults and de-
formation was localized along the main basement 
faults, i.e., the Surmeh Fault and the MFF. Th is epi-
sode is probably a consequence of the intraplate stress 
build up in the margin following the initiation of the 
collision. 

By the Pliocene-Pleistocene period, cover fold-
ing developed rapidly in a few million years all over 
the ZFB in agreement with the fi eld observations 
of growth strata associated with folds uplift . At this 
point, the foreland basin transformed into an orogen-
ic belt controlled by the propagation of a brittle upper 
crustal wedge. Reverse movements along already in-
verted basement structures (MFF and Surmeh Fault) 
increased and faulting was generalized within the up-
per brittle crust, leading to the current seismic activity 
in the ZFB. At the same time, the growth of folds rap-
idly diminished as suggested by the observations that 
youngest syn-orogenic strata (Bakhtyari Fm) oft en on-
lap older synfolding strata (upper Agha Jari Fm). 

Observations in the fi eld of the internal deformation 
of rocks reveal that the rheology of the sedimentary 
cover during folding was dominated by viscous-plastic 
and local brittle behaviours. Numerous characteristics 
of cover folding suggest that folds developed mainly as 
buckle folds. A mechanical model involving a viscous 
(non-Newtonian)-elastic layer representing the thick 
cover (~10 km) resting on a homogeneous Newtonian 
matrix represented by the Hormuz salt satisfactory re-
produces the observed distribution of folds widths. 

We conclude that the distributed thick-skinned 
deformation that followed the initial margin inver-
sion occurred coevally with the main phase of cov-
er folding. Th e way they deform however is diff erent; 
the basement is pre-fractured so it shortens preferen-
tially by faulting. In contrast, the folding of the thick 
sedimentary cover developed by buckling over an in-
competent layer of salt with the assistance of plastic-
viscous processes. 
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Chapter 14 14

Rates and Processes of Active Folding Evidenced 
by Pleistocene Terraces at the Central Zagros Front (Iran)

Behnam Oveisi · Jérôme Lavé · Peter van der Beek

Abstract. The Zagros fold belt results from active collision of 
the Arabian plate with central Iran, and is characterized by the 
development of a spectacular >200 km-wide fold-train in its 
sedimentary cover. Although the architecture of this accre-
tionary prism has been extensively studied because of its im-
portant implications for hydrocarbon exploration, aspects 
such as the kinematics of individual folds and the sequence of 
fold development remain to be investigated in detail. It is 
commonly believed that the ongoing deformation through 
the Zagros belt has led to the south-westward migration of 
the front of the fold belt. In the south-western Fars province 
(central Zagros), the most frontal structure is delineated by 
the Mand anticline, a well-exposed detachment fold on the 
shore of the Persian Gulf. This near-symmetrical anticline in-
volves relatively competent Phanerozoic sedimentary rocks 
above a regional décollement in Hormuz salt.  In order to doc-
ument the geometry and kinematics of this fold, we have con-
structed several balanced cross-sections on the basis of a re-
cently published section constrained by seismic data 
(Letouzey and Sherkati, 2004). Several solutions to the length 
versus area restoration problem common to detachment 
folds are then proposed: fault-related folding, detachment 
folding with internal deformation, and detachment folding 
accompanied by the fl exure of the fl anking synclines below 
the regional stratigraphic level. On the western limb of the 
anticline, fl uvio-marine terraces, tilted by 1.7 to 4.5°, provide 
an additional constraint on fold kinematics and suggest that 
surface deformation is most compatible with a detachment 
fold, probably associated with synclinal fl exure. Applying 
such a model, as well as new 14C ages for the marine terrace 
deposits, we calculate tilting rates of 0.04 to 0.05°/kyr, which 
would be produced by a Late Pleistocene shortening rate 
(perpendicular to the structure) of 3 to 4 mm/yr. Although this 
preliminary estimate suff ers from relatively large uncertain-
ties, mostly due to the absence of independent dating of the 
terraces and independent constraints on the folding model, 
we conclude that shortening across the Mand anticline could 
absorb 20 to 35% of the 8 mm/yr convergence across the en-
tire Zagros. This result is consistent with a normal forward-
propagating deformation sequence in a thin-skinned tecton-
ic regime. It also implies that the sedimentary cover of the 
frontal Zagros is fully decoupled from the basement, most 
probably at the level of the Hormuz salt, in contrast to recent 

models that suggested active deformation of the sedimenta-
ry cover to be controlled by thrust faults in the basement.

1 Introduction 

Th e Zagros fold belt (Fig. 1) results from the collision 
of the Arabian plate with the central Iran micro-con-
tinent. Tectonic convergence is still ongoing in the 
area and recent deformation of this intracontinental 
mountain belt is accompanied by intense seismicity 
(e.g., Ni and Barazangi, 1986; Berberian, 1995; Talebi-
an and Jackson, 2004). Th e Arabian passive margin se-
quence is commonly believed to be decoupled from its 
basement at the level of lower Cambrian salt and to be 
deformed by thin-skinned tectonics. Despite the spec-
tacular deformation of this sedimentary sequence, 
most of the seismicity occurs within the underlying 
basement, mainly through high-angle reverse faulting 
(Jackson and Fitch, 1981; Berberian, 1995). Th is rather 
unique seismotectonic setting has prompted scenarios 
in which the Zagros convergence is accommodated by 
distributed basement shortening in conjunction with, 
but decoupled from, folding of the sedimentary cov-
er (Jackson and Fitch, 1981; Ni and Barazangi, 1986; 
Berberian, 1995). Th e role of the basement faults re-
mains, however, a matter of debate and it has recently 
been proposed that basement deformation is current-
ly controlling the deformation of the sedimentary cov-
er: a thick-skinned tectonic style would thus have suc-
ceeded initial thin-skinned tectonics (Molinaro et al., 
2005; Sherkati et al., 2005).

Th e Zagros orogen is known for the spectacular 
fold structures that aff ect its thick sedimentary cover 
(e.g., Farhoudi, 1978; Letouzey et al., 1995) with wide-
ly distributed resistant limestone anticlines display-
ing the large-scale “whale backs” that characterize the 
morphology of the region. Many of these anticlines 
have long been considered as archetypal detachment 
folds, which formed in response to the ongoing defor-
mation above the basal detachment level of the low-
er Cambrian Hormuz Salt (e.g., Colman-Sadd, 1978), 
even if recent studies have proposed alternative struc-
tural interpretations (e.g. Sherkati and Letouzey, 2004; 
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Mouthereau et al., 2006). Th e geometry and surface 
structure of such detachment folds are considered to 
be controlled by the existence of a major low-viscos-
ity basal layer that permits effi  cient detachment and 
material migration (e.g. Mitra, 2002). Various two-di-
mensional geometric and kinematic models have been 
proposed to describe detachment folding (e.g., Dahl-
strom, 1990; Epard and Groshong, 1995; Poblet and 
McClay, 1996; Mitra, 2002), which is typically man-
ifested by symmetric or asymmetric folds with cores 
fi lled by the basal incompetent unit. 

Although the architecture and kinematics of defor-
mation of the sedimentary cover in the Zagros fold belt 
have important implications for seismic hazard assess-
ment and hydrocarbon exploration, they remain rela-
tively unknown. Some general sections of the Zagros 
fold belt have been proposed in recent papers (Blanc 
et al., 2003; McQuarrie, 2004; Sherkati and Letouzey, 
2004); however, aspects such as the kinematics of in-
dividual folds, the sequence of fold and thrust devel-
opment, the relationship between fold and fault defor-
mation and the evolution from symmetric detachment 
folds to asymmetric fault-related folds remain to be in-
vestigated.

Here, we focus on a well-exposed map-scale detach-
ment fold (the Mand anticline) occurring along the 

shore of the Persian Gulf at the central Zagros front 
(Fig. 1). Th is detachment fold presents near-symmet-
rically folded Cenozoic strata, formed in the relatively 
competent rock cover above a regional décollement in 
Hormuz salt. In order to unravel the recent evolution 
of this most frontal part of the central Zagros wedge, 
we fi rst review some aspects of Zagros tectonics and 
geology that are relevant to our study. We then detail 
the surface geometry and various possible construc-
tions at depth of the Mand detachment fold, includ-
ing depth-to-detachment and shortening calculations. 
In order to evaluate Late Quaternary rates of deforma-
tion at the front of the Zagros belt, we surveyed tilt-
ed marine and fl uvial terraces on the SW frontal limb 
of the Mand anticline. Th ese warped and tilted geo-
morphic markers provide new insights on recent fold 
detachment kinematics and on tectonic uplift , tilting 
and shortening rates. 

2 Geological and Seismotectonic Setting

Th e Zagros orogen is bordered to the SW by the Per-
sian Gulf, which represents the foredeep basin at its 
front. To the NE, the Zagros is bordered by the Main 
Zagros Th rust (MZT), considered by many as the su-

Fig. 1. Seismotectonic (left  panel) and topographic (right panel) map of the Western Fars, central Zagros, showing main surface 
faults. Inset in left  panel shows location within Persian Gulf area, as well as Arabia-Eurasia shortening rates from DeMets et al. 
(1994) and Sella et al. (2002); inset in right panel shows GPS velocities (mm/yr) in central Zagros with respect to stable Eurasia 
(Hessami et al., 2006). Focal mechanism solutions for large earthquakes are from Chandra (1984) (C); Harvard Centroid-moment 
database (CMT); Jackson and Fitch (1981) (JF); Ni and Barazangi (1986) (NB). Topographic contours with 1000-m interval indi-
cated in left  panel. Line shows balanced cross-section of Fig. 2; box shows location of Fig. 3
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ture of the Neo-Tethys Ocean. Classically, two main 
structural zones in the Fars arc of the Zagros are dis-
tinguished on the basis of distinct topographies and 
outcropping units: the High Zagros Belt (HZB) to the 
NE, and the Zagros Simple Fold Belt (ZSFB) to the 
SW. Th e High Zagros Fault (HZF) separates these two 
structural domains. It is generally considered that de-
formation in the HZB initiated before deformation in 
the ZSFB, according to a classical forward-propagat-
ing sequence scenario (e.g., Hessami et al., 2001; Ala-
vi, 2004).

Sedimentation on the Arabian and Zagros plat-
form since the pre-Cambrian has led to deposition 
of a 5–15 km-thick sedimentary sequence of passive 
margin to fl exural basin series (Stocklin, 1968; Fal-
con, 1969; Colman-Sadd, 1978), interrupted by  sev-
eral sedimentary hiatuses (e.g., Alavi, 2004). During 
Paleozoic times, clastics and carbonates were deposit-
ed, partly in association with the opening of the Neo-
Tethys. Subsequently, Upper Triassic to Lower Creta-
ceous carbonates and minor evaporites were deposited 
on the stable, shallow shelf of the Arabian platform. 
Th e emplacement of ophiolites during Late Creta-
ceous time along the margins of the Arabian plate in-
dicates an initial episode of convergence at that time, 
the extent and nature of which remain controversial 
(e.g., Beydoun, 1991). Campanian fl ysch and radiola-
ritic nappes accumulated in a fl exural basin formed 
by loading of the continental crust, whereas the Late 
Eocene to Early Miocene is marked by the deposition 
of several limestone formations (e.g., Jahrom and As-
mari Formations). Tertiary island-arc-type volcanism 
in Iran indicates that subduction of oceanic crust con-
tinued until Miocene times (e.g., Colman-Sadd, 1978), 
when it was followed by the main phase of continental 
collision in the Zagros. Finally, a major regional angu-
lar unconformity between the Agha Jari/Lahbari Fms 
and the upper Bakhtiari conglomerates is associated 
with renewed erosion and tectonic activity of the Za-
gros fold-and-thrust belt: this event is generally dat-
ed as Late Pliocene, but could be largely diachronous 
from NE to SW, accompanying the propagation of the 
deformation front (Hessami et al., 2001).

Active deformation of the Zagros orogen results 
from approximately N-S directed collision between 
Arabia and Continental Eurasia at a rate of 25–30 mm/
yr (DeMets et al. 1994; Sella et al. 2002). Seismici-
ty (Berberian, 1995; Talebian and Jackson, 2004) and 
GPS (Tatar et al., 2002) data suggest that present-day 
convergence across the Zagros is concentrated in the 
ZSFB, which constitutes the foreland fold-and-thrust 
belt of the system. From a recent GPS survey, Tatar 
et al. (2002) proposed a present-day shortening rate 
of 8–10 mm/yr for the Zagros, which would accom-
modate about 40–45% of the total ~21 mm/yr con-
vergence between Arabia and Eurasia (Vernant et al., 

2004). Total shortening since ~5 Ma in the ZSFB is es-
timated to range between 50 and 80 km (Blanc et al., 
2003; McQuarrie, 2004). Th e stratigraphic succession 
of rock series with highly variable mechanical prop-
erties strongly controls deformation in the ZSFB (e.g., 
Sherkati and Letouzey, 2004). At the base of the sed-
imentary cover, Lower Cambrian (Berberian, 1995) 
incompetent Hormuz series directly overlie the crys-
talline basement as a basal detachment level and play 
an important role in guiding the deformation. Talbot 
and Alavi (1996) suggested a taper angle of ~1° in the 
Zagros, resulting from very low basal traction in the 
Hormuz Salt horizon. Reliable waveform modelling 
shows that large earthquakes in the Zagros oft en nu-
cleate in the upper crust at depths of 8 to 15 km in the 
crystalline basement (Jackson and McKenzie, 1984; Ni 
and Barazangi, 1986; Maggi et al., 2000; Talebian & 
Jackson, 2004). A recent study of micro-earthquakes 
in the central Zagros (Tatar et al., 2004) suggests that 
much of the seismicity is restricted to the upper part of 
the basement between ~11 km (base of the sedimenta-
ry cover), and ~15 km (base of the seismogenic layer). 
Th e absence of seismogenic behaviour in the sedimen-
tary cover could partly explain why, according to seis-
mic moment summations, only 5% of the deformation 
in the Zagros is seismically expressed (Jackson et al., 
1995;  Masson et al., 2005).

Along its southern front, the Zagros is bounded 
from its foredeep basin by the Mountain Front Fault 
(MFF), but local topographic expressions, both on-
shore and off shore, attest to active folding south-
west of this major tectonic boundary; hence, the ex-
istence of a more frontal fault,  the Zagros Foredeep 
fault (ZFF), has been proposed by Berberian (1995) (cf. 
Fig. 1). Th e Mand anticline, which will be discussed in 
detail in the present work, is one of these active struc-
tures in front of the MFF. It is singular in several as-
pects: it represents the westernmost frontal structure 
of the Fars arc; its general orientation is NNW-SSE to 
N-S, in contrast with the NW-SE orientation of most 
folds in the Fars arc; and it is located in the azimuth 
of the Kazerun Fault, which is one of the major N-S 
strike slip faults in the Zagros orogen and which cor-
responds to an inferred boundary between the Fars 
arc, with Hormuz salt at the base of the sedimenta-
ry sequence, and the Dezful embayment where this 
thick incompetent unit is considered absent or much 
thinner. Th e absence of both basal Hormuz salt and of 
major detachment folds like the Mand anticline fur-
ther west is probably not coincidental, given the strong 
control that weak basal layers have on detachment fold 
development. 
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2.1 Regional Balanced Cross-Section

In order to estimate the fi nite deformation of the sed-
imentary cover and constrain the depth to basement, 
we have constructed a balanced section across the 
frontal part of the central Zagros (Fig. 2). In the Mand 
region, Letouzey and Sherkati (2004; see also Sherka-
ti et al., 2006) have previously proposed a detailed bal-
anced cross-section based on both surface data and 
unpublished seismic refl ection and well data provided 
by the National Iranian Oil Company (NIOC). Out-
crops and borehole data provided them in particular 
a good thickness control on Permian to recent sedi-
mentary units. Balanced cross-sections rely on the as-
sumption that no material moves into, or out of, the 
plane of the section. In the study area, this assump-
tion may not be valid, as there may be a considerable 
regional component of oblique slip relative to fold ori-
entation (e.g., Fig. 1). In constructing the section of 
Fig. 2, we have used the cross-section of Letouzey and 
Sherkati (2004), complementing it to the north-east 
according to structural data and following the sinuous 
bed method, which supposes constant bed thickness 
for the competent layers during shortening (Dahl-
strom, 1969). Although balanced cross-section solu-
tions are non-unique, and the deepest units are poorly 
imaged by the seimic lines, the surface structures ap-
pear to project through a detached fold over the MFF 
ramp, where the master fault-cored folds converge 
on a décollement level in the Hormuz Salt. Th e bal-
anced sections indicate diff erent degrees of fold asym-
metry close to the ZFF, where the Mand detachment 
anticline is distinctly symmetrical, and over the MFF 
ramp, where a system of master fault-cored folds has 
developed with a clear foreland-ward vergence, possi-
bly due to thick-skinned deformation (Fig. 2).

In constructing cross sections across the Zagros 
fold belt, two major problems have to be faced. First, 
the projection of concentric detachment folds to depth 
generally produces severe space incompatibilities that 
require disharmonic folding of the ductile layers above 
a basal detachment (Mitra, 2003), and lead to diff erent 
line length versus area restorations. In the cross-sec-
tion of Fig. 2, the space problem is generally solved by 
inferring the presence of thrust faults in the Paleozo-
ic to early Cretaceous competent rocks in the cores of 
the anticlines, linked to a decreasing ratio of fault off -
set to layer folding up-sequence. Second, topograph-
ic steps accompanied by the progressive north-east-
ward thinning of the Mio-Pliocene units fi lling the 
synclines require that the depth of the base of the sed-
imentary sequence decreases to the north-east. Be-
cause the base of the crust plunges gently (1–2°) to the 
north-east (Paul et al., 2006), a space problem occurs 
between the top of the basement and the base of the 

sedimentary cover. McQuarrie (2004) has proposed to 
fi ll this void with locally more than 5 km of deformed 
Hormuz salt, but Mouthereau et al. (2006) have shown 
that such thicknesses of weak salt cannot mechanical-
ly sustain the load of the overlying units over geologi-
cal timescales; the salt would be rapidly squeezed out. 
Other authors (e.g., Sherkati and Letouzey, 2004; Mo-
linaro et al., 2005; Mouthereau et al., 2006) have in-
voked thick-skinned tectonics, with a number of base-
ment thrusts controlling a south-west plunge of the 
top of basement of 1–2°, i.e., slightly more than the 
topography. In the cross-section of Fig. 2, the south-
western part of which was derived from Letouzey and 
Sherkati (2004), the void between folded strata and the 
crystalline basement has been fi lled both by basement 
imbrications (i.e., thick-skinned deformation) and lo-
cal thickening of Hormuz evaporites in the core of an-
ticlines. Our balanced cross-section indicates 6.4 km 
of total horizontal shortening across the most frontal 
folds that occur along the ZFF and MFF.

3 The Mand Detachment Fold 

3.1 Structure

Th e Mand fold is a doubly-plunging detachment an-
ticline with a curvilinear convex-to-the-south hinge, 
wide crest and quasi-homoclinal fore- and back-limbs. 
It extends ~100 km along strike (Fig. 3). Th e topo-
graphically expressed width of the fold is laterally con-
stant at ~16 km, but its amplitude shows a gradient, 
decreasing toward the northwest along the fold axis. 
Along the anticline, the near-symmetrical dip pan-
els on each side of the fold obscure any structural ver-
gence and no outcropping fore- or back-thrusts (rela-
tive to the south-west directed transport of the belt) are 
associated with the fold. In contrast to the tightly fold-
ed anticlines associated with the MFF ramp, the Mand 
anticline is an open fold (cf. Fig. 2). At the surface, 
the fold exhibits limbs dominated by gentle bedding 
dips between 10–27°, and presents a high wavelength/
amplitude ratio (δ ≈ 8.3 in its central part). Accord-
ing to seismic and well data (Letouzey and Sherkati, 
2004), the fl anks of the anticline are buried below 1-
2 km of Plio-Pleistocene sediments of the Lahbari and 
Bakhtiari Formations. Th e entire width of the anti-
cline may therefore reach 20 to 25 km. Th e geophys-
ical data and reference cross-section (Fig. 2) provide a 
tight control on the thickness of sedimentary units in-
volved in the fold, and helped us to derive several sec-
tions across the Mand anticline in order to describe 
its spatial geometry and evolution, as well as to inves-
tigate the deformational style (Fig. 4). Th ese balanced 
cross-sections were constructed orthogonally to the 
structure, in order to maximize access to structures 
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and bedding exposures. Structural and sedimentolog-
ical data were mapped in the fi eld and using 1:100,000-
scale geologic maps (National Iranian Oil Company, 
1976; 1977), Landsat and SPOT satellite images, and a 
90-m-resolution digital elevation model (SRTM).

3.2 Fold Solution and Finite Shortening

Detachment folds (Jamison, 1987; Mitra, 2003) form in 
sedimentary units characterized by signifi cant thick-
ness and competency contrasts, in which the basal lay-

Fig. 3. Geologic map of the 
Mand anticline with elevation 
contour lines every 100 m. 
Focal mechanism solutions for 
large earthquakes from the 
Harvard CMT database. 
Profi les f1-f1’, f2-f2’ and f3-f3’ 
are shown in Fig. 4. Boxes show 
locations of surveyed terrace 
sites (Figs. 6-8)
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er is commonly an incompetent or low viscosity unit 
such as shale or salt, and is overlain by thick compe-
tent units such as carbonates and sandstones. Under 
subsequent shortening, fold growth is generally con-
sidered to occur by two competing mechanisms: limb 
lengthening by migration of beds through hinges and 
limb rotation between fi xed hinges by internal defor-
mation. Despite numerous structural studies of de-
tachment folds, the kinematic development of these 
structures, and their related balancing, remains con-
troversial (De Sitter, 1964; Dahlstrom, 1990; Poblet 
and McClay, 1996; Poblet et al., 1997; Mitra, 2003). Th e 
key questions relate to the relative importance of hinge 
migration and limb rotation, the amount of internal 
bed thickening, as well as the nature of deformation 
of the basal incompetent unit. Fixed hinge models, for 
example, propose that a detachment fold develops a 
long wavelength early in its evolution and subsequent-
ly evolves primarily by limb rotation and fold tight-
ening (De Sitter, 1964), whereas wavelength is con-
stant in models with mostly hinge migration. In both 
models, the wavelength/amplitude ratio is considered 
to be high in the early stages of fold development and 
to subsequently decrease during fold evolution. Th ese 
models suff er, however, from an unequal line length 
versus area restoration and thus require an increase 
in detachment depth with progressive fold evolution, 
a solution considered as kinematically and geological-
ly inadmissible (Dahlstrom, 1990). Several alternative 
solutions have been proposed to solve the balancing 
problem. First, most of the shortening could be ab-
sorbed by internal deformation in the core of gentle 
folds, with an increasing degree of internal deforma-
tion toward the base in order to solve the line lengths 
versus area restoration at depth (Epard and Grosho-
ng, 1995). Internal strain would be accommodated by 
secondary faulting in competent units, whereas bed 
thickening could characterize the incompetent strati-
graphic units. On the other hand, Mitra (2002; 2003) 
has proposed that the balancing problem could be re-
duced by considering that synclinal fl exures fl anking 
detachment anticlines could be defl ected below the 
regional position of the considered stratigraphic lev-
el.). In this model, aff ected by variable limb dip and 
-length, limb rotation is accompanied by hinge mi-
gration through the synclinal and/or anticlinal hing-
es, and at depth by the migration of the basal ductile 
unit from the base of the syncline toward the anticline 
core. Synclinal sinking is, however, not commonly rec-
ognized, probably because the downward defl ection is 
usually small and occurs over a very broad region (Mi-
tra, 2002; 2003). 

In the case of the Mand anticline, the cross-section 
proposed by Letouzey and Sherkati (2004) (Fig. 2) is 
unconstrained on its south-western limb due to ab-

sence of seismic data, and permits several alternative 
balanced fold solutions.

3.2.1 Case 1: Folding above a SW-Vergent Fault

Sherkati et al. (2006) propose that the Mand detach-
ment fold has evolved towards a fault-bend or fault-
propagation fold. Th e propagation of a forward verg-
ing blind fault, with a mean dip of ~30° and associated 
to a steep (~45°) back-thrust, would have produced a 
vertical off set of the sedimentary units of several ki-
lometres. Such fault off set would solve the line length 
versus area problem, but would require more than 2 
km off set even for the uppermost sedimentary units 
close to the surface. Th ere is, however, no topograph-
ic indication in the bathymetry of the Persian Gulf for 
such active faulting. Slip motion on the fault could have 
been transferred to a more frontal structure, but again 
the bathymetry does not indicate such a feature. 

3.2.2 Case 2: Fold Detachment with 
 Internal Deformation 

Th e stratigraphy of the ZSFB contains several incom-
petent evaporite and shale intervals that may act as 
décollement levels (e.g., Sherkati and Letouzey, 2004). 
Th e Mand anticline may thicken by internal accom-
modation strains of such incompetent material (e.g., 
through homogeneous strain, second order folding, or 
second order conjugate faulting). Here, we apply the 
excess area restoration technique (Epard and Grosho-
ng, 1993) to evaluate horizontal shortening for diff er-
ent depth levels beneath a reference level. Assuming 
constant rock density during folding, the excess area 
is equal to the shortening times the depth to the de-
tachment. Th erefore, the slope of the statistical best 
fi t line on diagrams of excess-area (Ea) versus depth 
to detachment (hd) indicates total horizontal shorten-
ing if area is conserved. We adopt a depth of 11 km to 
the basal detachment level (Hormuz Salt) and evalu-
ate excess area at diff erent stratigraphic levels for three 
cross-sections across the Mand anticline (Fig. 4). We 
take the top of the Asmari Fm (U6 in Fig. 4) as our 
reference level, in order to avoid complications due to 
possible secondary detachments in the overlying in-
competent Gahsaran unit. A simple cylindrical fold 
construction leads to Ea-hd curves that do not project 
to Ea = 0 at hd = 11 km (i.e., the base of the detachment 
level). In order to produce a more strongly decreasing 
gradient in excess area with depth, internal deforma-
tion and thickening of the units has to be included. Th e 
best-fi t line on the resulting Ea-hd curve for the cen-
tral part of the Mand anticline (Ea = -2.31hd + 24.541; 
r2 = 0.975 with the detachment level fi xed at 8.7 km be-
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neath the reference level), for instance, is close to the 
mean total shortening of 2.4 km that can be inferred 
from the excess area of each unit individually. 

3.2.3 Case 3: Detachment Fold 
 Accompanied by Synclinal Flexures 

Th e cumulative thickness of the Mishan, Agha Jari 
and Lahbari Formations reaches 1.4 km according 
to their outcrop pattern in the Mand anticline (Figs. 
3 and 4). If we consider the ages determined by mag-
netostratigraphy further north-west in Lurestan 
(Homke et al., 2004), i.e. ~12 Ma for the Gachsaran/
Mishan transition, and 3–4 Ma for the Lahbari/Bahk-
tiari transition, a regional sedimentation rate of ~0.17 
mm/yr can be computed for this period as a response 
to regional subsidence, which results from the load-
ing of the Arabian platform by the Zagros wedge. On 
the basis of seismic line data (Letouzey and Sherkati, 
2004), the post-Gachsaran sediment thickness in the 
syncline north-east of the Mand fold is slightly larger 
than 3 km. In consequence, sedimentation rates would 
have been >0.4 mm/yr for the last 4 Myr in the syn-
cline between the Mand and Kaki anticlines. Th is no-
ticeable change in sedimentation rates, even though 
poorly constrained in time, may suggest that this syn-
cline has been depressed below the regional base-level 
and that this local eff ect has greatly enhanced the sed-
imentation rates. Note that, due to the proximity of the 
coastline, sea-level can be considered as the regional 
base-level in this area. Such syncline depression would 
be accompanied at depth by Hormuz salt migration 
from the syncline base toward Mand and Kaki anticli-
nal cores. Th e diffi  culty to estimate independently and 
precisely the regional subsidence rate prevents, howev-
er, to properly estimate this fl exure.

3.3 Fold Solution and Incremental 
 Deformation at the Surface

Th e currently available geological and geophysical data 
do not permit a clear discrimination of the fold solu-
tions to describe the evolution of the Mand anticline. 

Additional kinematic information can be gained, how-
ever, from surface deformation, in particular if this in-
formation can be documented for diff erent time steps. 
As shown schematically in Fig. 5, diff erent end-mem-
ber fold models produce distinct incremental defor-
mation patterns, which will be recorded by initially 
horizontal passive geomorphic marker such as terrac-
es. Fault-bend and fault-propagation folds will lead to 
uniform uplift  above fault segments of constant dip; 
geomorphic markers will record some tilting where 
crossing axial surfaces. However, such steeply dipping 
panels will present a short wavelength and the dip is 
expected to be similar, i.e. terraces will be parallel, 
whatever their age (Fig. 5a). In contrast, limb rotation 
in a detachment fold will produce progressive terrace 
tilting, long and gently dipping panels and maximum 
uplift  at the anticlinal crest (Fig. 5b). Detachment fold 
models with hinge migration produce profi les that are 
composites of the above two cases: progressive tilting 
of the markers along the limbs, but also steep paral-
lel tilting at the synclinal and anticlinal hinges, with 
a marked asymmetry of the terrace uplift  between the 
frontal fi xed hinge and the backward migrating hinge 
(Fig. 5c). Finally, adding synclinal fl exure to the de-
tachment model will be recorded at the surface by 
progressive tilting of the marker, but also a transition 
from uplift  to subsidence of the marker somewhere be-
tween the anticlinal and synclinal axes (Fig. 5d).

4 Recent Deformation of Mand Anticline

4.1 Tilted Marine and Fluvial Terraces 

Geomorphic evidence for active tectonics has been re-
ported from several locations within the Zagros belt 
along the MFF (Bachmanov et al., 2004) and along the 
south-eastern coast of the Zagros (Vita-Finzi, 1982). 
Around the Mand anticline, numerous discordant 
Bakhtiari units have been mapped: these units corre-
spond to warped and tilted marine and fl uvial terrac-
es. Such terraces are particularly useful features since 
they can provide information on rates of rock uplift  
and hence rates of folding. 

Th e terraces in the study area were fi rst recognized 
on Corona and SPOT images, and then surveyed in 
detail in the fi eld. Th ey usually correspond to inverted 
topography: gravels or re-cemented shell-rich marine 
facies have preserved the underlying unconsolidated 
marly, silty or sandy Agha Jari/Labhari units from ero-
sion; they consequently appear as isolated remnants 
at the top of small steep hills within a badland erod-
ed landscape (cf. Fig. 9). We chose terrace treads to be 
surveyed on the basis of their preservation, in order to 
ensure continuity of the studied terrace level, such that 
the correlation of the close disconnected treads does 

Fig. 4. Fold solutions for the Mand anticline at depth for a de-
tachment fold with bed thickening. Th e cross-sections are con-
structed using surface bedding dip, a constant detachment 
depth and a plot of the relationship between the excess area and 
depth to the reference horizon (upper right inset diagrams). Th e 
compatibility of the restoration is set by adjusting the slope of 
the excess area versus depth diagram and its intercept with the 
x-axis that must equal the depth to the detachment. Locations 
of cross-sections shown in Fig. 3
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not suff er any ambiguity.  Th e precise locations and el-
evations of the terraces were measured using kinemat-
ic GPS and, where access was too diffi  cult, with a laser 
distance meter from a GPS-referenced point in order 
to project all the points in the same geographic pro-
jection.  Th e terrace elevations were measured with an 

accuracy of a few centimeters for the GPS survey and 
with an accuracy of 0.2–2 m for the distance meter, de-
pending on the ranging distance (between 10 and 250 
m). Where possible, we measured the elevation of the 
top of the terrace gravels or fi ll material, and also of 
the unconformity at the base of the terrace or strath 

Fig. 5. Diff erent fold models and associated surface deformation (obtained by producing incremental deformation in the diff erent 
fold models): (a) fault-bend fold, (b) detachment fold with limb rotation and internal deformation, (c) detachment fold with limb 
rotation and material transfer through the NE axial surface, (d) detachment fold with limb rotation, length conservation, migra-
tion of the outer hinges and synclinal fl exure. Lower panels show fi nite deformation aft er an amount of shortening equal to A1 di-
vided by the depth to detachment; fi xed and migrating hinges are presented by solid and dashed white lines, respectively. Upper 
panels show incremental deformation as would be recorded by two marker surfaces with diff erent ages. Method of area balancing 
for shortening calculations is also indicated for each model
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level. Along the western limb of Mand anticline, we 
surveyed three distinct areas (cf. Fig. 3).

Southern site (site A): In the southern part of the 
fold, extensive marine terraces have been preserved 
and display impressive tilted tabular surfaces in the 
landscape. Th ese marine terraces are constituted by 3–
5 m of beach deposits, consisting of a partially to ful-
ly cemented sandy matrix with numerous shells (bi-
valves, oysters, clams…). Two main terrace remnants 
have been identifi ed at site A, separated by an erosional 
depression along an ephemeral stream or wadi (Fig. 6). 
Along the shore of the Persian Gulf, they occur 6–9 
meters above present-day sea level and are covered by 
aeolian sand deposits and meter-high dunes. Inland, 
their remnants are well exposed up to 1 km from the 
shoreline and at elevations up to 90 m above sea level. 
Th ese marine terraces present remarkably linear pro-
fi les sloping at 9% to the SW (Fig. 9a). Generally, such 
marine terraces form in the tidal part of the shoreline, 

at or a few meters below average sea level, and with an 
angle of the order of 1%. Assuming such an initial ge-
ometry provides a tilt perpendicular to the fold axis of 
the order of 8.0±0.4% (~4.5°) since terrace formation.

Th e extensive marine terraces of the southern part 
disappear a few kilometers north of site A, aft er a pro-
gressive north-westward facies variation from cement-
ed shell strata to cemented fossil dunes in the most in-
land part. Further north, the general elevation of the 
preserved tabular unconformable surfaces is lower 
and their slope more subdued. In addition, sedimen-
tary units above the unconformity are mostly of fl u-
vial- or fan-type deposits. Along most of the Mand 
anticline, these surfaces are best preserved in a ~500 
m-wide coastal strip, where they are oft en partly cov-
ered by modern sand dunes. Sporadically, small rem-
nants of these surfaces are preserved and display elon-
gated and small “mesetas” that can be tracked up to 3 
km landward, at the foot of the rugged relief carved 

Fig. 6. (a) Corona satellite image and (b) geomorphologic map of the surveyed marine terrace site A in the southern part of Mand 
anticline (location indicated on Fig. 3). Survey data points for the construction of Fig. 9a are indicated. (c) Field photo of tilted ma-
rine terrace, looking SW across the erosional depression created by a wadi (photo viewpoint shown in b). Th e ~4.5° tilt of the ter-
race, as well as the angular discordance with the underlying Lakhbari Formation, is clearly visible

a b

c
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into the Agha Jari sandstone units. Th ese surfaces rep-
resent isolated remnants of paleo-fan deposits em-
placed onto a pediment zone, which developed south-
west of the main fold relief in the non-cohesive and 
easily erodable silty Lahbari units.  

Central site (site B): In the south-central part of 
the anticline, an almost continuous tread of fl uvial (or 
fan) terrace remnants were surveyed up to 1.5 km NE 
from the shoreline (Fig. 7). Th ey form well-preserved 
fl at and inclined surfaces, with straths that lie below 3 
to 4 m of gravels. Toward the Persian Gulf coast, the 
base of the terrace gravels is replaced by a 2 m-thick 
sandy beach facies, including a basal layer rich in ma-
rine shells (Fig. 9b). Th e regional slope of the strath 
does not change, however, at the transition between 
fl uvial and beach facies. As observed in site A, both 
the terrace strath and tread are nearly linear in pro-
fi le, sloping at 4.1% to the WSW (Fig. 9b). We hypoth-
esize that the strath terrace has been carved and the 
gravels facies of the terrace transported and depos-
ited by a similar wadi to the one that currently runs 
through the site. Th e latter has a contributing area of 
11 km2 and its gradient reaches 1.2%. Th e original ge-
ometry of this wadi during deposition of the terrace 
material is diffi  cult to estimate, but the ~3% diff erence 
of slope between the terrace and the modern wadi is 
most probably due to tectonic deformation. Since ter-
race formation, the planar geometry of the wadi has 
radically changed, however: it was building a narrow 
fan whereas it is slightly entrenched in its pediment 
today and locally displays meanders. Such geometric 
changes, like potential gradient changes, may aff ect 
the reconstruction of the initial terrace geometry and 
the inferred deformation profi le (Lavé and Avouac, 

2000). We suspect that during the fl uvial/fan depo-
sition, the wadi was braiding and straighter than to-
day. In addition, on the basis of the tilt recorded by the 
beach facies, which is supposed to be deposited near-
horizontally, we suspect that the regional gradient of 
the fan was closer to the 1.2% gradient of the present 
wadi than to the 1.6% gradient of the modern pedi-
ment (Fig. 9b). Assuming such an initial slope pro-
vides a tilt perpendicular to the fold axis of the order 
of 2,9+

–
0
0

.2

.4 % (~1.7°) since terrace formation.
Northern site (site C): In the northern part of the 

anticline, larger outcropping surfaces of the Lahbari 
Formation have permitted the development of a larg-
er pediment and locally the preservation of an al-
most continuous tread of fl uvial (or fan) terrace rem-
nants up to 3.5 km from the shoreline (Fig. 8). As in 
site B, they form well-preserved fl at and inclined sur-
faces, with straths lying below 4 to 5 m of gravels. To-
ward the Persian Gulf, the base of the terrace gravels 
is replaced by a 4 m-thick sandy beach facies, includ-
ing several layers rich in marine shells (Figs. 8 and 9c). 
As in site B, the regional slope of the strath level does 
not change at the transition between the fl uvial and 
the beach facies. However, the top of the terrace is cov-
ered by a 20 m-thick series of fi ner gavels (Fig. 10c). 
Th e strath level and the terrace top are close to linear 
in profi le, sloping at 5.1% to the west, whereas the up-
per surface of the overlying fi ne gravel deposits close 
to the shoreline displays a more subdued slope of 1.8%. 
Considering again that the wadi, which has probably 
carved the strath terrace and transported and deposit-
ed the gravels of the terrace, is comparable to the pres-
ent-day wadi, its contributing area is 6 km2, and its 
modern gradient reaches 1.1%. As for site B, and again 

Fig. 7. (a) Corona satellite image and (b) geomorphologic map of surveyed fl uvio-marine terraces at site B in the south-central part 
of Mand anticline (location in Fig. 3). Survey data points for the construction of Fig. 9b are indicated

a b
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on the basis of the tilt recorded by the beach facies, we 
will assume that the initial slope of the fan/terrace de-
posit was closer to this 1.1% of the present wadi than 
to the 1.8% gradient of the modern pediment (Fig. 9c). 
Using this as the initial slope provides a westward tilt 
of the order of 4+

–
0
0

.2

.4% (~2.3°) since terrace formation.
Th e general pattern displayed by these three sites is 

remarkably consistent: whatever their nature, the sur-
veyed surfaces record a regional tilt perpendicular to 
the local fold axis. Except for uncertainties of the or-
der of 5–10 m that result from a small curvature of the 

modern terrace and wadi profi les close to the Agha 
Jari relief in site B, these terraces appear to have been 
aff ected by large-scale tilting and seem exempt of sec-
ondary folding, faulting and other small-scale defor-
mation features. Th e terraces do, however, record dif-
ferent degrees of tilting that result from diff erences in 
either terrace ages or local fold maturity. Because sites 
A and B are only 15 km apart and are associated with 
a similar amplitude of the main Mand anticline (cf. 
Fig. 4), we strongly suspect that terrace A has been af-
fected by a 3 times larger tilting than terrace B because 
it is older and has thus recorded more deformation. In 
any case, the set of surveyed terrace levels clearly indi-
cates persistent active folding of the Mand anticline.

In addition, stereographic observations on couples 
of Corona images indicate that the Bakhtiari and ter-
race surfaces on the Eastern limb of the anticline are 
also widely aff ected by tilting, without evidence for 
short scale folding or faulting, suggesting that the fold 
deforms, at least in part, by limb rotation on its east-
ern fl ank. 

4.2  Terrace Dating and Rates of Tilting

Whole shells as well as shell fragments have been sam-
pled from the beach deposits in the terraces of Sites B 
and C (see location of samples in Figs. 7 and 8). Th ree 
bivalve fragments of apparently non-recrystallized 
calcite have been dated by Accelerator Mass Spectrom-
eter (AMS) 14C (Table 1). Th ey all provided 14C ages 
between 28 and 37 kyr B.P., which correspond aft er a 
rough calibration (van der Plicht et al., 2004) to ages 
ranging between 30 and 44 kyr B.P. (Table 1). 

Numerous 14C ages in this range have been en-
countered around the Persian Gulf (Vita-Finzi, 1982; 
Haghipour and Fontugne, 1993; Uchupi et al., 1999), 
but several studies (Page et al., 1979; Fontugne et al., 
1997) have cast doubt on the validity of such ages be-
cause of potential partial recrystallization of bivalve 
shells. Th e main problem concerning these ages is 
that it is not obvious that the shallow and relatively 

Fig. 8. (a) Corona satellite image and (b) geomorphologic map 
of surveyed fl uvio-marine terraces at site C in the central-north 
part of Mand anticline (location in Fig. 3). Survey data points 
for the construction of Fig. 9c are indicated

Sample Lab. no. 14C Age (yr) Calibrated age § 
(kyr BP)

ZA-2002-16 * Poz-11984  37200 ± 600 ~41 (39 – 44)

ZA-2002-7a * Poz-12063  28200 ± 200 ~32 (30 – 35)

ZA-2002-7b # 001406  34350 ± 270 ~39 (36 – 41)

* 14C dating in the Poznań Radiocarbon Laboratory, Poland.
# Laboratoire de Mesures Carbone 14 UMS 2572, CEN Saclay, France.
§ Calibration range given by various calibration curves presented in 

van der Plicht et al. (2004), after having applied a reservoir correc-
tion of ~400 yr

Table 1. AMS 14C ages of bivalves sampled in marine terraces or 
beach facies.

a

b
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restricted Persian Gulf was under marine infl uence 
during global sealevel lowstands. Th e global sea lev-
el curve (e.g., Lambeck and Chappell, 2001; Th omp-
son and Goldstein, 2006) indicates that sea level was 
70–80 m below present during this period, with, how-
ever, secondary sea-level rises up to -50 to -60 m at 
45, 48 and 52 kyr (Chappell, 2002) or at 31.5 and 48 
kyr (Th ompson and Goldstein, 2006). A detailed post-
glacial shoreline reconstruction of the Persian Gulf, 
based on a glacio-eustatic model (Lambeck, 1996), 
predicts the central Gulf to be fl ooded for mean sea 
levels higher than -60 m. Th e bathymetry of the Per-
sian Gulf in front of the Mand anticline displays a pro-
gressive drop down to a depth of 60 m, but this lowest 
point is located at ~40 km SW of the Mand anticline 
coast. However, a sonar survey of recent sediments in 
the Persian Gulf (Uchupi et al., 1999), indicates that 
Late Pleistocene/early Holocene (since ~25 kyr) sedi-
mentation may amount to more than 10 or 20 m off  the 

Fars coast, in particular along the present study area, 
where the Gulf receives sediment input from the two 
major Fars rivers, the Rud e Mand and Rud e Dalaki 
(Fig. 1). It is therefore possible that a very shallow sea 
extended up to the Mand anticline during the short-
duration secondary highstands between 31.5 and 48 
kyr, and would have left  some beach deposits. Th is pe-
riod was probably also marked by wetter conditions 
than today; more effi  cient rivers could thus have been 
draining and eroding the anticline, forming large 
pediments topped by several meters of gravel deposits 
overlying the Pleistocene Lahbari units.

Marine deposits in site A extend much more prom-
inently than in the other sites. For this reason, we ex-
pect them to correspond to a major and long duration 
high stand associated with a major interglacial period. 
Marine terraces of Kish island, 300 km SE, correlate 
for example with high stands of marine isotopes stages 
(MIS) 5e and 7 (Preusser et al., 2003). More generally, 

Fig. 9. Topographic profi les of the surveyed tilted terraces at sites A, B and C, along with present-day wadi profi les for sites B and 
C. Slopes of best-fi t straight lines through terrace and wadi data are indicated

a b

c
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Sinusoidal Fold model Shortening 
using area 
conservation 
(m)

Shortening 
rate (mm/yr) 
including
internal 
deformtion

Shortening 
rate (mm/yr)
with adjacent
syncline 
model

Marker 
Tilt (%)

Age 
(kyr)

Present 
amplitude 
(m)

Amplitude 
change since 
terrace 
formation (m)

Length 
shortening 
(m)

Shortening 
rate 
(mm/yr)

Site A 8 ± 0.5 120 ± 5 1420 330 320 ± 20 2.7 ± 0.15 750 6.3 3.3

Site B 2.9+
–

0
0

.2

.4 40 ± 5 1420 120 124+
–

8
16 3.1+

–
0
0

.4
.5 270 6.8 3.9

Site C 4.0+
–

0
0

.2

.7 40 ± 5 1100 160 130+
–

7
19 3.2+

–
0
0

.4

.6 370 9.3 4.0

numerous U/Th  ages of corals topping marine terrac-
es around the Makran and Persian Gulf (Reyss et al., 
1998) indicate generally well-developed and distribut-
ed terraces formed during the penultimate intergla-
cial (MIS 5e; 120–125 kyr, Th ompson and Goldstein, 
2006).  If marine terrace A would also have formed at 
this time, the tilting rate in A would reach 0.038°/kyr, 
a value comparable to tilting rates ranging between 
0.035 and 0.054°/kyr in site B. Although addition-
al dating of the terraces by an independent method 
would be welcome, this consistency with the attribu-
tion of the marine terraces around site A to the pen-
ultimate interglacial at 120 kyr B.P. provides us with 
some confi dence in the 14C shell dating.  It should be 
noted, for example, that associating terrace B to MIS 
5e, and terrace A to MIS 7, would provide much less 
consistent tilting rates of 0.014°/kyr and 0.022°/kyr re-
spectively, and would not explain their diff erent sedi-
mentological nature.  

4.3  Folding Model and Shortening Rate 

Th e terrace deformation profi les in the three sites pro-
vide several fi rst-order observations to unravel the 
fold kinematics. Firstly, the observed wide-scale tilting 
precludes uplift  above a shallow fault ramp, or would 
at least require a ramp that progressively fl attens up-
ward while transferring slip toward a more frontal 
structure, which is not observed. Tri-shear models 
(e.g., Erslev, 1991) could produce progressive tilting of 
the frontal limb but would be associated with signifi -
cant bed thickening, in contrast with the constant lay-
er thickness observed on both limbs. On the basis of 
the fold symmetry, terrace tilting, and increasing tilt 
with terrace age, it seems that only limb rotation as-
sociated to a detachment fold can account for the ob-
served pattern of terrace deformation.

If we consider a simple sinusoidal fold model 
(Fig. 10), which fi ts observed surface bedding dips rel-
atively well, the observed bedding of 21°, 16° and 11° 
along sections f1 (sites A/B), f2, and f3 (site C; cf Figs. 
2 and 4), respectively, can be linked to a cosine am-
plitude of 1.4, 1.1 and 0.9 km, respectively with, im-

portantly, roughly similar wavelengths. Whereas the 
structural data are not precise enough to detect a pos-
sible decrease of the wavelength by fold tightening be-
tween sections f3 and f1, these observations do sug-
gest that the Mand detachment fold geometry can be 
modelled by a simple cosine shape during the diff erent 
stages of its evolution. In the following, we will there-
fore assume such a simplifi ed geometry to interpret 
terrace tilting in terms of shortening across the fold.

Th e increasing tilt of the terraces with age can be 
simply related to the evolution of fold amplitude and, 
with less resolution, to the evolution of fold wavelength. 
For a high wavelength/ amplitude ratio, the diff erence 
of shortening accounting for the diff erent terrace tilt-
ing between a model with fi xed hinges and constant 
limb length, and a model with migrating hinges and 
constant wavelength, was found to be smaller than 
3%. Hereaft er, we will therefore only present and dis-
cuss the results obtained for a fi xed-hinge model, i.e., 
a model where the upper Agha Jari surface is mod-
elled by a cosine curve in the range (-π/2; π/2), with its 
wavelength decreasing with increasing shortening and 
an initial and constant length of 12 km.  Accordingly, 
in the south-central part of the Mand anticline, a tilt-
ing of 4.5° (or 8%) and 1.7° (2.9%) as recorded by the 
terraces at sites A and B, respectively, would have been 
produced by shortening of the order of 320 m and 125 
m, respectively (Table 2). For site C, despite a some-
what larger tilt (~2.3°) (or 4%) than in site B, we fi nd a 
very comparable shortening value of 130 m. Th is result 
arises from the decreasing sensitivity of limb rotation 
to shortening during fold tightening.

As discussed in Sect. 3.2, one of the main problems 
with obtaining shortening estimates from detachment 
folds is related to the incompatibility between line-
length versus area restoration. Th e two previously de-
tailed cases can be examined in terms of present short-
ening rate:

Case 1: Th e restoration paradox is solved by bed 
thickening: the total shortening represents the sum 
of the shortening absorbed by limb rotation and the 
shortening absorbed by bed thickening (Fig. 10c). Th is 
latter component represents 54 to 65% of the total 
shortening (Table 2) for limb angles of 21° and 15°, re-

Table 2. Shortening rate calculations according to the considered fold model
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spectively (in terms of instantaneous shortening rate, 
a limb angle of ~30° is required to annihilate the bed 
thickening component).  With such a model, the to-
tal shortening rate across the Mand anticline in site 
C could reach up to 9 mm/yr and be 35 to 50% larger 
than in sites A and B.

Case 2: the restoration paradox is solved by syn-
clinal fl exure below a regional level (Fig. 10d). In this 
case the additional fl exure of the syncline increases 
the shortening absorbed by limb rotation by only 25%, 
and provides total shortening rates ranging between 3 
and 4 mm/yr for all three sites (Table 2).

Not only do the above two models predict dis-
tinct shortening rates, they also display another dif-
ferent feature at the surface: the location of the piv-
oting point, or point of no uplift  during folding. For 
a similar fold wavelength and amplitude between the 
anticlinal crest and the fl anking depocenters (wheth-

er these are fl at or synclinal), the point of no uplift  will 
be closer to the anticlinal axis in the synclinal fl exure 
model (compare Figs. 10 c and d). In the case of the 
Mand anticline, its topographically expressed width 
of ~16 km is much shorter than the estimated anti-
cline wavelength of ~24 km. Th e external parts of the 
anticline (~4 km on both sides), which have no topo-
graphic expression, may therefore be subsiding and af-
fected by a sedimentation at more rapid rates than the 
local uplift . Long-term regional subsidence and sed-
imentation rates probably range between 0.2 and 0.3 
mm/yr, assuming 2–2.5 km of regional sedimentation 
(Fig. 10b; Letouzey and Sherkati, 2004) since the end 
of the Gachsaran sequence at ~12 Ma (Homke et al., 
2004). Considering the above cosine model and tilt-
ing rates, such a sedimentation rate would imply the 
pivoting point to be ~9.5 km away from the anticlinal 
axis and not ~7 km, as observed from the 0 elevation 

Fig. 10. Cosine model applied to upper folded units of the Mand anticline. (a) Bedding dips (from geologic maps and fi eld survey) 
along the central and northern profi les (f2-f2’ and f3-f3’ in Fig. 3) follow a sinusoidal curve centred at the anticline axis. (b) Fold 
geometry approximated by a cosine model with a crest to through amplitude of ~3 km and a wavelength (λ) of 24 km. Models with-
out (c) or including (d) fl exure of the fl anking synclines yield a distinct area conservation but also distinct locations of the no-up-
lift  point between the anticlinal and synclinal axes

a b

c

d
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of terrace A (note that we implicitly assume here that 
this terrace has formed during the MIS 5e and that sea 
level at that time was close to the present-day sea level). 
Consequently, much higher local sedimentation rates 
are required, a hypothesis that is compatible with ac-
tive subsidence of the synclines fl anking the Mand an-
ticline.

Th e above values and estimates of shortening, as 
well as the preceding argument supporting syncline 
fl exure, are clearly model dependent and no defi nitive 
conclusion about fold kinematics and total shorten-
ing can be reached without detailed seismic data that 
would image the upper structures in the frontal syn-
cline. Th e representation of the fold by a cosine shape 
probably represents an oversimplifi cation, and the 
fl anking synclines could be much broader than the 
anticline, as suggested by the cross-section of Fig. 2. 
However, as in the cosine model, the associated fl exure 
absorbs a reduced amount of shortening and will not 
signifi cantly aff ect the shortening estimates. Final-
ly, it should be noted that the above argument about 
the location of the pivoting point depends on the in-
ferred fold uplift  rate, i.e., on terrace dating. If our 14C 
ages are minimum ages and terraces are older than 
assumed here, the local uplift  to regional subsidence 
ratio would consequently decrease, and the pivoting 
point would be located closer to the anticlinal axis.

5 Discussion

Several recent morphotectonic studies have described 
and quantifi ed diff erent fold kinematics and associat-
ed deformation at the surface, as recorded by geomor-
phic markers (e.g., Lavé and Avouac, 2000; Benedetti et 
al., 2000; Th ompson et al., 2002; Ishiyama et al., 2004; 
Gold et al., 2006). Th e present study on the Mand an-
ticline is, however, to our knowledge one of the fi rst 
to document the recent growth of a detachment fold. 
Th e progressive tilting of the coastal marine and fl u-
vio-marine terraces along the Mand anticline high-
lights that this detachment fold primarily deforms by 
limb rotation, in contrast to many other fold models 
where deformation occurs by hinge migration in asso-
ciation with dominant fault motion at depth, like fault-
bend folding or fault-propagation folding. Whereas 
these fold types are favoured by a homogeneous sedi-
mentary sequence but with strong mechanical anisot-
ropy permitting bedding slip, the Zagros sedimentary 
sequence is characterized by major mechanical strat-
ifi cation, with an upward sequence of basal ductile 
units, followed by competent units, and upper incom-
petent units. As proposed by Mitra (2002), such a set-
ting favours the development of detachment folds like 
the Mand anticline. Although large uncertainties re-
main concerning its exact geometry at depth, as well as 

the original thickness of the basal Hormuz salt, the ter-
race data suggest that this ductile layer was suffi  ciently 
thick to permit ≥500 m fl exure of the synclines fl ank-
ing the Mand anticline and salt migration from the 
synclines towards the core of the anticline. 

We are not able to provide strong evidence in favour 
of active fl exure in the synclines, but several lines of 
evidence discard the alternative model characterized 
by dominant bed thickening. Firstly, clear evidence of 
thickening has not been observed; the anticlinal crest, 
in contrast, displays numerous extensional fractures. 
Secondly, the location of the no uplift  points in profi le 
indicates that either the anticline is narrower than im-
aged on seismic sections (Letouzey and Sherkati, 2004), 
or that the synclines are actively subsiding. Th irdly (but 
this argument is weaker) the shortening rates comput-
ed in sites A, B and C would present more dispersion 
in the case where bed thickening is accounted for and, 
in addition, the geological shortening rate in C would 
be higher than the total present-day shortening ab-
sorbed across the Zagros according to GPS data. In the 
absence of alternative models to describe fold detach-
ment and solve their restoration paradox, the active 
synclinal fl exure model represents our currently pre-
ferred model.  Consequently, a total shortening of ~1 
km, instead of 2.4 km as inferred from our initial fold 
construction (Fig. 4) that included bed thickening, and 
a shortening rate of 3–4 mm/yr are expected across the 
Mand anticline, which represents the regionally most 
frontal structure of the Zagros. If such a rate has per-
sisted since fold inception, the Mand anticline would 
have begun to form only 300 kyr ago. 

Despite the relatively rapid rates of deformation in-
ferred for the Mand anticline, present-day seismicity 
associated with this structure is minimal, with only 
two Mw=5.2 earthquakes occurring below the Mand 
fold during the last 30 years (cf. Figs. 1 and 3). Th e Hi-
malayan frontal fold-and-thrust belt is also charac-
terized by the absence of recent seismicity, which has 
been attributed to the mechanical locking of the basal 
detachment (Lavé and Avouac, 2000) in between two 
major earthquakes. In the Zagros, in contrast, recent 
GPS results (Walpersdorf et al., 2006), as well as the 
distributed seismicity that occurs mostly in the base-
ment (Tatar et al., 2004), indicate that the Mand an-
ticline, like most of the Zagros sedimentary cover, de-
forms mostly aseismically. Focal mechanism solutions 
of the two Mw=5.2 events below the Mand fold present 
nodal planes that are sub-parallel to the surface struc-
ture of the fold (cf. Fig. 3). In the absence of reported 
centroid depths, we can infer three potential mecha-
nisms:

1. An event occurring on a basement fault, i.e., below 
10 km; such a fault could have controlled the initia-
tion of the detachment fold;
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2. An event produced on a propagating fault in the 
lower part of the sedimentary cover; the detach-
ment fold could be evolving toward an asymmet-
ric fault-propagation fold in the future, as observed 
in mature folds in the internal Zagros (McQuarrie, 
2004);

3. A seismic event associated to secondary faults that 
control thickening of the competent Palaeozoic to 
Mesozoic units in the core of the fold. Th e geolog-
ic cross-section below the Mand anticline does not 
require basement involvement, as opposed to the 
folds further north-east (Letouzey and Sherkati, 
2004) and the two latter solutions could eventual-
ly be preferred. In any case, signifi cant involvement 
of the basement seems precluded by the structural 
data that clearly indicate the symmetry of the fold, 
as well as by the seismic data (Letouzey and Sherka-
ti, 2004). 

Because of the symmetric shape of the fold, and be-
cause of the absence of an obvious strike slip fault that 
could partition oblique motion within the fold, we 
suggest that shortening is mostly perpendicular to the 
local fold axis. If so, this local shortening direction is 
oriented at 40° to 60° from the regional compression 
direction as indicated by seismicity (Gillard and Wyss, 
1995). As a consequence, shortening across the Mand 
anticline represents 35 to 50% of the strain in the Za-
gros in absolute value, but absorbs only ~20 to 35% of 
the 8 mm/yr of the SSW-NNE convergence across the 
Zagros. On the other hand, the obliquity of the short-
ening directions in the sedimentary cover with respect 
to the basement, suggests that shortening and horizon-
tal stress transfer in the sedimentary cover of the fron-
tal Zagros are fully decoupled from the basement, most 
probably at the level of the Hormuz salt. Th is conclu-
sion contradicts recent suggestions (e.g., Molinaro et 
al., 2005; Sherkati et al., 2005; Mouthereau et al., 2006) 
that, in the Eastern Fars and northwest Zagros, defor-
mation was initiated in the sedimentary cover, start-
ing as early as Late Miocene at the northwest Zagros 
front (Homke et al., 2004), and that more recent defor-
mation has been dominated by thick-skinned tecton-
ics and by the transfer of basement faulting upward to 
the sedimentary cover (Molinaro et al., 2005). Th e rate 
and style of deformation of the Mand anticline suggest 
that such a tectonic model and chronology does not 
apply for the western Fars. Th e recent activity of the 
Mand anticline suggests, instead, that a forward-prop-
agating deformation sequence in a thin-skinned tec-
tonic regime is still an on-going process. Th is process 
does not preclude, however, simultaneous seismic, and 
possibly aseismic, deformation in the basement.

6 Conclusion

Th is study illustrates that combined structural and 
geomorphic investigations may concur to provide tight 
constraints on fold geometry and recent kinematics in 
the extensive and spectacular Zagros fold belt. Build-
ing balanced cross-sections of detachment folds re-
quires solving a number of problems, in particular the 
length versus area restoration issue. Despite extensive 
structural and geophysical constraints, ambiguities on 
the fold solution for the Mand anticline still remain. 
Th e recent surface deformation, as recorded by dat-
ed fl uvio-marine terraces on its western limb, helps to 
precise the fold kinematics and consequently the fold 
solution: fi rst, progressive tilting of the geomorphic 
markers excludes deformation related to a fault with a 
kilometer-scale off set close to the surface; second, the 
location of the no-uplift  point between the external 
hinge of the anticline and its axis indicates that fl ank-
ing synclines could be aff ected by active subsidence. 
We therefore suspect that the Mand detachment fold 
is accompanied by the migration of Hormuz salt from 
below the synclinal fl exures toward the core of the an-
ticline. Th is preliminary conclusion suff ers, however, 
from large uncertainties because of the controversial 
nature of the 14C ages of marine terrace deposits in the 
Persian Gulf region (Page et al., 1979; Fontugne et al., 
1997), and independent dating of the terraces would 
be welcome. Moreover, because of the limited extent of 
the deformed geomorphic markers, the fold solution 
is probably non-unique. Additional geophysical data 
would add constraints to the fold model; detailed and 
high quality seismic data across the fold, the fl anking 
synclines and, more importantly, in the Persian Gulf 
would permit to test our model by imaging the pre-
dicted absence of a major WSW-vergent fault close to 
the surface, the absence of important bed thickening, 
and the fl exure of synclines below the regional level. 
Th ey would also bring essential information on the ex-
istence of growth strata in the fl anking synclines and 
on the timing of fold inception. Additional work is 
also required (and has started) on several detachment 
structures at diff erent stages of their development, in 
order to unravel the complete kinematic history of de-
tachment folds in Zagros, and how they evolve at the 
surface from a subdued, wide and symmetrical anti-
cline to a tight, faulted and asymmetric fold. 

Notwithstanding these uncertainties, our geomor-
phic analysis unambiguously shows that the Mand an-
ticline is a very active structure on the south-western-
most front of the Zagros wedge. Th e Late Pleistocene 
shortening rate is inferred to be 3 to 4 mm/yr per-
pendicular to the anticline, which would absorb 35 
to 50% of the 8 mm/yr (Vernant et. al., 2004) conver-
gence across the entire Zagros. Th is result is consis-
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tent with a normal forward-propagating deformation 
sequence in a thin-skinned tectonic regime during at 
least the Late Pleistocene, with south-westward migra-
tion of the front of the wedge. Comparing the rate and 
direction of shortening across the Mand anticline, as 
well as recent GPS data (Walpersdorf et al., 2006), with 
the distribution of seismicity (Talebian and Jackson, 
2004; Tatar et al., 2004), also suggests that the sedi-
mentary cover of the frontal Zagros is fully decoupled 
from the basement, most probably at the level of the 
Hormuz salt. Th is conclusion has important implica-
tions for the modalities of stress transfer at the scale of 
the western Fars province in Zagros. It contradicts, in 
particular, recent models in which basement deforma-
tion currently controls the location of the deformation 
in the sedimentary  cover through slip transfer along 
steep crustal faults.
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The Salt Diapirs of the Eastern Fars Province 
(Zagros, Iran): A Brief Outline 
of their Past and Present

Salman Jahani · Jean-Paul Callot  · Dominique Frizon de Lamotte  ·  Jean Letouzey · Pascale Leturmy

Abstract The salt diapirs of the eastern Fars (Zagros, Iran) have 
been reexamined in light of their relationships to the region-
al geodynamic history. The present-day surface morphology 
of salt diapirs can be divided into six types, which we suggest 
represent diff erent stages in a long and complex history: type 
A are buried diapirs, type B high relief active diapirs, type C 
with salt fountain and glacier, type D similar to type C but 
with more erosion and without fountain, type E as dead dia-
pirs and empty crater, and type F linear diapirs generally 
emerging along faults. We show that nearly all the diapirs of 
the study area were already active prior to Zagros folding ei-
ther as emergent diapirs forming islands in the Paleogene to 
Neogene sea or as buried domes initiated at least by the 
Permian. They have been reactivated by subsequent tectonic 
events. At the initiation of Zagros folding, the abundance of 
emergent diapirs close to the present Persian Gulf coast line 
weakened the entire sedimentary cover and facilitated the 
preferential localization of the deformation in a narrow zone. 
Then, salt-cored detachment folding in the whole eastern 
Fars Zagros Fold-Thrust Belt reactivated the preexisting 
domes and allowed salt movement along faults.

Keywords. Zagros (Iran), Hormuz Salt, Salt plugs, Diapir mor-
phology

1 Introduction

Th e emergent salt diapirs of the Fars Province (Iran) 
are one of the geological wonders of the world (Fürst, 
1976; Kent, 1979). Th ey are distributed in the south-
eastern part of the Zagros fold-thrust belt (Fig. 1). 
Th e name of the Hormuz series was taken from the 
Iranian Hormuz island, cored by a salt diapir, which 
also gives its name to the opening strait of the Persian 
Gulf. Th e Hormuz series consists of a colored mélange 
of salt, anhydrite, black dolomite, shale, red siltstone 
and sandstone, as well as some metamorphic and vol-
canic blocks which are interpreted either as fragments 
of the basement (Lee, 1931; Player, 1969; Kent, 1979; 
Ala, 1974) or as syn-Hormuz deposits, brought to the 
surface by the diapirs. 

Th e Hormuz and equivalent series were deposit-
ed in an evaporite basin during the late Precambri-

an-early Cambrian (Motiei, 2001). Coeval salt basins 
crop out in a large domain including the eastern Za-
gros, Persian Gulf, Oman, Qatar, Central Iran, Paki-
stan, and northwest India (Stocklin, 1968; Talbot and 
Alavi, 1996; Edgell, 1996; Al-Husseini, 2000; Konert et 
al, 2001; Jeroen et al., 2003). Hormuz salt is supposed 
to be absent along the north-south trending Arabian 
arches, inherited from Pan African structures. Its ini-
tial thickness remains highly speculative: 1000 m for 
Kent (1979), 900-1500 m for Player (1969), 1500 m for 
Huber (1975), and 2000-4000 m for Verrall (1978). In 
the Fars domain of the eastern Zagros, this basal for-
mation is covered by 7 to 9 km of sedimentary rocks. 
Th e Hormuz series penetrates this overburden as dia-
pirs that feed spectacular salt glaciers moving by plas-
tic fl ow along the ground surface (Kent, 1979; Talbot, 
1998).

Most of the previous work in eastern Fars was re-
lated to hydrocarbon exploration and resulted in 
an abundance of geological reports and geologi-
cal maps. Among the diff erent authors who con-
tributed to the present knowledge on salt diapirs, 
we wish to emphasize the following contributions: 

 Harrison (1930, 1931) described the age of emer-
gence for some diapirs. He pointed out that the old-
er diapir (Darbast or Shamil) emerged during the 
late Cretaceous. He also noted that some salt diapirs 
formed islands in the Miocene sea.

 Kent (1958; 1976; 1987) proposed that both static 
loading and late folding were responsible for diapirs 
breaching to the surface. He described several salt 
diapirs and made quite a complete list of those 
which reached the surface before the Zagros oroge-
ny.

 Player (1969) described facies changes related to salt 
movements at depth, times of movements, and 
structural adjustments related to them. He pro-
posed that salt movement possibly began during 
the Triassic and at least by the Cenomanian. He 
mentioned evidence suggesting that a lot of salt di-
apirs existed as emergent structures or as buried 
structures doming the overlying strata before the 
Zagros orogeny.
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 Motiei (1995) showed that salt movement some-
times started as early as the Permian in the Persian 
Gulf. 

 Talbot and Alavi (1996) made a fi rst attempt to clas-
sify the present morphology of the salt diapirs. 
Along the Kazerun and Mangarak fault zones, they 
recognized nine diff erent types of Hormuz extru-
sions from pre-eruptive structures to thrust-decap-
itated diapirs through diff erent types of salt domes 
and fountains. Th ey attributed inception of the salt 
structures to local manifestations of Jurassic and 
Cretaceous subduction of the Neo-Tethys before the 
Zagros orogeny. 

 Focusing on salt movements in the Persian Gulf, 
Edgell (1996) showed that diapiric structures have 
grown continuously since the late Jurassic and 
sometimes, as in Bahrain, since the Permian.

 Letouzey and Sherkati (2004) showed that, in the 
central Zagros, Hormuz salt doming existed before 
the Neogene Zagros orogeny. Th e driving mecha-
nism of Hormuz rising and extrusion was squeez-
ing of pre-existing salt domes during Zagros fold-
ing. Th ey suggested that thrust fault and tear fault 
locations in this region are controlled by the pres-
ence of pre-existing salt domes, as studied by ana-
logue modeling by Callot et al. (this volume).

Fig. 1. Geological map of the eastern Fars, Iran, (from NIOC, 1:1000000, 1969). (a) Hormuz salt diapirs, Infracambrian to early 
Cambrian; (b) late Triassic -Jurassic - early Cretaceous; (c) middle Cretaceous; (d) late Cretaceous; (e) Paleocene – Eocene – Oligo-
cene; (f) early-middle Miocene; (g) late Miocene; (h) late Miocene – early Pliocene; (i) late Pliocene-Quaternary. Location of fi ft een 
salt diapirs and salt dome which are described in the text and Fig.s as follow: (1) Gavbast, (2) Kameshk, (3) Herang, (4) Zangard, 
(5) Bastak I (6) Bastak II, (7) Shur, (8) Kalat, (9) Bostaneh, (10) Chah-Banu, (11) Shamilo, (12) Darbast, (13) Chah-Ghaib, (14) 
Champeh, (15) South Park
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Th e purpose of this preliminary paper is, on the 
one hand, to describe the morphology and present ac-
tivity of salt diapirs of the eastern Zagros, based both 
on published data and fi eld studies and, on the other 
hand, to discuss the age(s) of salt movements as well 
as their relationships with the regional geodynamic 
context. Th is work is based on a general survey of the 
whole eastern Fars where the salt diapirs are exposed, 
with a particular emphasis on the diapirs that we con-
sider representative.

2 Geological and Tectono-Stratigraphic Setting

Located in the middle part of the Alpine-Himalayan 
orogenic belt, the Zagros is a 1800 km long mountain 
range extending NW-SE from the Taurus Mountains 
in NE Turkey (Scott, 1981) to the strait of Hormuz in 
Iran (Falcon, 1969; Stöcklin 1968; Haynes and McQui-
lan 1974; Alavi, 1994). Th e belt is bounded to the NE by 
the Main Zagros Th rust fault (MZT) and to the SW by 
the Persian Gulf, which represents its present-day ac-
tive foreland basin. Th e Zagros deformation front, de-
fi ned by topography, follows the northeastern shore-
line of the Gulf (Fig. 1). Th e Zagros fold-thrust belt is 
divided into three tectonic zones from the NE to the 
SW: the High Zagros, the Zagros Simply Folded Belt, 
and the Zagros Foredeep Zone (Stöcklin 1968; Fal-
con, 1967; 1974). Th e Simply Folded Zagros is subdi-
vided according to its tectonic and sedimentary evolu-
tion into three domains; Lorestan, Izeh, and Fars areas 
(Motiei, 1994; 1995). Th e study area is located in the 
central and eastern part of the Fars province (Fig. 1).

Th e Zagros fold-thrust belt is the result of a com-
plex geodynamic history in which the following main 
stages are generally recognized: platform phase during 
the Paleozoic, rift ing during the Permian and Triassic, 
passive continental margin of the Neo-Tethys ocean in 
the Jurassic- early Cretaceous, ophiolite emplacement 
(obduction) dated as late Cretaceous, and fi nally, col-
lision and crustal shortening since the Neogene (Fal-
con, 1969; Ricou et al., 1977; Berberian and King, 1981; 
Agard, 2005; Sherkati et al., 2006). As already indicat-
ed above, salt rise began at least since the Permian and 
continued up to the present.

Above the Pan African basement, the stratigraph-
ic sequence of the Zagros has been formally estab-
lished by James and Wynd (1965) and recently revisit-
ed by Alavi (2004). Seismic evidence from the western 
Fars shows that pre-Hormuz sediments exist at least 
in parts of the Zagros (Letouzey and Sherkati, 2004). 
During the early Paleozoic, shallow-marine and fl u-
vial sandstone, siltstone, and shale were deposited on 
the low-relief erosion surface formed either on the Pre-
cambrian basement or on the Hormuz basins, where 
they exist. A large Silurian-Carboniferous sedimen-

tary gap (Fig. 2) is apparently the eff ect of epirogen-
ic movements during Variscan orogeny, which led to 
a regional regression and general emergence of the re-
gion, known as the “Hercynian unconformity”. Dur-
ing the Permian, a regional shallow marine transgres-
sion with basal coastal clastics (Faraghan formation) 
covered the entire region (Berberian and King, 1981). 

Th e late Permian and early Triassic periods were 
characterized in the Zagros by marine carbonate sed-
imentation (Koop and Stoneley, 1982; Setudehnia, 
1978). During the middle-late Triassic, the Zagros was 
occupied by an evaporitic platform (Murris, 1980). To-
wards the High Zagros in the northern tip of the ba-
sin, the evaporites were replaced by dolomite, suggest-
ing a connection with the Neo-Tethys, which opened 
at that time (Setudehnia, 1978; Szabo and Kheradpir, 
1978; Murris, 1980).

During Jurassic to middle Cretaceous times, sed-
iments were deposited in a steadily subsiding ba-
sin (Berberian and King, 1981) in which subsidence 
was controlled by vertical movements and fl exures 
along major basement faults. A lateral facies change 
from platform sediments in the SE Zagros to a pre-
dominantly basinal facies in the NW is the signifi cant 
characteristic of this time interval (Setudehnia, 1978). 
Contractional deformation of this long and very wide 
margin began on the north-eastern edge of Arabi-
an plate during early Coniacian-late Santonian times 
(Ricou, 1971; Falcon 1974). Th ick Campanian-Maas-
trichtian sediments (deep water marls, shales, marly 
limestones, and turbidites) were deposited in front of 
the ophiolitic nappes. Th e thickness and facies of late 
Cretaceous and Paleogene sediments are consider-
ably aff ected by progressive deformation following the 
ophiolite obduction (Koop and Stoneley, 1982; Sherka-
ti and Letouzey, 2004).

Continental collision probably began in the Oligo-
cene at the northern promontory of the Arabian plate 
(Yilmaz, 1993) and propagated southeastwards into 
the Lower Miocene (Sherkati et al., 2006), creating the 
Bitlis-Zagros suture zone (Ricou, 1971). Growth strata 
in the Upper Aghajari formation (late Miocene-Plio-
cene) are attributed to the main phase of folding (Ber-
berian and King, 1981; Homke et al., 2004; Sherkati et 
al., 2005). But there is evidence of precursor tectonic 
movements during the deposition of the Asmari and 
Gachsaran formation (Sherkati et al., 2005) (Fig. 2). Th e 
Bakhtiari conglomerate (Plio-Pleistocene) was depos-
ited aft er the main phase of folding but is oft en aff ect-
ed by recent to ongoing deformation. Recent kinemat-
ic scenarios proposed for the Zagros fold-and-thrust 
belt (Molinaro et al., 2005; Sherkati et al., 2006) sug-
gest a two-step evolution with a mainly thin-skinned 
phase during the Miocene followed by a basement-in-
volved phase since the Pliocene. Th e total shortening 
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Fig. 2. A: Simplifi ed litostrati-
graphic column in the Fars 
domain, Iran, showing the lateral 
changes of lithology and facies 
along the Fars basin, compiled 
and modifi ed from James and 
Wynd (1965), Bydoun et al (1992) 
and Motiei (2001); B: Color scale 
for the geological map of the Figs. 
5,6, and 9
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amounts to about 50 km (Blanc et al., 2003; Molinaro 
et al., 2005; Sherkati et al., 2005; 2006).

Th e whole Zagros belt has been uplift ed towards the 
end of Pliocene time (James and Wynd, 1965; Stocklin, 
1968), likely as a consequence of slab break-off  (Mo-
linaro et al., 2005a). Convergence is still active at the 
present in a roughly N-S direction at a rate of approx-
imately 25–30 mm.yr-1 at the eastern edge of the Ara-
bian plate (Sella et al., 2002; Hessami et al., 2002; Ver-
nant et al., 2004).

3 Present and Past Salt Activity
 in the Eastern Fars

Salt diapirs in the eastern Fars present a large variety 
of shapes, from high relief, actively upward moving di-
apirs, to entirely eroded and dead structures. In addi-
tion, they have diff erent sizes at outcrop scale, rang-
ing from craters a few km wide to diapirs and glaciers 
more than 15 km wide. Th ese diff erent morphologies 
are controlled by various factors, for example, the time 
of emergence, the rate of salt dissolution, which is con-
trolled by the rate of erosion, the bulk rate of salt emis-
sion from the source layer, and eventually by the tec-
tonic activity. Table 1 lists all the parameters of the 
observed salt plugs.

Estimating the age of the initiation of salt fl ow and 
the duration of salt diapirism are diffi  cult tasks (Kent, 
1958), because of narrow or alluvium covered expo-
sures of the dome boundaries. In addition, old country 
rocks are not exposed or show limited contacts with 
salt around many diapirs. Consequently, the periods 
of salt activity are not known at all for all diapirs. Early 
to late Paleozoic salt movements can not be excluded. 
First, Omanese salt diapirs as well as the Darang dia-
pir show compelling seismic evidence for early Paleo-
zoic diapirism (Jeroen et al., 2003; Letouzey and Sher-
kati, 2004). Second, the Permian rift ing event only 
aff ected the distal parts of the Arabian passive margin 
now accreted to the crushed zone, thus did not play a 
major role in the southern Fars and Persian Gulf dia-
pir evolution. Th e ascent of the salt during the Meso-
zoic through a thick sedimentary cover unaff ected by 
the rift ing is unlikely, thus suggesting that the diapirs 
should have been close to the surface during the Perm-
ian- early Triassic. Th e Hercynian erosive event may 
have then triggered the salt ascent by removing part of 
the sedimentary load.

It is important to distinguish two diff erent aspects 
of salt mobility. Th e salt diapirs can either reach the 
surface or only dome up the overlying strata with-
out reaching the surface. Doming is shown by facies 
anomalies, thinning and gaps of sedimentary units 
in local areas situated above the rising dome. Th e age 
of emergence of a salt diapir can be determined using 

two kinds of evidence that are oft en associated with 
the presence of recycled Hormuz debris and the de-
velopment of unconformity-bound growth sequences. 
Th e presence of recycled material is an indisputable ar-
gument, which has long been used by previous work-
ers (see review in Kent, 1958). To our knowledge, halo-
kinetic-sequences fl anking salt diapirs have not been 
described so far in Iran. Th ey are successive packag-
es of thinned and rotated strata bounded by local un-
conformities, and result from progressive onlaps and 
shallow “drape folding” over the fl anks of the rising 
diapirs (Rowan et al., 2003). Th e presence of recycled 
debris within these growth strata confi rms that they 
cannot be interpreted as the result of deep drag folding 
formed at depth in shear zones fl anking the rising dia-
pir (see Rowan et al., (2003) for a complete discussion). 
Such a process is also mechanically unlikely according 
to numerical modeling (Schultz-Ela, 2003).

3.1 Morphology of Salt Diapirs

We have categorized the surface morphology of salt 
diapirs in the eastern Fars into 6 types, namely A, B, 
C, D, E, and F. Th e type A comprises generally circu-
lar domes above buried Hormuz salt (Figs. 3A and À ). 
Type B diapirs exposed with a high relief at the sur-
face, indicates that the salt diapir is active and that 
salt extrusion is more important than salt dissolution 
(Figs. 3B and B )̀. It also indicates a recent emergence 
because lateral salt fl ow has not yet started to form gla-
ciers. Type C salt diapirs have large salt glaciers and 
a fountain (summit dome) above the vent, which can 
be situated in the center or near the margin of the ex-
posed Hormuz (Figs. 3C and C )̀. Owing to this lateral 
spreading, their elevation is generally less than in type 
B. Type D diapirs show a crater fi lled to the rim by salt 
with irregular surface. Th e walls of the crater are gen-
erally made of steep to overturned Neogene beds typi-
cally with thinning growth strata. Th is type represents 
once-active diapirs, which previously formed islands 
in the Neogene sea equivalent to the ones in the pres-
ent Persian Gulf (Figs. 3D and D )̀. In type E diapirs, 
the diapirs are dead and the salt is completely eroded, 
resulting in empty craters fi lled only by insoluble rem-
nant of the Hormuz series (Figs. 3E and E )̀. Finally, 
Type F describes irregular, oft en linear bodies of salt 
and associated Hormuz series coring thrust or strike-
slip faults (Figs. 3F and F )̀. 

Th e spatial distribution of these diff erent types of 
salt diapirs is shown in Fig. 4. Most salt diapirs (37%) 
are of type D and are situated mainly close to the Per-
sian Gulf. Types B and C with 22% and 8.8%, respec-
tively, are located primarily in the northwestern part 
of the area. Types A and E, with 8.8% and 14.7%, re-
spectively, are scattered throughout the whole area. 
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Th e location of some diapirs of type F (8.8%) corre-
sponds approximately to the Mountain Front fault and 
the particular northeastern zone.

Th e recent activity of salt diapirs can be deduced 
from the morphology (Fig. 4). Th e buried domes, Type 
A, could become emergent if the salt source is feed-
ing the diapirs at the present or if the overburden is 
eroded enough to expose the salt. Types B and C cor-
respond to active diapirs; the only diff erence is in the 
elevation of diapirs and the presence or absence of salt 
glaciers. Th e morphology of type D could be interme-
diate between type C and E. Type E is no longer ac-
tive, and type F can correspond to active as well as in-
active structures.

If salt ascent is reactivated within type D or E di-
apirs, where salt dissolution counterbalances salt as-
cent, they may evolve into Type B or C diapirs (for in-
stance, the Kalat diapir along the Persian Gulf coast, 
Fig. 4). Type B diapirs themselves could develop later-
al glaciers, shortly aft er their emergence, and progres-
sively form Type C diapirs. Eventually, all could de-
grade to Type E aft er depletion of the source layer and 
erosion of the diapirs.

3.2 Emergent and Buried Domes

Unlike those in the Persian Gulf, most of salt diapirs 
located in the eastern Fars have already emerged (Ed-
gell, 1996). For the purpose of a brief review of the dif-
ferent types of diapirs, we will present successively:

1. Th e Gavbast circular structure.
2. Th ree salt diapirs, namely Kameshk, Zangard, and 

Herang, which reached the surface before folding.
3. Th ree salt diapirs, namely Bastak I, Bastak II, and 

Shur, whose age of extrusion is unambiguous.

Th e Gavbast dome structure (type A) is located at the 
junction of three anticlines, the Gavbast anticline to 
the east and Varavey and Bayram anticlines to the 
west (Fig. 1). It is a huge rounded dome with a 16 km 
diameter and 1800 meters elevation above the adja-
cent plains. It marks a large geometric anomaly with-
in this linear anticline (Fig. 5A). Th e oldest rocks crop-
ping out on the dome are middle-late Jurassic in age 
(Fig. 5B). Th e Gavbast dome structure shows thinning 
and rotation of the late Cretaceous to early Miocene 
beds (as shown for the Cretaceous strata (Fig. 5C) and 
anomaly facies. Th ese suggest that the Gavbast dome 
is similar to the circular domal structures observed in 
the Persian Gulf and which correspond to buried salt 
diapirs (Edgell, 1996). Th e present-day morphology 
of the dome suggests that the Neogene Zagros short-
ening has reactivated the salt ascent (see Vendeville 
and Nielsen, 1995; Callot et al., this volume). Th e like-

ly destiny of Gavbast dome structure is to emerge af-
ter erosion of the overlying rocks driven by continued 
folding and faulting. Th is example is important as it 
gives an image of what was the situation in the north-
ern part of the studied area before folding, as (1) the 
dome does not present any major tectonic structures 
and (2) the geometrical evidence for salt movement are 
older than the folding.

Th e morphology of the emergent salt diapirs Ka-
meshk, Zangard and Herang (type E) is nearly the 
same (Fig. 6). All of them are rounded with diameters 
of 3.6, 6.3, and 7.5 km, respectively, and are now nearly 
completely eroded. Th e Kameshk and Zangard diapirs 
are merely empty craters with a few remains of Hor-
muz insoluble blocks, which were formerly brought up 
with salt. Th ese two salt diapirs crop out within up-
per Oligocene to upper Miocene strata (Asmari, Mis-
han and Gachsaran formations) that contain recycled 
material and growth strata. In the Kameshk salt dia-
pir, lateral variations of sedimentary facies and well-
rounded pebbles recycled from Hormuz debris are ob-
served in Oligo-Miocene strata (Fig. 7A). Rounded 
rock fragments suggest a nearly fl at dome near the sur-
face in a high energy environment or an earlier deri-
vation of the pebbles (Kent, 1958). Th e Zangard salt 
diapir shows increasing recycled Hormuz debris dur-
ing the Oligocene-middle Miocene, suggesting higher 
rate salt growing during the middle Miocene (Fig. 7B). 
Th e Herang salt diapir shows recycled angular Hor-
muz debris in lower Miocene strata. Th e debris shapes 
suggest a similar rapid transport from the source, 
and thus a rapidly growing diapir (Fig. 7C). Gener-
ally growth strata around the Kameshk Zangard and 
Herang salt diapirs show thinning in the late Oligo-
cene-early Miocene, Oligo-Miocene and early-middle 
Miocene respectively (Figs. 8 A, B and C). Th e main 
phase of activity of the Kameshk and Zangard salt di-
apirs was during the middle Miocene, as shown by the 
large amount of reworked material, which can rep-
resent the larger part of these deposits. Th e presence 
of both growth strata and recycled debris in the sur-
rounding rocks shows that diapirs formed permanent 
islands or near-surface bulges, at least in the Paleo-
gene-Neogene Sea, prior to Zagros folding. Conse-
quently, they depict a situation in the southern part 
of the studied area in Miocene time comparable to the 
present-day Persian Gulf. 

Th e Bastak I, II and Shur salt diapirs (type B) are 
three emerged salt diapirs with diff erent morphol-
ogy and high elevation compared to the previous 
group. Th e Bastak I salt diapir is located in the western 
nose of the Nakh anticline and is encompassed huge 
cliff s. It presents an ellipsoid shape with a N-S trend-
ing 3.6km long great axis (Fig. 9A). Another salt dia-
pir, Bastak II or north Bastak, is located 4.5km to the 
NW of Bastak I. Th e two diapirs are connected by a 
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a a‘

b b‘

c c‘

d d‘

e e‘

f f‘

Fig. 3. Digital elevations and 
related photographs of the 6 
surface morphology types of 
salt diapirs in eastern Fars (see 
also Fig. 1). a and a’: Type A 
comprises circular domes 
above buried Hormuz salt 
showing a circular structure, 
Gavbast dome; b and b’: Type B 
indicates that the salt diapir is 
active and salt extrusion is 
more important than salt disso-
lution, Shur salt diapir; c and c’: 
Type C salt diapir with a 
fountain above the deep feeder 
and salt glaciers extending 
laterally, with less elevation 
than type B, Chah-Ghaib salt 
diapir; d and d’: Type D is 
similar to type C but with a 
corrugated eroded fl at top 
rather than a fountain, 
Champeh salt diapir; e and e’: 
Type E salt was completely 
eroded and presents only an 
empty crater with some blocks 
of insoluble Hormuz rocks, 
Kamesh salt diapir; f and f ’: 
Type F describes salt diapirs 
which are oft en found along 
thrust faults, South Parak salt 
diapir. the scale of digital 
elevation Fig.s are 1/5

strike-slip fault showing nearly 700 m of right-lateral 
off set. Th e two diapirs may join at depth before reach-
ing the parent salt bed (Player, 1969). Surrounding 
strata include Upper Triassic to Quaternary sequences 
(Figs. 9A and B). Paleontological data show that much 
of late Jurassic-Lower Cretaceous rock units are lack-
ing (Player, 1969), suggesting that the salt dome was an 

active structure during this period. No recycled Hor-
muz debris nor growth strata exist north and north-
west of Bastak I or east and north of Bastak II, sug-
gesting they were buried structures before the Zagros 
folding. Post-folding late Pliocene rocks consisting al-
most exclusively of recycled Hormuz debris crop out 
on their southern fl anks, supporting the recent emer-
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Fig. 4. Distribution of diff erent type of salt diapirs in the eastern Fars. Th e map shows three region. Th e legend shows schematic 
profi les of salt diapir types A, B, C, D, E, and F (see Fig. 3). Salt diapirs with red and orange colors are showing activity at the pres-
ent (type B, C, and D with lowest activity), whereas yellow color type E is not active. Note that the majority of salt diapirs close to 
Persian Gulf is of type D

gence of the domes (Player, 1969). Th e Shur or Che-
hal salt diapir is located in the eastern plunge of Che-
hal anticline. Th e diapir, which stands nearly 1600 m 
above the adjacent plains, is one of the highest diapirs 
in the Fars area. It has a nearly rounded shape with a 
3.7 km diameter (Fig. 9C). Th e salt diapir is confi ned 
within middle Cretaceous to lower Miocene country 
rocks, but without apparent growth strata (Fig. 9D). 
Th ese three salt diapirs could illustrate the future of 
the Gavbast salt dome, with emergence being trig-
gered either by strike-slip faulting (Bastak) or by fold-
ing-induced upward movement of salt and erosion of 
overburden (Shur).

3.3 Past Activity of Salt Diapirs 

In accordance with the majority of our predecessors 
(Harrison, 1930, 1931; Kent, 1958, 1976, 1979; Play-
er, 1969; Motiei, 1995; Talbot and Alavi, 1996; Ed-
gell, 1996; Letouzey and Sherkati, 2004; Sherkati and 
Letouzey, 2004), we believe that all, or almost all, salt 

diapirs of the eastern Fars were active before the Za-
gros orogeny. Th eir activity before the Zagros orogeny 
is indicated by gaps in the sedimentary sequence. For 
example, the Bustaneh salt diapir shows growth strata 
in the upper Miocene-Pliocene surrounding rocks but 
also shows a long local gap from the Aptian to the ear-
ly Eocene (unpublished well data from NIOC, see loca-
tion of diapirs, Figs. 1 and 12). Th is old huge salt diapir 
could correspond to the present-day Gavbast dome.

Th e salt diapirs can be divided into two general 
groups (Fig. 10). Th e fi rst group of salt diapirs emerged 
as islands early, mainly before the Neogene, as shown 
by deposition of recycled Hormuz debris in middle 
Tertiary layers as well as the development of passive 
drape (fl ap) folding and thinning growth strata around 
salt diapirs (Fig. 11). Almost all diapirs located along 
the coast line belong to this category, but this kind of 
diapir is sometimes encountered within the belt. Th e 
second group of salt diapirs did not emerge before the 
Zagros orogeny but likely had dome shapes equivalent 
to the one observed at Gavbast (Fig. 5). Th e presence 
of sedimentary thinning, anomaly facies and/or hia-
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a b

c

Fig. 5. Th e Gavbast salt dome structure (see Fig. 1 for location): (a) Landsat image showing a rounded dome 16 km in diameter and 
1800 meters in elevation above the adjacent plains. (b) Geological map showing that the oldest exposed rocks are middle-late Ju-
rassic and surrounding rocks are Cretaceous-Eocene in age (aft er unpublished 1:250,000 geological maps, NIOC). (c) Gavbast 
dome structure was active during late Cretaceous as shown by the Pabdeh-Gurpi strata thinning. (*) Location of the Photograph 
C
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Fig. 6. Landsat images and geological maps of the emergent salt diapirs Kameshk, Zangard and Herang. they are presently inac-
tive. Th e Kameshk and Zangard diapirs are empty craters with a few insoluble blocks brought to surface by the salt. Th e Kameshk 
(K1 and K2) salt diapir is located along a small anticline splaying from the larger Dehnow anticline. Rock outcroppings consist in 
late Oligocene to late Miocene shallow water carbonates and evaporites. Th e Zangard salt diapir (Z1, Z2) is located on the north-
ern fl ank of the Nakh anticline, and is surrounded by Miocene rocks. Th e Herang salt diapir (H1, H2) is located in the saddle be-
tween the Herang and Buneh-kuh anticlines. It is in a topographical crater surrounded by Mio-Pliocene rocks (K2, Z2, H2; aft er 
unpublished 1:250,000 geological maps, NIOC)
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tuses towards the tops of the domes allows us to deci-
pher the history of dome growth (Fig. 5C). Th e reacti-
vation of salt extrusion during the Zagros orogeny in 
some cases buried the dome boundaries under extru-
sive salt, hiding the sedimentary record of the dome 
growth history.

4 Discussion and Conclusions

Th e Hormuz and equivalent series were deposited 
during the late Proterozoic- early Cambrian in a large 
evaporite basin including the eastern Zagros, eastern 
Persian Gulf, Oman, Qatar, Central Iran, northwest 
India, and Pakistani Salt Range (Player 1969; Falcon, 
1967; Stocklin, 1968; Talbot and Alavi, 1996; Edgell, 
1996; Al-Husseini, 2000; Konert et al., 2001; Jeroen 
et al., 2003). Th e area where the diapir density is at a 
maximum possibly corresponds to a part of the Hor-
muz basin where the salt layer was originally partic-
ularly thick (Player, 1969). Th is thick salt basin cor-
responds to the south-eastern Fars and northern part 
of Persian Gulf. Th e present-day regular distribution 
of salt diapirs was interpreted as related to basement 
faults located below the diapirs. As the diapirs have 
been transported laterally during the Zagros shorten-
ing, even if the basement is faulted, there will be not 
spatial relationship today. We rather believe that the 
regular pattern of diapir distribution relates to the ear-

ly development of salt plugs and ridges during the Pa-
laeozoic corresponding to the development of polygo-
nal mini-basins at that time. 

In the Central Zagros (including the western Fars), 
emergent salt diapirs are mainly associated with faults, 
either strike-slip (tear and wrench faults) or thrust 
faults, which cut through the whole sedimentary col-
umn (Talbot and Alavi, 1996; Hesami et al., 2001; Bah-
roudi and Koyi, 2003; Sherkati and Letouzey, 2005; 
Sepehr and Cosgrove, 2005). Th ere are a few instances 
of salt emergence prior to Zagros folding, such as the 
Khormoj diapir, which has been emergent from the 
Neocomian to present-day (Player, 1969). However, 
most of the diapirs in this area may have formed bur-
ied domes. Th e present-day salt diapirs are interpret-
ed as previously buried domes squeezed during the 
compression or else brought to the surface by strike-
slip fault and pull-apart structures (Talbot and Alavi, 
1996) or thrusting (Letouzey and Sherkati, 2004). In 
comparison, in the south-eastern Hormuz basin (east-
ern Fars onshore) (Fig. 12), surface geology shows that 
most, if not all, diapirs were either buried active domes 
or emergent islands before the Zagros folding. Most 
of the emergent diapirs are not clearly related to the 
activity of a fault at the surface. However, a link be-
tween deep old basement normal faults and early dia-
pir emplacement is likely, although a present-day geo-
graphical association of deep faults and diapir may not 
correspond to a past relationship. It is worth noting 

Fig. 7. Recycled Hormuz debris 
from the Kameshk, Zangard 
and Herang salt diapirs. (a) 
Well rounded pebbles of 
recycled Hormuz debris in 
Oligo-Miocene strata of the Ka-
meshk salt diapir. (b) Recycled 
Hormuz debris in lower and 
middle Miocene strata of the 
Zangard salt diapir, showing 
mature grains of mixed sizes. 
(c) Recycled Hormuz debris in 
lower Miocene strata of the 
Herang salt diapir showing 
immature grains

a b

c
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that present-day active blind faults are thrust faults 
(see review in Talebian and Jackson, 2004) rather than 
strike-slip faults as previously postulated by many au-
thors (see discussion in Edgell, 1996; Talbot and Ala-
vi, 1996). 

Th e present-day distribution of salt diapir types is 
not random. Instead, three regions can be described: 
the Zagros Front area, the north-western region and 
fi nally the north-eastern region (Fig. 4 and 12). We 
will present fi rstly the two fi rst ones, which are quite 

homogeneous and then the third, which appears as 
more complex.

4.1 The Zagros Front Area and North West Region

All the diapirs located at the front of the Zagros belt 
appear to be of D type, i.e., emergent island before the 
Zagros folding, whereas in the north-western part, we 
observe mainly active dome with high relief, associ-

Fig. 8. (a) Photographs of the 
salt diapirs, Kameshk (a), 
Zangard (b) and Herang (c), are 
showing growth strata of the 
late Oligocene-early Miocene, 
Oligo-Miocene and early-
middle Miocene respectively. 
In photograph B, location of 
salt diapir is in behind

a

b

c
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ated to buried actively growing structures. Th is pat-
tern likely result from the geometry of the inherited 
Arabian passive margin, and the post-obduction, pre-
collision tectonics movements along this margin. Such 
movements are suggested by reworked clastic materi-
al coming from the north within Paleocene-early Eo-
cene sediments (Sachun Formation, Fig. 2). As Pal-
aeocene- early Eocene sediments prograded from the 
north, their diff erential load may have expelled salt 
southward, away from the suture zone. Moreover, the 
plate fl exuring due to the prograding nappes and sedi-
ment allowed the development of an up-dip basin mi-
gration, i.e., southward, of the salt in response to the 
regional tilt. As a result, the thickened salt in the south 
may have promoted more vigorous rise of the southern 
diapirs. In contrast, diapirs in the north grew slower 
as buried diapirs because they were supplied by thin-
ner salt layer. Th ese northern diapirs where then reju-
venated by Neogene Zagros shortening and today in-
clude some of the most active salt diapirs in the fold 
belt, embedded in the high relief structure. However, 
it is necessary to mention that erosion rainwater along 

Fig. 10. Schematic sections illustrating salt geometry before the 
Zagros folding in the eastern Fars. Profi le (1) shows a salt diapir 
forming an island with steep growth strata and recycled Hor-
muz pebbles around the diapir. Profi le (2) shows a salt dome 
which is buried and revealed by lateral sedimentary facies vari-
ation and thickness changes above the dome

Fig. 9. Landsat images and 
geological maps of the Bastak I, 
II and Shur emergent salt 
diapirs (see location in Fig. 1), 
with high elevation compared 
to others. (a) Landsat image 
showing the Bastak I salt diapir 
in the western plunge of the 
Nakh anticline and the Bastak 
II salt diapir in the eastern 
plunge of the Gavbast anticline. 
Th e two diapirs are joined by a 
right lateral strike-slip fault. (b) 
Corresponding geological map 
with late Cretaceous to middle 
Tertiary rocks surrounding the 
diapirs. (c) Landsat image 
showing the Shur salt diapir in 
the western plunge of the 
Chehel anticline. (d) Corre-
sponding geological map, 
showing rocks of middle 
Cretaceous to early Miocene 
age (unpublished 1:250,000 
geological maps, NIOC)

a b

c d
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the shore line is more active than within the northern 
part and reduce the relief of the salt domes.

4.2 The North-Eastern Region

In the north-eastern part the pattern is more diff used 
with occurrence of several types simultaneously. Th is 
region is particular for several reasons. It is not only 
the location of the regional bending between the Min-
ab fault and the main trend of the southern Fars (Mo-
linaro et al., 2004), but it also shows several fold trends 
contrasting with the regular fold pattern of the south-
ern Fars. Th is is interpreted as the consequence of the 
interaction between the cover fold belt and underlying 
basement faults with diff erent orientations (Molinaro 
et al., 2005). Finally, this region shows several active 
thrusts, associated with diapirs, a pattern similar to 

what is observed in the central Zagros where diapirs 
act as thrust initiators (see Callot et al., this volume). 
Th e spatial distribution of diapirs appears also irreg-
ular and linked to the tectonics, contrarily to what is 
observed in the southern Fars.

During the Zagros folding, the domain punctuat-
ed by closely spaced diapirs can be considered as an 
already weakened domain, whereas the northern and 
western Zagros and the Persian Gulf, where the diapir 
density is lower, acted as relatively stiff  domains. Th us 
the N-S shortening of the Zagros foreland has been 
concentrated in the diapir-intruded southern Fars 
since the early stages of the deformation. Th is short-
ening reactivated the buried domes ascent (see Callot 
et al., this volume) in the northern part of the thick 
salt basin. Weakening related to the presence of salt 
bodies thus arises at the scale of the salt diapir itself, 
but also at the scale of the entire thrust belt. In the Za-

Fig. 11. Photographs showing: 
(a) growth strata with steep or 
overturned bedding around the 
Shamilo salt diapir; (b) low-dip 
growth strata adjacent to the 
Chah-Banu salt diapir

a

b
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gros fold-belt, late activation of basement faults allows 
to localize late-stage of deformation, although the ini-
tial deformation was largely distributed within the in-
truded domain.
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The Role of Pre-Existing Diapirs in Fold
and Thrust Belt Development

JP. Callot · S. Jahani · J. Letouzey

Abstract. Evidence of salt movement prior to the main Zagros 
folding event lead us to question: 

1. The role of pre-existing salt structures on the Zagros fold 
and thrust belt development; 

2. The possible mechanisms accounting for rapid salt extru-
sion; 

3. The relative location of emergent diapirs and tectonic 
structures; 

4.  the decoupling between salt plug distribution and base-
ment fault location. 

 
We based our interpretations on analogue sand box experi-
ments compared to geological observations. We argue that 
the driving mechanism of Hormuz halokinesis during the Za-
gros folding and erosion is the squeezing of pre-existing salt 
diapirs, which also infl uenced the location of thrusts and 
strike slip faults. Emergent diapirs occurred above pre-exist-
ing domes along these faults, or at the plunging axes of the 
fold crests. Depending on the diapir wall attitude and its 
thickness relative to the sedimentary column thickness, the 
diapirs are either shortened and localise sharp overturned 
folds, or else act as preferentially oriented ramps, part of the 
diapir being incorporated in the fold. During fold growth, ero-
sion or rejuvenation of the diapir growth by shortening al-
lows for the salt extrusion.

Keywords. Zagros, Iran, Salt, Diapirs, Folding, Sand Box Model-
ing.

1 Introduction

Th e Iranian Zagros fold and thrust belt (ZFTB) results 
from closure of the Neo-Tethys oceanic domain and 
the convergence between Arabia and Eurasia (Takin, 
1972; Haynes and McQuillan, 1974; Stocklin, 1974; 
Ricou et al., 1977; Stampfl i et al., 2001; Agard et al. 
2005, among many others). In the ZFTB, the Arabi-
an passive margin sequence has been decoupled from 
its basement and deformed by large-scale folding and 
thrusting since the Miocene. Although the Zagros has 
long been recognised as a major petroleum province, 
the architecture and kinematics of deformation in Za-

gros are still debated, particularly the role of the Hor-
muz Eocambrian basal salt layer and salt diapir.

Th e two major salt formations in the Persian gulf 
and the ZFTB are the deep seated Hormuz series, and 
the Oligo-Miocene Gasharan Formation. Th ey are 
both present in the Zagros folded zone and in foreland 
Persian Gulf (Fig. 1). Th e Hormuz series in the Zagros 
outcrop only as allochtonous salt plugs. Approximate-
ly 160 Hormuz salt diapirs have extruded in the Za-
gros mountains and their foreland (Player, 1969; Kent, 
1958, 1979, 1987; Edgell, 1996; Talbot 1998; Bahroudi 
and Koyi 2003). Within the Persian gulf, circular 
structures are thought to be draped over deep pillows 
of Hormuz salt (Edgell, 1996). About 20 of the islands 
in the Southern Gulf owe their existence to Hormuz 
extrusion (Kent 1987, Fig. 2).

Recent papers proposed general across-strike cross-
sections of the ZFTB (Blanc et al., 2003; McQuarrie, 
2004; Sherkati and Letouzey, 2004; Molinaro et al 
2004; Mouthereau et al., 2006; Sherkati et al., 2006). 
However, few recent papers addressed the kinemat-
ics of fold-and-thrust development, the coupling be-
tween the cover and basement, and the role of the suc-
cessive decollement levels (Molinaro et al., 2003; 2004; 
Sherkati et al., 2004, 2005, 2006). Most authors em-
phasize the role of the Hormuz series on fold propa-
gation, basal decollement, disharmony (Bahroudi and 
Koyi 2003) and fold propagation style (e.g. Sherkati et 
al., 2005), or the role of basement fold or pull-apart 
zone on diapirism (Kent 1958; Edgell 1996; Talbot and 
Alavi 1996). But the Hormuz salt layer was only ex-
amined as decollement layer (e.g. Bahroudi and Koyi, 
2003; Mouthereau et al., 2006), and the importance of 
the pre-deformation geometry of the basal salt layer 
and associated deformation of the adjacent sedimen-
tary cover, although discussed in several paper (e.g. 
Kent, 1979; Mottei, 1995; Talbot and Alavi, 1996), is 
still poorly if not integrated into the kinematic mod-
el for the ZFTB development. Th ere is some evidence 
that Hormuz salt diapirism started before the Neo-
gene Zagros folding. Stratigraphic thinning peripher-
al to circular structures are thought to be draped over 
deep pillows of salt (Edgell, 1996; Letouzey and Sher-
kati 2004). Around some Hormuz plugs, in the south-
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ern Fars region, there is clear evidence of pre-orogenic 
emergence, provided by interbedded Hormuz detritus 
in rocks dating from Cretaceous to Miocene (Player, 
1969; Kent, 1987).

Letouzey and Sherkati (2004) studied the role of 
pre-existing diapirs on fold and fault propagation in 
the central Zagros provinces (Izeh zone, High Za-
gros an northern Fars). Th ey show that the emergence 
of Hormuz salt plugs is closely associated with ma-
jor thrusts parallel to the fold trend in the High Za-
gros. Plugs also occur as pull-apart structures as de-
scribed by Talbot and Alavi (1996), or else along tear 
faults as push-up structures, along the north-south 
trending strike-slip faults. Faults and related salt plugs 
are clearly related to the Zagros folding event, even if 
they are sometimes located above reactivated paleo-
structures. Th e analysis of the deformation of sand-
box models using X-ray tomography suggests that the 
initiation of thrust and wrench faults is infl uenced by 
pre-existing salt domes which represent weak zones in 
the sedimentary section. Th e squeezing of pre-exist-
ing salt domes was proposed to be the driving mecha-
nism of Hormuz halokinesis and current extrusion in 
the central Zagros.

Preliminary studies in the Fars region of the Zagros 
fold and thrust belt have been completed with surface 
and subsurface studies in the southern Fars province 
(see Jahani et al., this volume), and new sand box mod-
els. Contrary to the Central Zagros provinces, where 
emergent diapirs are closely associated with emergent 
thrusts or strike slip faults, within the Southern Fars 
province, most of the salt plugs are located within, or 
at, the plunging axis of folds (Fig. 2). Th e purpose of 
this paper is to discuss the timing of salt diapirism, 
the infl uence of salt distribution and structures on fold 
propagation; the mechanisms of rapid salt extrusion, 
and thus the localisation of salt diapirs relative to fault 
and folds in the Fars domain.

2 Geological Setting: The Fars Domain

2.1 Geological Setting

2.1.1 Zagros Evolution

Th e ZFTB of Iran is the result of the opening and clo-
sure of the Neo-Tethys ocean along the north-eastern 
border of the Arabian plate (Stocklin 1968; Ricou et al., 
1977; Berberian and King, 1981; Alavi, 1994; Agard et 
al. 2005, Fig. 1). Th e ZFTB is composed of a thick sed-
imentary sequence which covers a Precambrian base-
ment, formed during the Pan-African orogeny (Al-
Husseini, 2000). Th e total thickness of the sedimentary 
column deposited above the Eocambrian Hormuz salt 

before the Neogene Zagros folding can reach over 8 to 
10 km (Alavi, 2004; Sherkati & Letouzey, 2004). 

During the late Precambrian, a thick Pre-Hormuz 
sequence of terrigenous clastics, carbonate sediments, 
known in Oman, accumulated over a large area, and 
probably exist below the Hormuz basal detachment in 
some parts of the Zagros region (Letouzey and Sherka-
ti, 2004). Th e Hormuz series generally consists of salt, 
anhydrite, with some allochtonous blocs of dark dolo-
mite, sandstone, siltstone, marls and volcanics. Th ese 
Eocambrian salt and evaporites formation were depos-
ited in several subsiding basins in the Gulf region, in 
Oman, Central Iran, Pakistan and northwest India, in 
latest Proterozoic-Lower Palaeozoic times (Fig. 1; Kent 
1958; Stoecklin, 1968b; Edgell, 1996; Talbot and Ala-
vi, 1996; Al-Husseini, 2000; Konert et al., 2001; Jeroen 
et al., 2003). Th e extent of the salt in the ZFTB and 
Persian gulf is deduced from emergent diapirs. Th is 
distribution only refl ects areas where the deposition-
al salt thickness is large enough to develop salt ridg-
es, pillows and diapirs. It is not clear how far it extends 
into the central Zagros Dezful region where the low-
er decollement could have occurred within the lower 
Paleozoic shales or evaporites. Th e Hormuz salt is be-
lieved to be absent along north-south-trending Arabi-
an arches, inherited from Panafrican structures such 
as the Quatar Arch which extend to the North up to 
the Fars domain in the Zagros and Deyzful embay-
ment region (Barhoudi and Koyi, 2003; Letouzey and 
Sherkati, 2004). Figure 1 shows that most of Hormuz 
salt extrusions occurred in the Zagros folded zone, 
with a few islands off shore in the Southern Persian 
Gulf (Kent, 1979).

Deposition of the Hormuz salt was followed during 
the Palaeozoic by platform type successions of shal-
low marine, lagoonal and mostly clastic continental 
deposits which contain important sedimentary gaps, 
reaching an average thickness of 2 to 4.5 km. A ma-
jor regional unconformity (“Hercynian unconformi-
ty”) was observed below the Permian (Stocklin, 1968). 
A Permian-Lower Triassic-rift ing event initiated the 
opening of the Neo-Tethys ocean along what is now 
called the “Crushed Zone” or “Imbricated Zone” to the 
North of the Zagros platform (Stocklin, 1968; Szabo 
and Kheradpir 1978; Berberian and King, 1981). Th e 
onset of drift ing probably occurred in Early or Mid-
dle Triassic time. In the Zagros basin, the deposition 
of shallow marine sediments continued from Permian 
to Miocene times. 

Th e closure of the Neo-Tethys basin was marked 
by several tectonic events on the Zagros platform. Th e 
fi rst was the Early Coniacian-Late Santonian obduc-
tion of ophiolites onto the continental crust (Ricou, 
1971; Falcon, 1974; Berberian and King, 1981; Berbe-
rian, 1995), which changed the basin architecture. Th e 
second event was a pronounced reactivation of deep 
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seated pre-existing N-S faults along former Pan-Afri-
can basement trends (Koop and Stoneley, 1982). Com-
pressive stress in the Zagros margin continued until 
the Eocene-Oligocene continent-continent collision 
and the Miocene Zagros folding event, which began at 
the end of the Lower Miocene, with thin skinned de-
collement and south-westerly propagation of the fore-
land depocentres (Sherkati and Letouzey, 2004; Agard 
et al., 2005; Sherkati et al., 2006).

Th e Neogene development of the Zagros belt com-
partmentalised the evolving foreland basin into sub-
basins with diff erent sedimentary and tectonic signa-
tures (Bahroudi and Koyi, 2003). During late Miocene 
and Pliocene times, regression of the sea and the cre-
ation of mountainous relief by folding and thrusting 
resulted in a continental environment. Large amount 
of clastic material and red beds were deposited in ad-
jacent synclines (Berberian and King, 1981). Th e Ear-
ly to Middle Miocene Gachsaran salt formation was 
deposited in foreland depression south of the Moun-
tain Front Fault zone (Fig. 1). Finally Pliocene- Pleisto-
cene conglomerates unconformably overlie older for-
mations. Total sedimentary thickness reached 7 to 10 
km.

2.1.2 Salt Distribution and Tectonics

In the Eastern Fars and High Zagros areas, the Hor-
muz salt series played the role of a low friction, bas-
al decollement level (see Barhoudi and Koyi, 2003). 
It infl uenced fold style by development of large, box-
fold anticlines cored with salt (Colman-Sadd, 1978; 
Letouzey and Sherkati, 2005; Molinaro et al., 2005). 
In the Fars province, folding developed fi rst through 
the development of large detachment anticlines, local-
ly followed by out-of-sequence thrusting due to acti-
vation of major basement faults (e.g. Molinaro et al., 
2004). Northeast of the Dezful, folding and thrusting 
developed with a high taper wedge (high friction due 
to the absence of Hormuz salt in the Izeh Zone, north 
of the Deyzful embayment, Fig. 3). In the High Zagros 
emergence of Hormuz evaporite plugs is closely associ-
ated with major thrusts parallel to the fold trend, such 
as the Dinar thrust (Sherkati and Letouzey, 2005). Be-
tween the Fars and the central Zagros, the Kazerun 
and Mangarak fault zones consist of en-echelon seg-
ments of steep, right-lateral, strike-slip faults. Th ese 
en-echelon faults are clearly contemporaneous with 
folding: anticlines are bent, and die out, or are off set 
by fault segments (Talbot and Alavi, 1996; Barhoudi 
and Koyi, 2003). Due to the Hormuz salt distribu-
tion they act as oblique, right-lateral ramps, transfer-
ring the local Northwest-Southeast shortening across 
the ZFTB (Bahroudi and Koyi, 2003; Sepehr and Cos-
grove 2006). Th e salt plugs are located as discontin-

uous masses along thrusts and these North-South 
trending tear fault systems (Talbot and Alavi, 1996; 
Sherkati and Letouzey, 2004).

Contrary to the Northern Fars and central Za-
gros where most of the emergent salt diapirs are clear-
ly associated with thrust and strike-slip faults (Talbot 
and Alavi, 1996; Sherkati and Letouzey, 2004), in the 
southern Fars (Fig. 2), most of the diapirs occurred in 
association with the anticlines: either at the nose or in 
the core of the fold. Few of them occurred along thrust 
faults, and some occurred along the fl ank of the anti-
clines.

2.2 Evidence of Pre-Zagros Salt Diapirism

Th e age of diapirism in the Hormuz series in the ZFTB 
have been a subject of interest for many years (Har-
risson, 1930; Kent, 1958; Player, 1969; Ala, 1974; Eli-
assi et al., 1977; Kent, 1979; Gansser, 1992; Talbot and 
Alavi 1996; Edgell, 1996). Harrisson (1930) and Kent 
(1958; 1979) showed that most of the salt intrusions in 
the Fars region occurred during the Neogene Zagros 
folding. However, based on reworked Hormuz mate-
rial and unconformities in the vicinity of salt plugs, 
Players (1969) and Kent (1958) introduced the concept 
of pre-folding and thrusting salt movements (see also 
Jahani et al., this volume). Th ey also note that Hormuz 
salt movements occurred in the southern Fars prov-
inces since the late Cretaceous for numerous plugs, 
probably as early as Permian for some of them (Mot-
tei, 1995a, b). For many plugs, no fi nal conclusion on 
the date of inception of movement is justifi ed because 
of limited availability of seismic lines and also the lim-
ited age range of the sediments which are in contact 
with salt plugs in outcrop. Talbot and Alavi (1996) at-
tributed initiation of the salt structures to local man-
ifestations of Jurassic and Cretaceous subduction of 
the Neo-Tethys before the Zagros folding event. Dis-
continuous growth of domes prior the ZFTB develop-
ment was described by Edgell (1996) and Letouzey and 
Sherkati (2004), who describe a strong, local uncon-
formity related to growth of salt domes. Th e Darang 
structure (Fig. 4a) is a good illustration of the early salt 
movement. Th is large circular dome is located in the 
external part of the ZFTB, close to the Persian Gulf. 
Th e available seismic lines show an increase in the 
structural closure with depth, a pattern characteristic 
of progressive growth of the dome, the growth history 
of which started in the early Paleozoic and is still ac-
tive. Similar pattern was observed on seismic images 
in the Southern Persian Gulf salt basin. Th e salt domes 
of the Omanese salt province also present an early be-
ginning of rise during the Paleozoic (Fig. 4b, Peters et 
al., 2003). Th e activity of the salt plugs was rejuvenated 
during the Mesozoic and early Tertiary.
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Concerning the mechanisms of salt extrusion, 
O‘Brien (1950) referred to the local predominance of 
igneous material in salt plugs and developed a theo-
ry of inception of plug movements by igneous activ-
ity. Th is theory was rejected by subsequent authors 
who have demonstrated that there is no special rela-
tionship between salt plug extrusion and igneous in-
trusion (Kent, 1958). Kent and most of the authors be-
fore the 1990‘s believed that the Hormuz salt rose from 
great depth under the infl uence of mainly buoyancy 
forces. However, the relationship between these deep 
seated basement faults and the present distribution 
of salt plugs was reached by several workers (Harri-
son, 1930; Ala, 1974; Furst, 1990; McQuillan, 1991; Ed-
gell, 1996). Understanding the signifi cant role of ex-
tensional faulting in triggering salt diapirism, Jackson 
and Vendeville (1994), lead Kent (1979), Edgell (1996) 
and Talbot and Alavi (1996) to suggest the probabili-
ty of rapid salt extrusion in the Southwest of Iran due 
to the local pull-apart structures which have been cre-
ated as a result of the intersection of basement wrench 
faults and ZFTB thrust fault trends. Players (1969), 
Kent (1979) and Jahani et al., (this volume) show that 
some of the Hormuz diapirs reached the surface be-
fore the Zagros folding event, whereas others are still 
buried at depth.

2.3 Objectives

Salt layers are recognised as high effi  ciency decolle-
ment levels in several fold and thrust belts (Davis and 
Engelder, 1985; Letouzey et al., 1995): for instance, the 
Potwar (e.g. Grelaud et al., 2003), the Jura Mountains 
(Guellec et al., 1990; Philippe et al., 1997); the Zagros 
(e.g. Barhoudi and Koyi, 2003; Sherkati and Letouzey , 
2004; Sherkati et al., 2006), the Albanides (Velaj et al., 

1999). Th is eff ect has been largely studied and mod-
elled, using both analogue (e.g. Letouzey et al., 1995; 
Bahroudi and Koyi, 2003; Sherkati et al., 2005) and 
numerical models (e.g. Simpson, 2005; Stockmal et al., 
2005). Nevertheless, few studies emphasized the role 
played by the inherited salt structures in the localiza-
tion and development of compressive structures (such 
as the Dinar thrust, see Letouzey and Sherkati, 2004), 
although it is clear from both seismic and fi eld evi-
dence of that thrust faults are not evenly distributed 
with respect to the pre-existing salt structures (Velaj 
et al., 1999; Jackson et al., 2003). 

Th e main purpose of the present study is to doc-
ument the eff ect of pre-existing salt diapirs in a giv-
en stratigraphic column on the development of com-
pressive structures during shortening. Th e geometry 
of the diapirs, the brittle-to-ductile thickness ratio in 
the section and the velocity of shortening are the main 
parameters considered. Such a study more general-
ly questions the mechanisms of salt extrusion in com-
pressive setting. Th e studied mechanism of Hormuz 
halokinesis and extrusion in the Southern Fars Prov-
ince is the squeezing of pre-existing salt domes. Local 
pull-apart and wrench fault defl ection probably also 
allowed for rapid rising of the evaporites (Talbot and 
Alavi, 1996; Letouzey and Sherkati, 2004). 

3 Analogue Experiments

3.1 Experimental Design

Th e models were scaled for length, viscosity and time, 
following the basic principles, discussed by Hubbert 
(1937) and Ramberg (1981), applied at basin scale (the 
upper 7 km of the crust). Th e length ratio between 
models and natural examples is 10-5 (1 cm in the mod-

Fig. 4 Evidence of pre-Zagros salt diapirism. Th e Darang structure is located in front of the Zagros folded belt in the Northern Fars 
region, close to the Persian Gulf. Th e Darang well penetrated fi ft een hundred meters of Hormuz salt series. Th e seismic line cross-
ing the structure shows an increase in the structural closure with depth, characteristic of discontinuous growth. Similar features 
are typically found off shore in the Persian Gulf (Edgell, 1996). Th e main pulse of structural growth was during the Late Creta-
ceous. Pre-Hormuz deep horizons are not visible on the seismic line, but this structure is located in the Kazerun fault zone, which 
is considered as a reactivated basement structure
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el represented 1km in nature), the viscosity ratio was 
2×10-15 (based on a viscosity of 1019 Pa s as a maximum 
value for evaporites), and the time ratio was 4×10-10. It 
is important to keep in mind that the role of some geo-
logical parameters (e.g. temperature gradient, erosion, 
among others) could not be taken into account.

In the experiments, sedimentary brittle rocks were 
simulated with sand, which has a low/negligible cohe-
sion, an angle of internal friction of 30°, and a density 
ranging from 1400 to 1600kg/m3. Th e ductile behav-
iour of weak layers within the brittle upper crust were 
simulated by layers of silicone putty (PDMS). Th e lat-
ter behaves nearly as a Newtonian fl uid, with a den-
sity close to 1g·cm-3 and a viscosity of 2.5×104 Pa s at 
room temperature and strain rates below 3×10-3 s-1. 
All models were shortened either at 4 (model 1572) or 
1.7 cm·h-1 from one end (model 1572, 1585, and 1597), 
which are rather high velocities except for one mod-
el which was deformed at 0.4 cm·h-1 (model 1645). Th e 
thickness of the basal silicon layer was chosen to be 
1.2 cm, whereas the brittle overburden thickness is 
either 4.5 for thick models or 2.5 cm for thin mod-
els. We choose to model axisymmetric diapir to real-
ly study the diapir shape eff ect along a 2D section and 
avoid 3D strain distribution. All experiment param-
eters are listed in Tables 1 and 2, together with Fig. 5 
which shows the distribution in the horizontal plane 
of the diapirs.

Our experiments were analyzed by X-ray comput-
erized tomography, a non-destructive technique that 
generated cross-sectional images through the mod-

els (Hounsfi eld 1973; Mandl 1988; Richard et al., 1989; 
Colletta et al., 1991). Th e analysis and interpretation of 
the experiments were carried out by means of: 
1. Images representing vertical sections of the model, 

perpendicular to the longitudinal sidewalls of the 
box (i.e. parallel to the direction of shortening)

2. Images representing horizontal sections through 
the model and line-drawings.

3. Surface pictures at diff erent stages of the deforma-
tion

4. 3D reconstruction of fault zones, as well as of sev-
eral surfaces within the models, at diff erent stages 
of deformation. For the analysis of surface pictures, 
a square grid of coloured sand markers was fi nely 
traced onto the uppermost surface.

3.2 Results

Considering the geological model, several parameters 
are tested through analogue experiments:
1. Th e kinematic boundary conditions, which can ei-

ther be transpressive of purely compressive;
2. Th e overall regional strain rate, models being 

strained at either fast (i.e. 1.7 cm·h-1) or slow speed 
(i.e. 0.4 cm·h-1);

3. Th e mechanical stratifi cation, which results from 
the relative thickness of the mobile ductile sili-
cone layer and the brittle sedimentary overburden 
of sand layers. In the present study, we choose to 
consider only the basal decollement level. Th e role 

Experiment Width Length Silicon thick. Sand thick. Duration Shortening 
vel.

Shortening Strike Slip vel. Strike slip 
disp.

1210 38.2 78 1.4 1.4+2 6h40 4/3  5.7 (15%) - -

1212 41 65 1.3 1.3+2 6h50 3  12.0 (28%) 3 12 (18°)

1572 39 78 1.0 cm 3.6 cm 5h15 1.7  9.0 (23%) - -

1585 39 78 0.8 3.2 6h10 1.7  8.2 (21%) - -

1597 39 78 1.2 1.8 6h40 1.5  10.0 (26%) - -

1645 39 78 1.2 1.8 23h25 0.5/0.4  10.8 (28%) - -

Table 1. Experimental parameters

Experiment Diapir nbr Diapir 
width

Diapir 
height

Sand thick. 
above dome

Spacing Spacing 
line

Lines 
shift

1210 3 10/10/4.5 init. 0 20 - -

1212 5 6 init. 0 20/25 15 10

1572 4/4 2.5/1.5 1.5/2.5 10 10 5

1585 4/4 3.8/2.5 1/1.7 10 10 5/-5

1597 4/4 5.4/3.3 0.9/1.4 10 10 5

1645 4/4 6.6/3.7 0.9/1.4 10 10 5

Table 2. 
Geometric parameters for the 
diapir distribution
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of the sedimentary layers which can potentially de-
couple the stratigraphic section has already been 
tested by Sherkati et al. (2006);

4. Th e diapir shape, which results from the interaction 
between sedimentation, erosion and basement and 
regional tectonics, and salt mobility, before the ep-
isode of shortening. Th e chosen shapes are the pil-
low, cone, fi nger like, and box.

Neither sedimentation nor erosion are taken into ac-
count, although the loading/unloading eff ect of the 
sediment supply or removal could aff ect drastically the 
total resistance of the section and its evolution during 
shortening. For sake of clarity, all cross-sections of the 
model were shortened from the left  end side.

3.2.1 Model with Variable Boundary Conditions 

Th e models presented in Fig. 6 are designed to study 
the evolution of pre-existing domes during compres-
sion, and their relation with the thrusts, depending 
on the obliquity of shortening to the distribution of 
domes. Horizontal and vertical images within the 
model at the initial stage show the three or fi ve cir-
cular buried silicone domes (model 1210 and 1212, 
respectively). Th ese two-layered models were short-
ened horizontally at a rate of 4 cm·h-1, with either 90° 
or 45° obliquity of shortening. In both cases, during 
shortening, pre-existing domes initiated the main ac-
tive faults, are horizontally squeezed, the shortening 
forcing the silicone mainly upward through the over-
burden layer, as shown previously by Letouzey et al. 
(1995), and Vendeville and Nilsen (1995). It is clearly 
visible on surface view of the models during the short-
ening that the location of pre-existing domes infl uenc-
es fault propagations (Letouzey and Sherkati, 2004). 
Th e obliquity does not infl uence the fi rst-order defor-
mation pattern, although the oblique shortening re-
sults in transpression along the faults initiated at the 
dome location, which in turn accommodates a great-
er amount of shortening by the formation of fl ower-
like structures.

3.2.2 Model with Variable Diapir Shapes 
 and Sedimentary Cover

Th ickness of the sedimentary cover with respect to 
the thickness of both the feeding silicon layer and the 
pre-existing diapir strongly infl uences the pattern of 
deformation and structural style. Here are described 
models which were strained at a medium rate, i.e. 1.4 
cm·h-1.

Th e thick sedimentary cover prevents any signifi -
cant evolution of the six pre-existing diapirs (Fig. 6, 
model 1572 and 1585), and react as if there was no di-

Fig. 5 Geometry of the diff erent models in plan view, with a 
synthetic sedimentary column (total thickness in mm)
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In both cases, diapiric bodies nucleate the thrusts 
faults. Here the shape of the pre-existing dome plays 
a major role. Finger and box-like diapirs nucleate the 
thrust fault along their base, where it cuts through the 
diapir, and a part of the diapir is passively transport-
ed in the core of the fold, allowing for the possible re-
mobilisation of the silicon if erosion was to follow. Di-
apirs with low-angle walls, i.e. pillow and cones, are 
directly used as preferred ramps and thus only moder-
ately remobilised; they act as thrust soles rather than 
a transported plug (fi gures 7 and 8). With thin sed-
imentary covers, the ramps are much steeper due to 
the shortening of the diapirs and associated wall rota-
tions. Th is limits the ability of the ramps to accommo-
date large displacements and force the development of 
small sharp folds on top of the diapirs.

3.2.3 Infl uence of the Velocity of the Folding

Th e model strained at low velocity, i.e. 0.4 cm·h-1, re-
veal a somewhat diff erent structural style (Figs. 9a and 
b, model 1645), although the fi rst-order geometry is 
preserved. Following initial buckling of the sedimen-
tary section above the silicon, the diapiric bodies initi-

apiric body at depth. Th e structural style shows classic 
large-scale fault propagation folds formed with minor 
buckling eff ect. Nevertheless, the diapir body appears 
to localise the initial thrust faults at depth, which lat-
er on propagate toward the surface within the purely 
brittle cover, and laterally toward adjacent domes. Th e 
belt is eventually composed of large box-like anticlines 
located on top of low-angle thrust faults.

By contrast, the structural style in the case of thin 
sedimentary covers is much more dominated by the 
buckling of the sand layer on top of the basal silicon 
layer, followed by focused fault propagation folding 
on top of the diapiric body (model 1597, Fig. 7). Simi-
larly to the thick cover models, the early thrust faults 
initiate at the diapirs. Here it is even possible to ob-
serve symmetrical pop-up structures. Th in sedimen-
tary covers favour a progressive remobilisation of the 
silicone diapir during the shortening and a rejuvena-
tion of its ascent up to the surface, where it eventual-
ly spreads. Here the absence of erosion increases the 
contrast between the model with a thick, and hence 
strong, sedimentary cover which controls the overall 
deformation pattern, and the thin, hence weak, sed-
imentary cover, whose deformation pattern is con-
trolled by the weak silicone body at depth. 

Fig. 6. a Shortening of a 5 cm 
thick sand pack containing 3 
axisymmetric domes (3 cm 
thick) lying on top of a 1.5 cm 
thick basal silicon layer. 
Shortening velocity of 5 cm·h-1; 
b Transpression of a 4 cm thick 
sand pack containing 5 
axisymmetric domes (3 cm 
thick), lying on top of a 1.5 cm 
thick basal silicone layer 
containing either 3 or 5 pre-
existing domes. Shortening 
velocity of 4 cm·h-1, strike slip 
velocity of 3 cm·h-1
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Fig. 7. Models with thick sedimentary cover (5 cm-thick sand-pack), showing evolution of diapirs of variable geometry (4 boxes 
and 4 fi ngers, model n°1572, 4 pillows and 4 cones, model n°1585) during shortening at a velocity of 1.4 cm·h-1. Moving wall at the 
left -end side of the section.

Fig. 8: Models with thin 
sedimentary cover (3 cm-thick 
sand-pack, model n°1597), 
showing evolution of axisym-
metric diapirs during 
shortening at a velocity of
1.4 cm·h-1. Th e small picture 
illustrates a local pop-up 
geometry. Moving wall at the 
left -end side of the section
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ate and localise the shortening structures. Diapirs are 
progressively squeezed and extruded with displace-
ment of silicon both upward (i.e. toward the surface) 
and downward (i.e. toward the basal layer). Th ese fur-
ther preclude the use of the diapir walls as a ramps due 
to the increase of their wall angles. Moreover, rather 

than a thrust, diapirs evolve into sharp folds with ver-
tical limbs thinning toward the diapirs, a ‚lift  off  fold‘. 
Ultimately, the folds are overturned and the squeezed 
diapirs eventually act as thrust faults. In this case of 
thin sedimentary covers, the steep attitude of the faults 
limit the displacements along the thrusts, and extru-

Fig. 9. Models with thin 
sedimentary cover (3cm thick 
sand pack, model n°1645) 
showing evolution of axisym-
metric diapirs at a velocity of 
shortening of 0.4 cm·h-1. 
Moving wall at the left  end side 
of the section

Fig. 10. a Topographic map of the late stage of evolution of the model 1597 with a thin sedimentary cover; b Oblique surface pic-
ture of the late stage of silicon plug emergence at the apparent termination of fold, model 1645 with thin sedimentary cover
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sion of silicon occurs on top of the sharp overturned 
folds (Fig. 10). Both at high and low velocity, diapirs fi -
nally localised sharp narrow folds, where shortening 
and silicone extrusion are concentrated, separating 
areas where classic, large fault-propagation-fold de-
velops (Figs. 9 and 10). Th is creates an arcuate carto-
graphic pattern where emergent diapirs are preferen-
tially located either at the apparent fold termination, 
or else, within the core of the folds for thick covers.

4 Discussion and Conclusions: 
 Evolution of a Thrust-Diapir System

4.1 Kinematic Evolution 
 and Scaling of Material

Th e shortening velocities applied here are quite high 
considering the classic velocities obtained from grow-
ing fold, i.e. few mm per year. Th e present-day short-
ening accommodated within the ZFTB ranges from 
4 to 14 mm·yr-1 (Masson et al., 2005). Particular-
ly in the central ZFTB, the average velocity reaches 
0.7 cm·yr-1, which would correspond to a shortening 
velocity of ~0.4 cm·h-1 using our scaling relationship. 
As we model no more than 3 to 4 folds across-strike, 
the chosen velocity of 1.4 cm·h-1 is far too high with re-
gard to the natural example. Nevertheless, the velocity 
increase, which is expressed as an increase of the resis-
tance of the silicone layer, compensates for its low den-
sity. Considering the density ratio between salt (ρ~2.2) 
and classic sedimentary rocks (ρ~2.3–2.8), the densi-
ty ratio use in the model should be 0.84. Th e analogue 
material densities for silicone are 0.99 and for dried 
Fontainebleau sand sieved onto the model is rough-
ly 1.7, giving thus a density ratio of 0.58. Th is shows 
that the analogue for salt is much more buoyant than 
is salt in the real case. Such mis-scaling is partly com-
pensated by high velocities that limit the buoyancy of 
silicon.

4.2 Diapir Shape

Th e diapir observed in the ZFTB and in the Persian 
Gulf at the present day show an elongate pattern sug-
gesting original non-symmetric shapes, the long axis 
of which were oblique to the structural grain of the 
Zagros (Rönnlund and Koyi, 1988). Nevertheless, sev-
eral lines of evidence suggest that the inception of salt 
movement could have been as early as Palaeozoic, and 
most probably linked to the tectonic activity of inher-
ited Pan-African and Arabian trends. A second main 
phase of diapir building would have been during the 
regional hercynian erosion, then during the Tethyan 
rift ing during the Triassic. Th is later phase is restrict-

ed to the Northwestern border of the Iranian mar-
gin. We propose that the main salt structures formed 
during both growth phases would be ridges and salt 
wall, similarly to what is observed in the North Ger-
many salt basin. Such a salt wall would then develop 
plug-like instabilities at their crest, which then form 
the present-day observed salt plugs, a pattern which is 
strongly suggested from the Oman and Persian Gulf 
salt domes. Th us, although the spatial distribution of 
plugs suggest the original tectonic control on the salt 
structures and their elongation, the main salt plugs 
formed during the Mesozoic to Early Tertiary would 
present rather axisymmetric shapes.

Th e diapir shape plays a fundamental role in con-
trolling the structural style. As demonstrated by our 
experiments, the diapir fi rst localises the incipient 
thrust. Its shape then controls the temporal evolution 
of the diapirs: diapir with high steep walls (fi nger and 
box, model 1572, Figs. 7) will be shortened horizon-
tally and expanded vertically, and the incipient thrust 
will pass by them, developing a shot-cut at the base of 
the diapir. A large part of the diapir is then incorporat-
ed into the developing fold and passively transported 
above the thrust. By contrast, diapirs with low-angle 
walls (cones and pillow, models 1585 and 1597, Figs. 
7 and 8) act as preferably oriented ramps and localise 
the thrust plane. In such cases, most of the diapir is 
incorporated into the footwall of the thrust and is no 
longer strained. Only a few percent of the diapir vol-
ume will be incorporated into the hanging wall as a 
sole plane for the thrust. Slow shortening favours hor-
izontal shortening of the diapir and steepening of its 
walls. Th is allows for a transition from the end mem-
bers fates of low-angle conical diapirs to high-angle 
fi nger-like structures. Conical and pillow diapirs act 
as favourably oriented ramps (Figs. 7 and 8), whereas 
fi nger-like diapirs are thrust off  from their roots and 
incorporated within the fold.

4.3 Mechanisms of Extrusion

In the NW Fars and Izeh zone, salt extrusion appears 
to be mainly controlled by the activity of major tecton-
ic structures expressed in the Zagros folding, particu-
larly strike-slip fault zones such as the Kazerun linea-
ment or thrust fault such as the Dinar thrust (Talbot 
and Alavi, 1996; Sherkati et al., 2005, Figs. 11a and b). 
In such setting, salt is either located at the thrust soles, 
or else pumped into pull-apart structures (Fig. 11a). By 
contrast, in the Southern Fars domain, the extrusion 
of rounded salt plugs, which is a fi rst-order pattern of 
the recent ZFTB evolution, appears to correlate pri-
marily to the main folded structures. Th e salt diapirs 
are mostly located either at the fold periclines (Fig. 11c) 
or in their core (Fig. 11d), and extrude salt glaciers in 
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a direction controlled by the overall vergence of the 
fold. Several still buried plugs are still rising as shown 
by the local dome shape of the fold, superimposed on 
the general fold trend (Fig. 11e, see Jahani et al., this 

volume), with, in some cases, salt extrusion beginning 
along thrust faults with erosional surfaces (Fig. 11f).

Th e experiments shown here illustrate the funda-
mental role of  the diapir‘s past on its future evolution 

Fig. 12. a Mechanisms of salt ex-
trusion: (a) Extrusion along tec-
tonic structures in the Dezful 
and Izeh zones, aft er Sherkati et 
al., 2005; (b): Extrusion due to 
(1) shortening of slightly buried 
diapir (B1); (2) Th rust fault em-
placement, with (B3) or without 
(B2) diapir incorporation in the 
hanging wall (see text for expla-
nations)

Fig. 11. a Th e Kazerun strike slip fault with an associated emergent salt plug; b Th e Dina thrust with associated emergent plug; c 
the Charak anticline (Fars area); d the Kuh e Gash (north) and Kuh e Bush anticline, with emergent salt plugs and glacier; e the 
Gavbast anticline with growing buried plug; f Th e tectonically controlled plugs of the east Gavbast and Bastak anticline

a b

c

d

e

f

b1

b2

b3

b

a
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during shortening, as the diapir localises both short-
ening and incipient thrust planes. Th e mode of extru-
sion depends fi rst on the size of the pre-tectonic dia-
piric bodies, particularly on their initial height with 
regard to the total sedimentary section, and secondly 
to the attitude of its wall.

Tall diapirs drastically weaken the sedimenta-
ry column, and localise the shortening, thus increas-
ing their wall dips and height before the main thrust 
faults form. Th us such diapirs may never act as prefer-
entially oriented thrust planes. Instead, they will an-
chor a high angle sharp fold completely cored by salt 
(Fig. 12b1). Due to the general fold belt vergence, these 
tight folds will be progressively overturned, encourag-
ing the lateral extrusion of a salt glacier (Figs. 11c and 
11d). In such confi gurations, the salt plug appears to 
be located at the apparent termination of the fold, al-
though this termination does not correspond to a real 
pericline (Figs. 10 and 11c), a feature which is compa-
rable to the present distribution of Hormuz salt plug in 
the Fars Province (Fig. 2).

Small diapirs, with respect to the total sedimenta-
ry column thickness, do not modify the strength of 
the section which then develop classic fault bend folds. 
Th ese are cored by the detached and passively trans-
ported diapirs. Th e initial wall dip, i.e. low-angle wall 
of a pillow or high-angle wall of a fi nger-like diapir, 
controls whether the thrust fault is rooted either at the 
top or else the base of the diapir (Figs. 12b2 and b3). In 
the former case, the salt will drape the thrust plane. In 
the latter case, a large salt core is transported, and its 
ascent and extrusion may be reactivated as a response 
to shortening, leading to doming of the fold (fi gure 
11e), and facilitated by erosion (Fig. 11d).
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Abstract. This paper discusses the geodynamic evolution of 
the Makran accretionary prism from a new fi eld investigation 
in the Pakistani area and from the interpretation of repro-
cessed seismic lines in the off shore area. The fi eld reconnais-
sance has provided new structural data about the general 
structure of the prism and a rejuvenated stratigraphic chart 
based on new datings. This work outlines that the sediment 
input in the Makran originated from various origins during 
Cenozoic times: (1) direct infl ux from the Indus River convey-
ing eroded series from the Indian shield or Himalayas, (2) 
strong erosion of the growing inner prism. En-échelon elon-
gated anticlines which are cross-cut by strike-slip faults devel-
oped along the eastern Makran Range. Recent out-of-se-
quence thrust propagation has been evidenced in the 
onshore area in relation to recent erosion. A large un-de-
formed platform responsible for a huge trap for sedimenta-
tion developed during Miocene and Pliocene times between 
the emerged part of the Makran and the off shore active com-
pressive front. The internal architecture of the prism is also 
strongly infl uenced by the propagation of the deformation 
within secondary décollement levels. These upper detach-
ments are hosted within the Miocene slope-to-basin pro-
grading wedges, upon which a recent normal growth fault 
system developed in the near off shore area, at the same time 
when compression occurred at the front of the prism.

1 Introduction 

Th e main challenge in oil exploration of convergent 
fold-and-thrust belts and accretionary prisms is to 
identify the chronology of the deformation and to pre-
dict the location of the traps having the maximum of 
duration and preservation. In many natural exam-
ples (Assam, Colombian fold-and-thrust-belts, Sinu, 
Makran accretionary prisms,...), the location of bur-
ied anticlines below un-deformed series coincides 
with high sedimentation rates, while shortening pro-
cesses were active. Th e scope of our project was to in-
vestigate the Makran accretionary prism in Pakistan 
and the nearby triple junction, through structural 
and sedimentological studies, as well as fl uid dynam-
ics evaluation. Th e triple junction joins the Arabian, 

Eurasian and Indian plates and corresponds to the 
connection between a subduction zone (Makran ac-
cretionary prism), a transform fault system (Chaman-
Ornachnal) and fi nally, an intra-oceanic transtension-
al feature (Murray Ridge) bordering to the East the 
stretched continental Indian crust.

In the Makran accretionary prism, the transition 
between the emerged part of the Makran and the off -
shore compression front is expressed by a wide un-
deformed platform, representing a huge sedimentary 
trap during Mio-Pliocene times. Th is large sediment 
input could have various origins through time:

1. Direct infl ux from Indus River conveying eroded 
series from Indian shield or Himalayas.

2. Strong erosion of the inner parts of the growing ac-
cretionary prism. Both the spatial distribution of 
loading and the type of sediment transfer (diff use 
or locally concentrated as in deltas) play a major 
role in the structural evolution.

In order to assess the consequences of the migration 
of the Indus paleo-delta since Miocene time on the 
tectonic structure of the Makran accretionary com-
plex, we conducted an onshore fi eld survey in early 
2001 along the coastline and two transects. Th e study 
of the structural style, as well as depositional environ-
ment was the main objective of this survey. A second-
ary objective was to locate and identify the origin of 
the shale mobilization in the cores of large anticlines 
and/or expulsion in mud volcanoes, linked with fl u-
id overpressures at depth, which are supposed to be 
the main driving processes for mud volcanoes. In this 
paper, we present an update of the Makran onshore 
geology based on our fi eld data combined with inter-
pretations of remote-sensing satellite data (Landsat 7) 
and interpretation of three reprocessed seismic lines. 
Th e results are synthesized as an updated stratigraph-
ic chart based on the new ages obtained during our 
fi eld survey and two synthetic geological transects. In 
a companion paper (Ellouz et al., this issue), we focus 
our attention on the off shore area by presenting strik-
ing results of our 2004 research cruise CHAMAK, ini-
tially planned in 2001.
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2 Geodynamic Setting and Tectonic Evolution

Present-day architecture of the Makran accretionary 
prism results from the subduction of the Arabian sea 
ocean fl oor, composed of Arabian and Indian oceanic 
and stretched continental crusts, beneath the Afghan 
block microplates, now accreted on the Eurasian con-
tinent (Fig. 1).

Subduction started during Late Cretaceous times, 
as testifi ed by the initiation of the Chagai volcanic arc 
(Arthuron et al., 1982; Dyskstra et Birnie, 1979). Th e 
northward subduction of the oceanic parts of the Ara-
bian and Indian plates took place aft er a period of re-
organisation and collision of the various micro-blocks 
with Eurasia, forming the overriding so-called Eur-
asian-Afghan plate (Farah and Dejong, 1984; Iqbal 
and Shah, 1989).

Th e age of the basement below the North Arabi-
an Sea remains uncertain due to the lack of magnetic 
anomalies. From the paleogeographic reconstructions 
Miles and Roest, 1993; Miles et al., 1998; Sharland et 
al., 2001; Royer et al., 2002), the oceanic crust is in-
ferred to be of Cretaceous age, or possibly Jurassic to 
the East taking into account the Late Jurassic anom-
alies along the Eastern African margin (Gnos et al. 
1997, Roeser et al. 1996).

Th e progressive closure of the gap between Eur-
asian-Afghan and Indian plates, as well as the tectonic 
involvement of the sediments deposited in the trench, 
resulted in the migration of the front toward the South 
and the Southwest, and consequently, the migration 
to the South of the paleo-Indus delta and fan (i.e. the 
main sediment supply during Paleogene and Miocene 
times; Hunting Survey 1956, Coumes and Kolla 1984, 
Clift  et al. 2001, Clift  et al. 2002).

Fig. 1. Present-day tectonic plate setting around the Makran accretionary prism
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Th e last stage, covering Neogene times, is related 
to the oblique convergence between Afghan and Indi-
an plates, which is accommodated along the left -later-
al Chaman-Ornachnal transform zone (Lawrence and 
Yeats 1979, White 1979, Lawrence et al. 1981, White 
1982, Kazmi 1984, Patriat and Achache 1984, Scotese 
et al. 1988, Minshull et al. 1992, Kazmi and Jan 1997, 
Fournier et al. 2001). During this period, the Sulaiman 
and Kirthar ranges developed (Jadoon 1995, Ellouz et 
al. 1994, 1995) creating a NS topographic high, which 
induced the de-localization of the Indus River far-
ther to the East (Coumes and Kolla 1984, Critelli 1990, 
Garzantie et al. 1996, Qayyum et al. 1997).

Convergence between Eurasian accreted micro-
plates and Arabian-Indian plates has been permanent 
since Upper Cretaceous (White 1982, Schlich 1982, 
Farah et al. 1984, Byrne and Sykes 1992, Edwards et 
al. 2000, Fruehn, McCall 2002), but it has changed in 
rates and direction. Th e main variation in the conver-
gence rates and vectors occurred during Oligocene 
time (Fournier et al. 2001, Leroy et al. 2004) and is re-
lated to the opening of the Aden Gulf. African plate 
dislocation resulted 1) in the northward motion of the 
Arabian plate, and later to a major compressive event 
in the Zagros, 2) in a rotation of the subducting plates, 
3) in the oblique extension along the Murray Ridge, 
and as a result 4) in an along-strike variation of sub-
duction velocity during Miocene times, due to the col-
lision in western Zagros.

Th e present-day architecture, at a crustal scale, 
shown in Fig. 2, (Platt et al. 1985, Fruehn et al. 1997, 
Kopp et al. 1999; Fig. 2, adapted from Byrne and Sykes 
1992, Bijwaard et al. 1998) of the onshore area of the 
prism suggests a progressive strong slowing-down, or 
even a stop, of the deformation in some areas since 
Pliocene, which could have eff ected an apparent dis-
continuity in the convergence (either in velocity or di-
rection) processes. Th is is expressed by the develop-
ment of a large nearly un-deformed platform, running 

along the Makran actively rising coastline. In fact,, the 
deformation front shift ed progressively through time 
to the south, as well as the platform developed between 
the two zones where compression processes were very 
active, the inner and the frontal parts of the prism.

3 Existing Data 

Th e fi eld and analytical work have been based on the 
geological maps published by the Hunting Survey 
Corporation (1956), and on some small-scale maps ex-
tracted from published papers (Lawrence et al. 1981, 
Arthuron et al. 1982, Legett and Platt 1984, Harms et 
al., 1984).

Only few exploration wells were drilled in the 
coastal Range (Fig. 3). Th ey stopped within the Mid-
dle Miocene (poorly dated according to fi eld reports 
from DGCP). On the continental shelf of the Pakistani 
Makran, few wells have been drilled a long time ago. 
Th ere are only few calibration constraints from these 
wells, as the oldest formation reached has been dated 
either Pliocene or Latest Miocene (questionably). We 
did not have access to data of the two recent wells of 
Pasni and Gwadar drilled by the Ocean Energy com-
pany, located on the shelf edge. Th anks to DGCP, we 
had an overview on the scattered seismic information 
on the Coastal Range, and on some recent off shore 
seismic lines.

A structural interpretation is proposed in Figs. 
4 a & b, which synthesizes the fi eld observation and 
the interpretation of remote sensing images over the 
whole Makran Range.

We also reprocessed the CEPM (1977) Indus NW-
SE off shore seismic profi les available in the front of the 
accretionary prism. Th e off shore frontal zone, present-
ed here, has been interpreted from these reprocessed 
lines. Over the shelf, a couple of already published 
seismic profi les (White 1982, Harms et al.,1982; Min-

Fig. 2. Crustal section over Pakistani Makran
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Fig. 3. Main tectonic units of the Pakistani Makran; location of the existing data, and of the cross-sections and seismic profi les an-
alyzed
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shull et al. 1992, Kopp et al., 2000) have been also re-
interpreted. Th is study benefi ted also from fi eld data 
interpretations in the Coastal Range, and in off shore 
Pakistani Makran, published in Harms et al. (1982), 
Legett and Platt (1984), Platt et al. (1985), Minshull et 
al. (1992), Weidicke et al., (2001) and Gaedicke et al., 
(2002). 

4 Regional Investigation and New Data

From the Kech Band, north of Turbat valley (Fig. 3) to 
the Coastal Range to the South, a fi eld reconnaissance 
has been carried out with the logistic support of the 
Geological Survey of Pakistan. 

South of Maschkel Basin, the main structural units 
of the Makran prism have been investigated. From 
North to South, the involved sedimentary series be-
come more recent: Paleogene-Early Miocene in Kech 
Band, up to Early Pleistocene in the external part of 
the Coastal Range. Th e Pliocene and Pleistocene series 
developed mainly off shore, on the platform and in the 

frontal part of the prism. During the fi eld reconnais-
sance, it has not been possible to sample the Paleogene 
series in the eastern part of the Kech Band.

In order to calibrate, as much as possible the stra-
tigraphy, an extensive sampling has been done, from 
which numerous nanoplankton dating allowed to re-
fi ne the stratigraphic chart of this area and to compare 
with the adjacent Indian margin. Finally, we propose a 
chronology of the deformation and the maximum ero-
sion phases, deduced from reworking through time.

4.1 Stratigraphy of the Pakistani Makran Area

Th e presented results are based on the investigation 
of calcareous nanofossils from 240 samples. Th ey were 
taken in the accretionary prism along the coastal and 
central Ranges and within depressions (up to Kech 
the Band toward the North). Th e formation names we 
used are the same formations which were introduced 
on the Geological map of Pakistan (1956) in which the 
age determinations were based on foraminifers or sim-

Fig. 4a. Structural scheme based on remote sensing interpretation and fi eld observation. Central part of the Pakistani Makran, 
where pure convergence mechanisms are inferred
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ply deduced from the stratigraphic position within the 
series. Th ese ages were generally older than those de-
duced from calcareous nanofossils (this study, see Ap-
pendix ). Formerly, biostratigraphic schemes were also 
given by Harms et al., (1984) and Raza et al. (1991). 

A new regional stratigraphic chart is shown in 
Fig. 5, sample location and age datings are detailed in 
the Appendix. Field pictures of the diff erent forma-
tions from Middle Miocene to Pliocene are shown in 
Figs. 6 a to f.

Th e Hoshab formation ranging in age from Late 
Oligocene (Zones NP 24–25) to Early Miocene 
(zones NN1–3) is the oldest dated series in the 
Makran prism. Th is formation is exposed in the 

Mand area, along and close to the road from Hoshab 
to Panjgur (Fig. 3). Th e dating is not very precise in 
Early Miocene, because index fossils are extremely 
rare. Nevertheless, it is possible that the lowermost 
part of the Miocene is marked by a hiatus. Th e 
Hoshab formation, composed of calcareous mud-
stones with intercalation of sandstones, was depos-
ited as a turbidite system in a relatively deep marine 
environment.
Th e Panjgur formation, Middle Miocene in age 
(NN5–6), has a wide distribution in the coastal area 
and in the central prism. Th e nannofossils are gen-
erally rare to few, and become common only within 
few samples, only the more resistant species being 
preserved.

Fig. 4b. Structural scheme 
based on remote sensing 
interpretation and fi eld 
observation. Eastern part of the 
Pakistani Makran, where 
dominance of the oblique–slip 
convergence prevailed, 
generating transform faults 
which migrated southward 
through time as the tectonic 
prism progressed (Ghazaband 
fault is older than Ornachnal 
fault)
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 It consists in turbidites deposited in deep environ-
ment, with slightly greenish micaceous sandstones 
(Fig. 6a). Th e intercalated mudstones oft en show a 
rather strong schistosity. Th e series is characterized 
by numerous channels with mud pebbles at the 
base. Th e Middle Miocene sandstones are charac-
terized by current ripples (Fig. 6b), fl ute casts and 
Zoophycos-Ichnofacies tracks (Fig. 6c), indicating 
deepwater depositional setting, as previously out-
lined by Harms et al. (1984). Th ere are few reworked 
species from the Upper Oligocene indicating that, 

at this time, erosion took place from uplift ed inner 
parts of the prism.

 Th e Parkini formation, has a wide distribution 
along the coastal range, well exposed along the road 
from Pasni to Turbat. Th e formation is generally 
rich in nanofossils representing a complete Upper 
Miocene series (Zones NN9 to NN11). It consists of 
mainly light-grey fi ne grained and less consolidated 
mudstones, with very fi ne-grained thin sandstones 
beds. Th e rare small and smooth channels which 
occur within the upper part of the formation, indi-
cate a decreasing water depth. Reworked species 

Fig. 5. Regional stratigraphic chart and correlation with the North Kirthar Range: based on new nanofossil dating for the Makran 
(details in Appendix)
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from the Cretaceous, Paleogene and Middle Mio-
cene (NN5) become frequent. Th e Cretaceous and 
Paleogene reworkings most probably were trans-
ported from the Kirthar Range (from East), where 
the same associations have been recognized from 
the Sembar series, whereas the Neogene species 
clearly originated from the previously uplift ed In-
ner Miocene Makran prism. Th e sediments were 
deposited on an upper slope to outer shelf domain 
(Fig. 6 d & e).

 Th e Pliocene Hinglaj formation is composed of 
light-grey mudstones and fi ne-grained sandstones. 
It is well exposed in the eastern part of Makran (Fig. 
6f). Th e sediments are very rich in reworked species 
from the Cretaceous to Upper Miocene, but autoch-
thonous fossils are rare to few, probably due to dilu-
tion by reworking. Index fossils, like Discoasters, 

are missing due to deposition in a shallow environ-
ment, thus a precise dating is not possible.

 Th e Chatti formation from Lower Pleistocene (Zone 
NN 19) is exposed along the coastal road in the East 
of Makran. Th e series consists of siltstones and fi ne-
grained sandstones. Nanofossils are common, indi-
cating a middle-outer shelf environment.

4.2 Sedimentary Sources 

Th e eastern Makran chart given in Fig. 5 is compared 
with the one of the Kirthar Range (Ellouz et al. 1994, 
Ellouz et al. 2002, Müller 2002). Taking into account 
the relative motion between Indian and Arabian plates, 
with an average velocity of 1 cm/a from the end of Ear-
ly Miocene to Present (aft er the opening of the Aden 

Fig. 6. Field illustrations (location in Fig. 4a) from a Middle Miocene basin turbidite, Panjgur fm in north coastal range close to 
Pidarak, b current ripples in Middle Miocene, and c Zoophycos-ichnofacies in Middle Miocene turbidites, indicating deep-water 
depositional setting both b& c from Panjgur fm and located in the Kech band (north of Turbat), d Mid- Miocene (above the thrust) 
to Late Miocene contact close to Talar Syncline, e Late Miocene facies (Parkini fm) and deformation in coastal range close to Pas-
ni, f Pliocene nearshore sandstones in the Talar syncline

a
b

d
c

e
f
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gulf), and 5 cm/a (before this time), the North Kirthar 
and Makran areas were approximately at the same lat-
itude during Early Miocene time, (20 Ma ago).
Th is study shows that, before Middle Miocene, there is 
no evidence of any Cretaceous reworking from the In-
dian Plate. Th is could also be due to the scarcity of fos-
sils. During late Miocene time, the input from two dif-
ferent areas has been identifi ed: 

1. Abundant reworking from Cretaceous to Eocene 
shows an important transport coming from the 
east, indicating a “Paleo-Kirthar” origin.

2. At the same time, the occurrence of Middle Mio-
cene species (NN5) outlines the beginning of the 
erosion of the Miocene part of the Makran prism, 
since marine sediments of this age are unknown 
in the Pakistan Ranges bordering the prism to the 
East (Kirthar, Sulaiman Ranges) where only conti-
nental series were deposited.

During Pliocene time, the prism was growing and 
propagating southward, accreting more recent sedi-
ments which have been then uplift ed and eroded. Th is 
process is evidenced by the appearance of Late Mio-
cene reworked marine species and an increase of the 
reworking in Pliocene sequences.

Th e north-south distribution of the depositional facies 
and the evolution of the prism along dip are shown 
in Fig. 7. It also shows the appearance of younger dé-
collement levels, gradually appearing above the bas-
al one with the migration of the prograding wedges to 
the south.

5 Regional Sross-Sections

Two regional sections have been analyzed during a 
fi eld trip in February 2001: one is located in the area 
of frontal convergence (N-S section from Turbat to 
Pasni), whereas the second one is covering the eastern 
Makran and the transform zone (E-W section from 
Awaran to Bela and Pab Range). Th e major units of 
the Makran prism are outcropping and were observed 
from Bit (in the Kech Band, Fig. 4a) toward the south 
and the east. On the off shore frontal part of the prism, 
scattered seismic data acquired by CEPM in 1977 (IN-
DUS profi les), have been also reprocessed and ana-
lyzed. Th e N-S section have been extrapolated to the 
off shore shelf area on the base of a modifi ed seismic 
interpretation of the Gwadar profi le (Harms et al., 
1988). 

Fig. 7. Tectonostratigraphic chart along the frontal part of the prism (not corrected from the deformation)
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Figures 4 a and b present regional views and struc-
tural interpretation of the central (4a) and lateral east-
ern (4b) parts of the prism, which cover the two sec-
tion areas.

5.1 N-S regional Cross-Section 
 from Turbat to Pasni

Th e section runs from the Kech Band (Fig. 8), north 
of Kech-Turbat valley, to the southern off shore plat-
form, which is located onshore 100 to 150 km north of 
the off shore deformation front. Since only few onshore 
anticlines have been investigated by seismic acquisi-
tions along the Coastal Range, and poorly calibrated 
by old wells (Fig. 3), we also based our along-strike in-
terpretation and correlation on detailed remote-sens-
ing studies.

In the coastal Makran Range, to the south, defor-
mation is characterized by elongated southward verg-
ing E-W anticlines. Th e deformation propagates along 
a basal detachment level close to the top of the oce-
anic crust, and probably located within Cretaceous 
to Paleogene deep marine series in the western part 
of the prism. Along the coastline the large synclines 
(such as the Kulanch syncline) are still preserved, be-
tween zones where the highly deformed Late Miocene 
Parkini formation is outcropping. Strong disharmo-
ny and propagation on secondary décollement lev-
els within the Late Miocene turbidites, is particularly 
well exposed onshore by the development of imbri-
cate fold-and-thrust system clearly expressed on satel-
lite images (Fig. 4a). Close to the coastline, structures 
are locally overturned along backthrust faults, which 
rooted within this shallow detachment. It is therefore 
diffi  cult to estimate correctly the initial thickness of 
the Parkini sequence.

5.2 E-W Regional Cross-Section 
 from Bela to Awaran

Laterally, to the east, the thickness of the Late Miocene 
formations is increasing and the basal detachment 
jumps to younger levels. Figure 9 details the structural 
style, from Turbat-Kech valley (West) to Awaran and 
running over the Bela depression up to the Pab Range 
(East). At the surface, from west to east, it joins suc-
cessively an “imbricate fold-and-thrust” zone to larg-
er folds and thrusts close to the transform fault sys-
tem in the east.

Th e change in structural style along the section 
outlines the total decoupling between the large wave-
length anticlines in the Lower-Middle Miocene se-
quences and the near-surface imbrications, in which 
the whole latest Middle-late Miocene series are in-

tensively folded and repeated several times locally. 
Th is easternmost part of the prism has been strong-
ly controlled by the transpressive left -lateral transform 
movements related to the long-way northward migra-
tion of the Indian plate with respect to Asia, since Pa-
leogene time.

Two major strike-slip N-S fault systems develop 
within the Makran prism, the Ghazaband and the Or-
nachnal faults (Fig. 9). Th e Ghazaband fault, which 
ends southward in the eastern coastal range, was active 
during the Late Miocene, while the Ornachnal Fault is 
still active and joins the off shore triple junction. Con-
sequently, deformation has adapted to strain-parti-
tioning processes here. Onshore, close to the Bela de-
pression, the development of “en échelon” folds, oft en 
associated with mud volcanism processes (Delisle et 
al. 2001, Wiedicke et al. 2001), suggested an overpres-
sure regime at depth. Th ese structures have extend-
ed off shore, as expressed on seismic data and by the 
emergence of the new off shore Malan Island in 1999 
(fi g 3). Not far south of this area, off shore, the north-
ern fl ank of the Murray Ridge is starting to be under-
thrust below the prism (Fig. 10). Th e connection with 
the Indian plate now subducting or colliding oblique-
ly below the Bela depression area, is illustrated on the 
section (Fig. 11).

5.3 Schematic General Cross-Section 
 for the Makran Accretionary Prism

A conceptual general cross-section is proposed for the 
central Makran in the Fig. 13. It is based on the fi eld 
observation, remote sensing interpretation and results 
from the two sections analyzed above. Th ese sections 
are characterized by:

 A basal décollement level located within Paleogene 
(minimum age attested by the fi eld analyze along 
the Kech Band) or probably hosted more deeply in 
older series (Cretaceous, which is supposed to be 
the age of the fi rst deep marine deposits on the oce-
anic crust, in this part of the Makran). Th is sole de-
tachment deepens progressively from 6–8 km at the 
deformation front (from seismic interpretation, 
Figs. 11 & 12 ) down to 11–12 km depth onshore in 
front of the central Makran Range (north of the 
Turbat Valley, deduced from section interpretation 
and restoration).

 A tectonic style strongly depending on the litholog-
ical nature of the sediment succession, which is 
controlled either by the regional or local deposi-
tional environment. Before late Miocene, the paleo-
depositional model looked probably similar to the 
present-day one, illustrated on the off shore seismic 
line 11 (Fig. 11). When the amount of massive sand-
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stone deposited in channels was important, large 
anticlines developed above thrusts or back-thrusts 
deeply rooted (which is the dominant style in the 
central Range). When pro-delta silts and shale se-
ries were involved within deformation, the tectonic 
processes where isoclinal folding dominated 
(Fig. 8).

 Th e occurrence of a secondary décollement level 
within the slope series, linked with sedimentary 
progradation. At, or close to the coastal shelf area, 
the Late Miocene slope series (Parkini formation) 
have disharmonic behaviour with respect to the 
older ones, inducing a local disconnection between 
surface and deeper structures. Th ese very fi ne-
grained series show commonly a disorganization of 
the initial stratigraphic layering. Liquefaction pro-
cesses are observed in several localities notably 
along the coastal range. Combined with deep gas 
discharge, solid particles issued from the Parkini 
mobile formation are commonly expelled by mud 
volcanoes (Fig. 13).

 Th e role of the transform system in the structural 
evolution of the “en échelon” elongated anticlines 

along the eastern Makran Range, which are cross-
cut by strike-slip deep-rooted faults.

 Th e development of out-of sequence thrusts be-
tween Coastal and Central Makran Ranges in Pak-
istan. Th e asymmetry of the Kech-Turbat Valley, 
south of the Kech Band, characterizes the present-
day activity along an out-of sequence thrust fault 
(Fig. 4a ).

6 A View from Analogue Modelling 
 of the Coeval Extension Processes
 in a Pure Convergent System

Th e Makran coastal range is characterized by folding 
and thrusting processes, expressed by a huge and rap-
id uplift  of the coastline. Th e coeval southward migra-
tion of the coastline can be evidenced even at an his-
toric scale as shown by archeological observations on 
Ichthyophage paleo-villages founded some ten kilome-
tres north of the present-day coastline location (R. Be-
zanval archeological team, personal communication). 
Th e active rising-up of Ormara and Gwadar tombo-

Fig. 10. Structural sketch of the Pakistani Makran
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los outlines the tectonic shortening at depth, resulting 
in a passive uplift  of the Pleistocene piggy-back levels. 
Normal faulting is also present, and is expressed, ei-
ther by small off set normal faults or by large, deeply 
rooted growth faults developed by gravity sliding over 
detachments probably associated to local overpressure 
conditions at depth (Fig. 13). Th is normal faulting ac-
tivity has been described also in the Iran part of the 
Makran (Grando & Mclay 2006). Along the coastal 
ranges, shale tectonics is very active and is associated 
with the local development of mud volcanoes. Th ese 
mud volcanoes are located along the anticlines or the 
main faults, relating pressure instability at depth. 
Th e impact of high sedimentary rates in these areas 
through time play a major role in these processes.

6.1 Control of the Boundary Conditions
 from the Sedimentary Input
 in the Pakistani Makran

Before Pliocene time, the main sedimentary input was 
driven either by the Indus River (mainly the growing 
Himalayas) or by the Indian basement. Th e trench as-
sociated with the subduction was progressively fi lled 
with these erosion products. Th e major part of the sed-
iments was at that time conveyed by the paleo-Indus 
River and deposited in the available space (i.e. the sub-
duction trench and a narrow ocean between Afghan 
and Indian plates).

Fig. 12. Interpretation of the NW-SE reprocessed CEPM seismic Line: INDUS 11

Fig. 13. Regional schematic cross-section over the central Makran prism
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From Late Miocene time to Present, and related to 
the rising topography of the Kirthar and Sulaiman 
Ranges to the east, the Indus delta and fan system have 
been deviated south of Karachi, whereas now the main 
off shore sedimentation develops on the Indian Plate, 
south of a prominent off shore structure, the Murray 
Ridge. Th e growing Makran prism is located north of 
the Murray Ridge. Since late Miocene, most of the sed-
iment input is derived from the erosion of the prism 
and is delivered from the north either from small non-
permanent rivers, or through a diff use distribution.

In Fig. 14, the huge late Pleistocene progradation 
over previously deformed thrusts induced a delocal-
ization of the compressive deformation, which re-
sulted in the migration of the front to the south and 
the development of out-of-sequence thrusts along the 
coastal range and the Turbat Valley.

6.2 Analogue Modelling: 
 Application to the Makran 

In order to identify and to understand the parameters, 
which guide the dynamics of the propagation and the 
locking mechanisms of the deformation, several ana-
logue models have been conducted. X-ray tomography 
analysis have been used to analyse the 3D deformation 
through time.

We tested several boundary conditions simulating 
the 3D architecture in a 60x40 cm experimental box, 
classically using sand powder and silicone putty as re-
spective analogues of brittle and ductile (décollement) 
layers.

6.2.1 Phase 1

Boundary conditions of the experiment (3 upper sec-
tions of Fig. 15 ) are characterized by a 2° dipping base-
ment, silicon-putty level (basal décollement) distribut-
ed all over the basement (2cm close to the backstop to 
1 cm thick along the distal edge), a sand wedge simu-
lating a progradation over 1/5 of the model (from 3 cm 
thick close to the backstop, to 1cm thick along the dis-
tal edge), a continuous 2 cm/hour rate of compression 
applied during the whole experiment.

Resulting from the compression applied to the 
backstop, a thrust front developed in the middle of 
the model at the slope failure, where sand/silicone ra-
tio is close to one. Normal faulting has been observed 
close to the backstop (partly due to a border eff ect) and 
even in the middle of the progradation A. Th ese faults 
are interpreted as a gravity accommodation due to the 
sedimentary loading imposed in the upper part of the 
model (representing an along-dip strong variation of 
the sand/silicone ratio, and in the nature represent-
ing a huge sedimentary deposition as deltaic progra-
dation).

6.2.2 Phase 2 

A second silicon-putty level has been deposited from 
the mid-slope, over the primary thrust front to the dis-
tal edge, on half part of the model defi ning two do-
mains in the model: one with one décollement (Fig. 15, 
left  side), and a second with two décollements (Fig. 15, 

Fig. 14. Interpretation of the reprocessed N-S seismic profi le re-interpreted from Harms et al. (1988) along the platform south of 
Gwadar
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right side). Th is step was followed by the deposition of 
a second prograding wedge all over  the model (2 low-
er sections of Fig. 15).

In the one décollement domain of the model, the 
thrust propagation is a forward continuous process. 
Primary thrusts have been deformed before new ones 
developed progressively away from the backstop, up to 
the distal edge. Th e primary normal faults were only 
slightly rejuvenated.

In the two-decollement domain of the model, the 
primary thrusts became inactive while deformation 
propagated diff erently on the basal and upper detach-
ments. On the upper detachment, a new thrust front 
was created which involved the upper sand sequence. 
At the surface, other gravity normal faults started de-
veloping (rooted on the silicone up-dip border). Th e 
resulting shortening linked to compression applied to 
the backstop is homogeneous all over the model, but in 
the upper part of the two decollement part of the mod-
el, the total shortening accommodated also the gravi-
ty displacement.

We may summarize in four points the main results 
of the two decollement model as follows: (1) the partial 
or total “freezing” of the early front due to sedimen-
tary loading, (2) the development of a new compres-
sive front associated to décollement in the basal layer, 

(3) the coeval development of normal faults rooted on 
the upper décollement and, (4) a compressive surface-
front disconnected from the deep one.

In the two-décollement model we note a strong dis-
harmony between the deep and surface structures and 
a relation between the occurrence of the secondary 
décollement and the development of a second gravity 
normal fault zone (Fig 15b). From the analysis of this 
experiment, the normal faulting process becomes ac-
tive as soon as a critical downdip angle is reached at 
the top of the upper silicone level (secondary décolle-
ment). Analogue modelling evidences the role of a sec-
ondary décollement level on both style and propaga-
tion of the deformation.

7 Growth Model of the 
 Central Makran Accretionary Prism 
 (Pakistan)

Th e oldest sediments incorporated in the inner prism 
are Late Cretaceous/Paleogene in age. Th e central 
Makran Range (onshore) is mainly composed of a 
huge thickness of Late Cretaceous to Oligocene se-
ries, intensively deformed and eroded. Th e sedimenta-
ry depositional pattern has been driven by the Paleo-

Fig. 15. Evolution of the analogue sand/silicone model of an accretionary prism, developed on a 2° tilted basement, with anisopach 
sedimentary loading, simulating a prograding wedge during compression of 2 cm/h). Two experimental parts are shown: a with 
one basal décollement level; b with two décollement levels. Stage 1 (three sections above) have the same boundary conditions, dur-
ing Stage 2 a secondary décollement was introduced between the progradation A & B
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Indus input through time, since Paleogene. As in the 
onshore part where similar variations are registered 
from east to west in Mio-Pliocene series of the off shore 
part of the prism, the sedimentary nature and thick-
ness varies from east (channel-levees) to west (distal 
sands and mudstones) in Middle to Late Miocene se-
quences, suggesting that sedimentary transfer (chan-
nel pattern) and deposits (sedimentary lobes) have a 
rough east-west spatial distribution. Th is distribu-
tion style seems to be more complex since Late Mio-
cene times, where the later deposits originated main-
ly from the erosion products of the prism (Fig. 16), as 
shown by the marine Late Miocene fauna found in the 
Pliocene levels.

7.1 Along- Strike Variation of the Tectonic Style

Th e western Pakistani part of the prism (central sec-
tion, Fig. 4a), close to the Iran border, was developed 

in a frontal convergence setting, accommodating the 
low-angle subduction of the Cretaceous oceanic crust. 
Laterally to the East, oblique convergence prevailed. 
All over the prism, we observed strong lateral varia-
tions through time, of the sedimentary fi lling and of 
the deformation style. Th e periodicity, the orientation 
and the nature of the structures are guided by this sed-
imentary thickness variation, and by the related depth 
to décollement levels (Cretaceous, and intra-Miocene) 
as well. As the sedimentary pile is increasing eastward, 
the basal detachment jumps to younger levels (Fig. 9). 

7.2 Along-Dip Variations of the Tectonic Style

Th ree types of variation have been identifi ed respec-
tively related to:

1. Heterogeneities in the basement (Fig. 11 & 12). Sub-
duction of some oblique ridges, such as the volca-

Fig. 16. Hydrographic net and recent sediment input pattern in the Makran area
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nic Little Murray Ridge or the Murray Ridge -the 
later considered partly as stretched continental In-
dian crust, Fig. 3- (Gaedicke et al., 2002, Burgath et 
a., 2002), acted as rigid blocks and generated an up-
lift  of the frontal units due to stacking of tectonic 
sheets (Figs. 3 & 12).

2. Th e development of out-of sequence thrusting, 
when deformation was temporarily blocked at the 
front, (Figs. 8 & 13), either because of basement 
highs or also to strong sedimentary rates which 
could make the propagation of the deformation dif-
fi cult.

3. Th e disharmony and/or propagation of the defor-
mation along secondary décollement within the 
accretionary wedge. Coupled observations com-
ing from fi eld and analogue experiments, led to 
establish some refi nements in the evolution of the 
Makran prism. From the Inner to Outer zones of 
the central Makran accretionary prism, a concep-
tual growth model is proposed for the frontal con-
vergence domain (Fig. 17). 

At Present time, three domains can be distinguished 
from the inner domains toward the tectonic front: 

 A wide uplift ed zone where tectonic thickening oc-
curred, composed of folds, thrusts and backthrusts, 
and at places out-of-sequence thrusting activity;

 A prograding domain, with minor deformation. In 
this area, the high sedimentary rates induced a rap-
id loading and progradation of the shelf edge. Th e 
resulting overpressure at depth induced the devel-
opment of many mud volcanoes. Due to the result-
ing gravity instability, growth faults developed, 
which are mainly rooted within the Upper Miocene 
Parkini formation; 
An active deformation front, propagating to-
ward the foreland abyssal plain, which trans-
ports passively the overlying accreted units as well 
as piggy-back basins, on the basal décollement.

Th rough time, the same organization type has been 
recognized from fi eld and seismic data interpretation. 
However, the location of individual domains has been 
shift ed laterally from one evolutionary stage to the an-
other one. For example, former growth faults devel-
oped straight above an ancient (now inactive) defor-
mation front, were subsequently transported passively 
until they were ultimately deformed and uplift ed. Since 

Fig. 17. Conceptual growth model of the Makran prism
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Eocene time, a continuous migration of the deforma-
tion zones and the related sedimentary wedges above 
previously deformed units is observed (Fig. 17).

Conclusions

Th e convergence processes in the Pakistani Makran 
can be considered as continuously active since the 
initiation of the subduction (late Cretaceous). Th e 
Makran prism has been initiated at least since Early 
Paleogene time for the internal part of the prism, and 
then deformation propagated to the south and south-
west. We still do not know exactly in which formation 
the basal décollement is hosted. It could be localized 
within Cretaceous in the eastern part of the prism or 
in the western part, close to the Iran border in old-
er formation even in Jurassic. In the southern cen-
tral range(central part of the prism) deformation was 
probably mainly active since Middle Miocene times as 
expressed by the fi rst marine reworking deposited in 
late Miocene sequences. In the onshore outermost part 
of the prism (Coastal Range), the fi rst clear evidence 
of deformation is marked by the strong amount of re-
worked material (nanofossils) since late Miocene time, 
in Pliocene series.

Th e eastern part of the prism, which is obliquely 
converging with the Pab-Kirthar Ranges is cross-cut 
by a transform system along which the Indian plate 
motion to the north is accommodated. Th ese deeply 
rooted transform faults migrated through times: Cha-
man fault, was active during Paleogene, Ghazaband 
fault was active during Miocene, and Ornachnal fault 
was active in Plio-Pleistocene times. Th e present-day 
off shore deformation is characterized also by oblique-
slip faults which post-date the thrust emplacement, 
and occasionally induces deep fl uids and mud mobili-
zation. Along the easternmost part of the frontal belt, 
onshore of the Bela depression, the marine Pleistocene 
up to the continental Holocene series, locally highly 
dipping, shows that deformation is still very active.
Th e strong along-dip and along-strike changes in 
tectonic style have been related through time to: 

1. external factors linked to geodynamics as chang-
es in velocity rates and direction of convergence 
due to re-organization along plate boundaries. Th e 
main changes are linked with the opening of the 
Aden Gulf, which results in the rapid northward 
and clockwise rotation of the Arabian plate since 
the end of the Paleogene. From that time displace-
ment velocity between the Indian plate and Ara-
bian one (both subducted) changed inducing the 
development of the transtensional Murray Ridge 
system.

2. internal factors linked respectively to: location and 
rates of sedimentation over the growing prism, 
the involvement of oceanic ridges in the subduc-
tion zone, and the activity of secondary décolle-
ment levels within the accretionary prism. Th e Pa-
leo-Indus conveyed sediments from Himalayas up 
to Middle Miocene times directly at the front of the 
growing prism. Since Late Miocene time, massive 
sedimentation from the PaleoIndus River were de-
posited south of a morphological barrier (Murray 
Ridge), and the prism was mainly fi lled by the ero-
sion products from the prism. Th e sedimentary pat-
tern (amount and location of the depocenters) is a 
very important factor, which has blocked locally the 
propagation of the deformation, and induced a re-
organization of the deformation sites (i.e. jump into 
younger décollement) generating notably the devel-
opment of out-of-sequence thrusts. Th e internal ar-
chitecture of the prism is also strongly infl uenced 
by the propagation of the deformation within sec-
ondary décollement levels (hosted in the slope and/
or basin shale prograding wedges) which generated 
growth  faulting.
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Appendix 1 
Main New Biostratigraphic Dating
(Nanofossils Determination).

Samples 4-3-1 (Haro anticline: 25° 30‘ 41.5“ N; 66° 05‘ 
4.4‘‘ W): Pseudoemiliania lacunosa, Gephyrocap-
sa oceanica and Helicosphaera carteri (Pleistocene 
age, zone NN 19). 

Samples B10-3 (26° 11‘ 21.5“ N; 66° 11‘ 55.3“ W), B10-4 
(26° 11‘ 11.3“ N; 66°11‘ 38.7“ W), B10-5 (26° 11‘ 16.1“ 
N; 66° 11‘ 07‘‘ W) and B10-7 (26°10‘ 21.6“ N; 66° 11‘ 
4.8‘‘ W; Hinglaj formation): Gephyrocapsa sp. and 
Pseudoemiliania lacunosa (late Pliocene to late ear-
ly Pliocene, zone NN 18-NN 15). 

Samples B10-6 (26° 10‘ 31.9“ N, 66°11‘ 2.1‘‘ W), B10-8 
(66° 11‘ 2.1‘‘ N, 66° 11‘ 2.1‘‘ W), B-10-9 (26° 9‘ 43.3‘‘ 
N; 26° 9‘ 43.3‘‘ W) and B11-3 (25°28‘37‘‘ N; 64° 22‘ 
26‘‘ W; Parkini formation): Discoaster quinquera-
mus (Upper Miocene,zone NN 11). 

Samples B11-8 (25° 30‘ 48‘‘ N; 64° 04‘ 07‘‘ W), B10-9 
(25° 30‘ 07‘‘ N; 63° 58‘ 50‘‘ W; Parkini formation): 
abundance of nannofossils of late Miocene age 
(zone NN 11).

Samples B12-2 (26° 16‘ 56‘‘ N; 65° 46‘ 31.2“ W; Parkini 
formation): abundance of nannofossils of late Mio-
cene age (zone NN 10).

Samples B12-3 (26°16‘ 56‘‘ N; 65° 46‘ 31.2‘ W; Pan-
jgur formation): abundance of nannofossils of early 
middle Miocene age (zone NN 5). 

Sample B12-4 (26°18‘ 34‘‘ N; 65° 42‘ 31.8‘ W; Panjgur 
formation): Sphenolithus abies, Sphenolithus het-
eromorphus, Cyclicargolithus abisectus, C. fl orida-
nus, Coccolithus pelagicus, Discoaster defl andrei 
and Discoaster exilis (early middle Miocene, zone 
NN5).

Samples 22-1 (26° 28‘ 01‘‘ N; 26° 28‘ 01‘‘ W) to 22-7 
(26° 27‘ 18.9‘ N; 65° 19‘ 39‘‘ W; Panjgur formation): 
Sphenolithus heteromorphus, Cyclicargolithus abi-
sectus, C. fl oridanus, Coccolithus pelagicus, Dis-
coaster defl andrei (early middle Miocene age, zone 
NN 5).

Sample A11-10 (25° 30‘ 07‘‘ N; 63° 58‘ 50‘‘ W; lower 
Parkini formation): Reticulofenestra pseudoumbil-
ica, Discoaster hamatus, D. calcaris, D. pentaradia-
tus, Catinaster coalitus (zone NN 9). 

Samples A12-1 (26° 24‘ 31.9“ N; 65° 34‘ 45.2“ W) to 
A12-6 (25° 20‘ 24“ N; 63° 25‘ 21“ W; Parkini Forma-
tion): Coccolithus pelagicus, Helicosphaera carteri, 
Sphenolithus abies, Reticulofenestra pseudoumbil-
ica, Discoaster brouweri, D. quinqueramus, and D. 
pentaradiatus (Upper Miocene, zone NN 11). 

Sample A12-7-1 (25° 24‘ 45‘‘ N; 63° 25‘ 32‘‘ W): Dis-
coaster calcaris and Discoaster bollii (late Miocene, 
zone NN 10).

Sample A12-8 (25° 24‘ 45‘‘ N; 63° 25‘ 32‘‘ W): Discoast-
er hamatus, Discoaster calcaris, D. neohammatus, 
D. bollii and D. brouweri (Upper Miocene, zone 
NN 9).

Samples 13-1 (25° 44‘ 27‘‘ N; 63° 22‘ 58‘‘ W): Discoaster 
brouweri, D. pentaradiatus, D. calcaris. Other spe-
cies include: Cyclococcolithus rotula, C. macintyrei, 
Sphenolithus abies, Reticulofenestra pseudoumbil-
ica, Helicosphaera carteri, Coccolithus palagicus 
(Upper Miocene, zone NN 10).

Sample 13-2 (25° 30‘ 14.8“ N; 63° 23‘ 39.2“ W; Talar 
syncline): Catinaster coalitus, Discoaster hamatus, 
D. bollii, D. calcaris, Cyclococcolithus macintyrei, 
and large sized Reticulofenestra pseudoumbilica 
(late Miocene, zone NN 9).

Sample 13-4 (25° 30‘ 14.8“ N; 63° 23‘ 39.2“ W): few 
nannofossils indicating a probable middle Miocene 
age (zone NN 5).

Samples 18-1 (25° 53‘ 02“ N; 63° 03‘ 57“ W) to 18-5 
(25° 55‘ 03‘‘ N; 63° 02‘ 34‘‘ W; Panjgur formation): 
Sphenolithus heteromorphus, Helicosphaera cart-
eri, Cyclicargolithus abisectus, Coccolithus pelag-
icus (middle Miocene, zone NN 5). 

Samples 15-3 (26° 15‘ 23‘‘ N; 62° 12‘ 47.1“ W) and 15-
4 (26° 14‘ 32.5“ N; 62° 12‘ 42.7“ W; calcareous silt-
stones and marls overlying a greenish tuff aceous se-
ries in the Mand area) : Cyclicargolithus abisectus, 
C. fl oridanus, Coccolithus pelagicus, Sphenolithus 
predistentus, S. ciperoensis, S. dissimilis, Discoast-
er defl andrei and Dictyococcites dictyodus (late 
Oligocene age, zone NP 24-25).

Sample 17-13-3 (25° 53‘ 01‘‘ N; 63° 03‘ 50‘‘ W): Dis-
coaster calcaris (late Miocene).

Samples 17-16 (26° 6‘ 30.2‘‘ N; 63° 12‘ 1.4‘‘ W) and 17-
17 (26° 6‘ 30.1‘‘ N; 63° 12‘ 1.3‘‘ W; Panjgur forma-
tion) : Sphenolithus heteromorphus (middle Mio-
cene, zone NN 5). 

Samples 19-1 (26° 27‘ 21‘‘ N; 63° 57‘ 07‘‘ W) to 19-8 
(26° 23‘ 57‘‘ N; 63° 59‘ 26.5“ W; Hoshab formation) 
Sphenolithus predistentus, S. ciperoensis, S. mori-
formis, S. conicus, S. dissimilis, Cyclicargolithus 
abisectus, C. fl oridanus, Coccolithus pelagicus, and 
Discoaster defl andrei. No species younger than late 
Oligocene (NP 25). 

Samples 20-8 (26° 07‘ 08‘‘ N; 64° 00‘ 59‘‘ W) to 20-
10 (26° 06‘ 30‘‘ N; 64° 01‘ 02‘‘ W; Panjgur forma-
tion) : Sphenolithus heteromorphus were observed 
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together with reworked species from the Oligocene. 
Th ey might belong to the early middle Miocene. 

Sample 21-1 (25° 57‘ 39.5“ N; 64° 13‘ 42.2“ W) : Sphe-
nolithus heteromorphus (early middle Miocene). 

Sample 21-4 (25°58‘ 5.1‘‘ N; 64° 13‘ 55.1“ W): Discoast-
er defl andrei, D. druggii, Sphenolithus belemnos, S. 
abies, Coccolithus pelagicus, and Cyclicargolithus 
abisectus (Miocene age, zone NN 3).

Samples 21-5 (26° 03‘ 26‘‘ N; 64° 01‘ 41‘‘ W) to 21-7 
(26°05‘12‘‘ N; 64° 01‘ 35‘‘ W): Sphenolithus hetero-
morphus (early middle Miocene). 

Samples B21-1 (25° 57‘ 39.5“ N; 64° 13‘ 42.2“ W) to 
B21-4-2 (25° 58‘ 5.1‘‘ N; 64° 13‘ 55.1“ W; Panjgur for-
mation): abundance of nannofossils of early middle 
Miocene age (zone NN 5). 
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Abstract. The Makran accretionary prism developed in the 
north-western part of the Indian Ocean as a consequence of 
the subduction of the Arabian Sea since Late Cretaceous 
times. It extends from southern Iran to the Baluchistan region 
of Pakistan where it joins the Chaman-Ornach-Nal left-lateral 
strike-slip fault systems to the north and the Owen Fracture 
Zone-Murray Ridge transtensional (right-lateral) system to 
the south in a complex triple junction near the city of Karachi. 
In September to October of 2004, we surveyed most of the ac-
cretionary complex off  Pakistan with R/V Marion Dufresne. 
We achieved a nearly continuous bathymetric mapping of the 
prism and the subduction trench from 62°30’E to the triple 
junction near 65°30’E together with nearly 1000 km of seismic 
refl ection (13 lines) and we took 18 piston cores in diff erent 
geological settings. One of the main results is that the frontal 
part of the Makran accretionary prism is less two-dimension-
al than previously expected. We interpret the along-strike 
tectonic variation as a consequence of lateral variations in 
sediment deposition as well as a consequence of the under-
thrusting of a series of basement highs and fi nally of the vicin-
ity to the triple junction. 

1 Introduction 

Th e Arabian Sea, possibly one of the oldest parts of the 
Indian Ocean, is now underthrusting beneath the Af-
ghan block, currently at the southern edge of the Eur-
asian plate. Th is subduction occurs between two major 
collision systems of the Zagros (Iran) and the Hima-
laya (Pakistan-Tibet). Th e subduction of this Arabian 
Sea lithosphere, composed of Arabian and Indian oce-
anic and transitional crusts (Miles et al., 1998), start-
ed at the end of the Cretaceous and resulted in the de-
velopment of the oblique Chagaï volcanic arc along 
the Pakistan and Afghanistan borders. Th e subduc-
tion system stops at a triple junction between the three 
Arabian-Eurasian-Indian plates located near Karachi 
city (Pakistan). Th is junction corresponds to the in-
tersection between the Makran subduction zone (Ara-
bia/Eurasia motion), the Chaman-Ornach-Nal left -
lateral transform fault system (India/Eurasia motion), 
and fi nally the Murray transtensional Ridge as a part 
of the Owen Fracture Zone right-lateral system (India/

Arabia motion). Th e Makran accretionary prism re-
sults from the northward motion of the oceanic crust 
(White and Klitgord, 1976; White, 1983; Minshull et 
al., 1992), with an average speed of 3 cm/year at pres-
ent. Large historic earthquakes, such as the magnitude 
8.2 recorded in November 1945 (Pacheco and Sykes, 
1992; Byrne et al., 1992), are clearly related to the shal-
low dipping inter-plate mega-thrust. Th e coseismic 
motion might be related to the episodic uplift  of small 
mud volcanoes rising up above the sea-level, confi rm-
ing an overpressure regime imposed at depth.

Our specifi c interest on the Makran prism was driv-
en by the following facts:

1. Over 60% of the accretionary prism is presently 
emerged, allowing a detailed structural study on-
shore as described in a companion paper (Ellouz et 
al., this issue).

2. Th e frontal part, located off shore, is where the most 
recent processes can be analysed, and seems to be 
more or less linear as far as it joins the transform 
fault systems. 

3. Th e sedimentation rates vary presently along strike 
and have been varying through geologic times.

4. Numerous fl uid and gas seepages are described 
both onshore and off shore, outlining high fl uid 
pressures at depth and suggesting fl uid circulation 
linked to both the high sedimentation rates and the 
overpressure due to horizontal deformation.

2 Geodynamic Setting 

2.1 Present-Day Plate Kinematic Setting

Th e present-day geodynamic setting of the Makran 
area corresponds to a northward subduction of the 
Arabian Sea beneath the Iranian and Afghan conti-
nental blocks resulting in large interplate thrusting 
earthquakes (Byrne and Sykes, 1992). Although they 
exhibit widespread seismicity, the overriding blocks 
can be considered as the southern edge of the large 
Eurasian plate. Th e western part of the downgoing 
Arabian Sea lithosphere belongs to the Arabian plate 
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whereas the eastern part is part of the Indian plate. Th e 
present-day plate boundary between the Arabian and 
Indian plates is running along the mostly strike-slip 
Owen Fracture Zone (Quittmeyer and Kafk a, 1984; 
Gordon and DeMets; 1989, Fournier et al., 2001). Th e 
plate boundary shows a nearly east-west bend along 
the Murray Ridge associated with extensional earth-
quakes before intersecting the subduction boundary 
west of Karachi city (Fig. 1a). Th is point corresponds 
to a triple junction with a connection to the north with 
the boundary between Eurasian and Indian plates that 
is mostly left -lateral strike-slip along two prominent 
faults: the Ornach-Nal fault system to the south-east 
and the Chaman fault to the north-west (Quittmeyer 
and Kafk a, 1984). According to traditional plate mo-
tion modelling, such as NUVEL-1a (DeMets et al., 
1994), the Arabian plate is moving at about 30 mm/yr 
toward the north (Figs. 1a & b). Although these tradi-
tional global models are in quite good agreement with 
the motions obtained from space geodesy (DeMets et 
al., 1994), the more recent instantaneous global mod-
els based on space geodesy (Sella et al., 2002) show a 
signifi cant diff erence in relation to NUVEL 1a in the 
velocities of the African and Arabian plates. Th is near-
ly 30% diff erence has been confi rmed when switch-
ing to ITRF2000 reference frame for both the African 
plate (Calais et al., 2003) and the Arabian plate (Vi-
gny et al., 2006). Th ese authors conclude that the two 

plates have slowed down during the last 3 Ma. In this 
paper, we favour the Vigny et al. (2006) model because 
it provides a better agreement with the observed de-
formation in the Murray Ridge area. We are not fol-
lowing Kukowski et al. (2000) who propose a new Or-
mara microplate between India and Eurasia, neither 
are we using the Reilinger et al. (2006) model who in-
troduce a Lut block moving independently from Eur-
asia. Figure 1a summarises the linear velocities along 
the three plate boundaries according to the three main 
models quoted above.

2.2 Plate Kinematics Since Late Cretaceous Times 

Th e present confi guration of the subduction zone re-
sults from a long lasting geodynamic evolution involv-
ing several major plate reorganisations since the break-
up of this part of the Gondwana at 157 Ma (Cochran, 
1988). Th e evolution of the plate motions in the stud-
ied area has been recorded in the Indian Ocean fl oor 
and can be divided in two main stages with respect to 
the Indian continent motion. In a fi rst sequence rang-
ing from Late Cretaceous (Albian) to the Middle Eo-
cene, the Indian plate is moving northwards at rela-
tively fast velocities (Norton and Sclater, 1979), both 
in terms of absolute motion and the motion relative 
to Eurasia (10 to 15 cm/yr from west to east) (Patriat 

Fig. 1. Present-day plate tectonics setting a Relative velocities of the Arabian plate with respect to the neighbouring Eurasian and 
Arabian plates. Th e arrows are the linear velocities computed from three recent models: the white arrows according to the “classi-
cal” Nuvel-1A model (DeMets et al., 1994) whereas red arrows correspond to the space geodesy model REVEL1 (Sella et al., 2002) 
and green arrows to a recent GPS based model from Vigny et al. (2006). White circles are Eurasian plate motion relative to fi xed 
Arabia and white diamonds are Indian plate motion relative to fi xed Eurasia; b Map of the major earthquakes focal mechanisms 
over the studied area. Hypocentres are represented in 4 depth intervals: 0-30 kms; 30-60 kms; 60-100 kms and >100 km. Th e earth-
quakes focal mechanisms are respectively represented by black shaded; dark grey shaded; light grey shaded and very light grey 
shaded compressive quadrants. Data are compiled from Quittmeyer, R. and Kafk a, A., 1984; Laane and Chen, (1983); Jacob et al., 
(1979); Byrne and Sykes, (1992) and from the Harvard CMT database

a b
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and Achache, 1984). Aft er a signifi cant increase in ve-
locity between chron 28 (approx. 61 Ma) and chron 22 
(49 Ma), the motion changed suddenly between chron 
20 (43 Ma) and chron 18 (39 Ma) to a slower and more 
northeastward one. Th is major change in the Indian 
Ocean spreading pattern is usually related to the on-
set of the collision between Indian and Eurasian con-
tinents (Patriat and Achache, 1984). More precisely, 
Patriat and Achache (1984) suggested that the change 
occurred in two stages: from chron 22 to chron 20, the 
relative motion slowed down along the same direction 
corresponding to the fi nal closure of the Neotethys. 
From chron 20 to chron 18, a complete reorganisation 
of the mid-ocean ridge system accommodated the in-
cipient collision with a major change in the spreading 
direction. Th e Indian-African plate boundary had a 
slightly more complex history. Th e spreading prior to 
the chron 28 (83 to 59 Ma) resulted in the Mascarene 
and Laxmi basins (Bhattacharya et al., 1994; Chaubey 
et al., 1998; Bernard and Munschy, 2000). Th e velocity 
increase of the Indian plate at chron 28 coincides with 
the jump of the spreading centre to a new location be-
tween the Seychelles-Mascarene Plateau and the Lax-
mi Ridge producing the Arabian Basin to the north 
and the Eastern Somali Basin to the south. Th e spread-
ing centres in a complex pattern of propagating rift s, 
the spreading rate decreasing from 7 cm/yr at chron 
22 to less than 2 cm/yr at chron 20 (Chaubey et al., 
2002). Aft er 43 Ma, the spreading centre had the pres-
ent-day confi guration of the Carlsberg ridge with a 2 
cm/yr rate. Th e last major change occurred at about 
17.6 Ma (chron 5d) as the Sheba ridge started to pro-
duce oceanic crust in the Gulf of Aden when the Ara-
bian plate started to drift  northeastwards with re-
spect to the African plate (Leroy et al., 2004). As stated 
above, the present-day plate boundary between India 
and Arabia is located along the Owen Fracture Zone 
(Matthews, 1966; Sykes, 1968; Quittmeyer and Kaf-
ka, 1984; Fournier et al., 2001) north of a complex tri-
ple junction (Fournier et al., 2001) and the whole sea-
fl oor underthrusting the Makran margin belongs to 
the Arabian plate. Th is plate boundary has probably 
been active since the onset of spreading in the Gulf 
of Aden in the Early Miocene (17.6 Ma according to 
Leroy et al., 2004). An open question remains regard-
ing the India/Africa plate boundary before that time. 
Th e simplest interpretation would be to use the same 
prominent sea-fl oor topography of the Chain Ridge 
and Owen Fracture Zone as the main transform sys-
tem. Several data sets however suggest that the pre-
Oligocene transform system was multiple with a large 
strike-slip fault zone located westward, closer to the 
southern coast of Oman (Mountain and Prell, 1989 
and 1990; Barton et al., 1990; Minshull et al., 1992). 
For example, the depth to basement in the Oman ba-
sin, sediment correlations from seismic profi les on the 

Owen Ridge, unidentifi ed magnetic lineations and 
the contrast in crustal thicknesses, all suggest that 
the Oman margin was a transform margin in the Late 
Cretaceous time to Early Tertiary times. As shown by 
Mountain and Prell (1989) and summarised in Mins-
hull et al. (1992), choosing one hypothesis or the oth-
er results in dramatic diff erences in the age of the sub-
ducting Arabian Sea basin.

2.3 Sedimentary Inputs Through Time

Another important factor determining the tecton-
ic regime of an active margin is the amount of sedi-
ments entering into the trench system (von Huene and 
Scholl, 1991; Le Pichon et al., 1992). In the present-day 
situation, most of the Himalaya-derived oceanic sed-
iments are trapped in the Indus fan and have very lit-
tle involvement in the Makran accretionary processes 
due to the presence of the Murray Ridge bathymet-
ric high. According to Qayyum et al. (1997), the de-
position of thick Himalaya-derived detrital sequences 
in the modern Indus fan did not start until the Ear-
ly Miocene (Fig. 2). Th ese authors propose relating the 
thick Eocene-Oligocene turbidites from the onshore 
Makran accretionary prism to the oceanic fan of a fl u-
viatile system known in Pakistan and Afghanistan as 
the Katawaz formation. Despite an apparent continu-
ity of the accretionary processes in the Makran prism, 
the geological history is clearly divided into two stag-
es. During the early times of the collision zone, the 
Makran prism grew by accreting the sedimentary 
products of the Himalayan collision zone through the 
shortening of a Palaeo-Indus deep sea fan more or less 
parallel to the paleo-trench. On the other hand, since 
the Miocene, the accretionary complex is mostly recy-
cling sediments coming from the erosion of the older 
prism and conveyed to the modern trench through a 
series of river and canyon systems.

3 Regional Investigation and New Data

3.1 Pre-Existing Data

Prior to our CHAMAK survey, some scattered swath 
bathymetric data were acquired with hydrosweep mul-
tibeam system during cruises SO90, 122, 123, 124 and 
130 of the German R/V Sonne (Kukowski et al., 2001). 
During the same SO123 (‘MAMUT’) cruise in 1997, 
wide-angle seismic data were acquired (Kopp et al., 
2000) completing the older seismic refl ection data set 
from the Cambridge group (White, 1976; White and 
Louden, 1983; Minshull et al., 1992). Th anks to a pre-
vious visit to DGCP, some of us had an overview of the 
scattered seismic information on the Coastal Range, 
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Fig. 2. Plate kinematics in a fi xed Eurasia reference frame and sedimentary inputs in the Arabian Sea since Eocene times. Recon-
structions have been made using the ODSN interactive facilities which are based on databases from Hay et al. (1999) (http://www.
odsn.de/odsn/services/paleomap/paleomap.html) and the Sedimentary bodies is slightly modifi ed from Qayyum et al., (1994). 
a Middle Eocene (45 Ma), onset of the Himalayan collision whose drainage results in the Khojak delta and the Katawaz fan. b Eo-
cene-Oligocene (33Ma). Th e previous delta & fan system is now mature. c Lower Miocene (20 Ma). Due to the onset of deformation 
in the western edge of the Indian continent, a new drainage system appears and results in the modern Indus delta and deep-sea fan 
system. d Upper Miocene (8 Ma). Th e system of the Owen Fracture and now active Murray Ridge is isolating the Indus fan from 
the Makran Trench, Th e old Khojak-Katawaz system is undergoing shortening in the Makran accretionary complex

and of some recent deeper off shore seismic lines. Over 
the shelf, a couple of already published seismic pro-
fi les (Harms et al., 1984) have been re-interpreted. Th is 
study benefi ted from the interpretation of reprocessed 
CEPM (1977) Indus NW-SE seismic lines (see Ellouz 
et al., this issue),

On the other hand, the calibration of the seismic re-
fl ectors is diffi  cult because only few exploration wells 

were drilled in the Pakistani Makran continental shelf 
off  the coastal Range. Most of these wells are very old 
and reached only the Pliocene or the Miocene strata at 
the oldest, with rather poor constraints on the strati-
graphic levels. Unfortunately, we had no access to the 
Pasni and Gwadar recent wells drilled by Ocean Ener-
gy company, both located on the shelf edge. 
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3.2 New Data from CHAMAK Cruise

CHAMAK Survey was a part of an integrated project 
which started in 2000 as a collaboration with the Geo-
logical Survey of Pakistan (GSP) and National Ocean-
ographic Institute of Pakistan (NOI). Th e fi rst step 
was a fi eld reconnaissance in the Makran accretion-
ary prism carried out with the logistical support of 
the Geological Survey of Pakistan, in February-March 
2001. Th e main results of this fi eld work are presented 
in a companion paper (Ellouz et al., this issue). CHA-
MAK cruise was initially planned to start in October 
2001. For political and safety reasons, the cruise has 
been delayed and fi nally was achieved in September 
and October 2004. We benefi ted from the participa-
tion and administrative support from the Pakistani 
navy. Th e off shore survey was conducted onboard 
R/V. “Marion Dufresne” operated by IPEV (Insti-
tut Polaire Paul Emile Victor) and was devoted to the 
mapping of the external part of the Makran prism off -
shore Pakistan. During the cruise, we covered a 65,000 
sq. km area with the multibeam echosounder Sea-Fal-
con. We combined these data with the existing hydro-
sweep resulting in a nearly continuous complete map-
ping of the continental slope between 62°30’ – 65°30’E 
& 23°–25°N (Fig. 3).

During the second part of the cruise, around 1000 
km of multichannel seismic lines have also been ac-
quired along 13 profi les. Th e seismic sources were pro-
duced by an array of 4 TI sleeve guns (total volume of 
about 110 cu in) and recorded by two short streamers 
(respectively a 100 m long 6-channel streamer and a 
180 m-long 18-channel one) allowing us to investigate 
the sediments down to 2.5 s (two way time) with a rel-
atively high spatial resolution on the seabed.

In order to constrain the present-day sedimentary 
pattern, 27 long cores (half of them with the Calyp-
so giant core) were acquired along the diff erent units 
of the prism, as well as in the abyssal plain and in the 
northern fl ank of the Murray Ridge. When possible 
these cores were also sampled for fl uids, water and gas, 
sometimes in-situ with the “Goldorak” piston core 
from A. Lügcke (BGR). 

Following the CHAMAK data acquisition cruise, 
along the Pakistani active margin, several studies were 
undertaken as parts of an integral project in the aim of 
understanding the construction of the Makran accre-
tionary prism. Among all the activities, the process-
ing and interpretation of multichannel seismic-refl ec-
tion lines, the 3.5 kHz profi les and the morphotectonic 
analysis of the multibeam bathymetry data, as well as 
the sedimentology, organic matter and gas analysis 
from the cores, represent the main lines of investiga-
tion. 

Th e purpose of this paper is to present a prelimi-
nary interpretation of some of the seismic lines and 
the results from the analysis of the multibeam bathy-
metric data, illustrating the various structural styles 
along the recent prism, as well as the main mecha-
nisms involved.

4 Morphology of the Recent Prism 

Th e swath bathymetry data acquired during CHA-
MAK survey allow us to obtain a good defi nition and 
image of the sea-fl oor morphology and the 3D geom-
etry of the submerged part of the prism, which was 
poorly documented east of Pasni. In the frontal part of 
the Makran tectonic wedge, thrust faulting is respon-
sible for the formation of accretionary ridges devel-
oped with more or less steep fl anks and variable length 
(White and Louden, 1983; Flueh et al., 1997; Fruehn et 
al., 1997; Kukowski et al., 2000). At a regional scale, 
the front of the prism looks rather two-dimensional 
with an along-strike steepening of the average bathy-
metric slope toward the east. Focusing on the fron-
tal part of the prism, it appeared that not only the ba-
thymetry profi le is shallowing to the east but also the 
size, the length, and the distance between each thrust 
is diminishing dramatically.

South of the deformation front, the sediments are 
deposited in a fl at and smooth trench, which is dis-
turbed by some prominent SW-NE trending bathy-
metric highs more or less buried, like the Little Mur-
ray Ridge close to 63°45’E; 24°10’N. Th e bathymetry 
shallows drastically on the fl ank of the northern Mur-
ray Ridge where “fossil” meandering channels are 
identifi ed, marking the southward migration of the 
distal course of the submarine part of the Indus Riv-
er (Fig. 3). Southward, the depths increase rapidly in 
several elongated basins, down to about 4500 m in the 
Dalrymple trough, representing the southernmost 
part of the transtensional boundary between the Ara-
bian and Indian plates (Quittmeyer and Kafk a, 1984; 
Edwards, 2000; Fournier et al., 2001).

East of 63°45’N, the accretionary ridges seem to be 
more sinuous and more prominent than in the area in-
vestigated during the 1997 MAMUT survey (Kukows-
ki, 2000) located west of 63°45’N. Consequently, the 
distance between each ridge is not constant along N-
S dip profi les and locally great variations can be ob-
served. Sinuosity is particularly spectacular for the 
frontal accretionary ridge and results in an indented 
shape of the prism deformation front (Fig. 3). More-
over the slope of the seaward fl ank of the frontal ridge 
is dependant on the distance between two ridges 
(Fig. 4a), for example becoming steeper where wave-
length decreases (Fig. 4b). 
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Th e entire off shore wedge is cut by a dense dendrit-
ic canyon network (Fig. 3) which is sometimes direct-
ly connected to the north with streams or small riv-
ers as Hab, Nal-Hingol or Dasht rivers, from east to 
west. One of the most striking morphological char-
acteristics of the Makran accretionary wedge is the 

amount of sediment removal by erosion. Many circu-
lar and linear slump scars can be distinguished along 
the entire prism. Th e fi rst ones are frequently clustered 
and generally cut a large portion of the ridges while 
the linear ones aff ect only the top of them. Major ero-
sion and sediment transfer processes are expressed in 

Fig. 3. Composite bathymetry map of the Makran prism using mostly Sea-Falcon multibeam data acquired during Chamak sur-
vey combined with the existing hydrosweep data (Kukowski et al., cruise report). Th e 13 seismic refl ection profi les acquired dur-
ing the cruise are located as well as the cores
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the bathymetry as these large sinuous canyons oft en 
are associated with circular slump scars. Th ey con-
sist in small canyons and gullies in the upper slope 
which rapidly coalesce into large canyons downslope. 
Th ey fl ow through the prism down to the trench where 
they incise into the abyssal plain sea fl oor. Th ese can-
yons usually cut perpendicular to the ridges but some-
times, when relief is too high, turn and run parallel 
to the ridges for several kilometres. Th e associated de-
bris fl ows have no obvious morphological expression 
at the sea fl oor, either because of the substantial hemi-
pelagic sedimentation (Prins et al., 2000) or because 
of a complete remobilisation of the sediment packets 
transferred to a wider area. 

5 Deformation Style of the External Central 
 (and Eastern) Makran  

Multi-channel seismic refl ection lines acquired dur-
ing the Chamak cruise, image the frontal part of the 
Makran accretionary prism, from the upper slope-
break to the abyssal plain. Seismic data show how 
shortening of ocean fl oor sediments from the con-
tinental slope, is achieved through imbricate thrust 
faults, forming an E-W oriented ridge network, to the 
front up to the easternmost salient close to the Bela de-
pression. Th e tectonic style is governed dominantly by 
a forward propagation of the deformation, expressed 
by off -scrapping of the sediment deposited in the fore-

Figs. 4. Close-up of the 
bathymetry at two diff erent 
sites located at the deformation 
front of the Makran accretion-
ary wedge. a Close-up of the 
seismic CH05 profi le (reference 
profi le); b Close-up of the 
seismic CH05 profi le (subduct-
ed basement high)

a

b



358 Ellouz-Zimmermann N. · Lallemant S.J. · Castilla R. · Mouchot N. · Leturmy P. · Battani A. · Buret C. · Cherel L. · Desaubliaux G · Deville E. · Ferrand J.

land basin with a variable thickness. At a large scale a 
classical large submarine fold and thrust belt develops 
progressively to the south through time. Th e connec-
tion with the emerged part of the prism is expressed 
as a wide shelf, where surface deformation is not ex-
pressed by compressive structures. 

5.1 Nature of the Incoming Sequences

On the north-south trending seismic lines (Fig. 5, loca-
tions in Fig. 3), one can see a shallow-dipping region-
al unconformity, marked by the onlap terminations of 
the overlying sequence. In a companion paper (Fig. 11 
and 12 of Ellouz et al., this issue), this unconformi-
ty  has been interpreted as the result of intense short-
ening and erosion of the Makran prism during the 
Late Miocene times. Th is tectonic pulse was marked 
by the increase of reworkings (including Middle Mio-
cene) species found in the Upper Miocene and Plio-
cene deposits. Schlüter et al. (2002) proposed assign-
ing an Upper Miocene age to this surface interpreted 
as a major unconformity known at a regional scale and 
controlled by drilling in Iran. Th e northward tilting of 
this surface results both from the fl exure of the down-
going elastic lithosphere entering the subduction zone 
and from the Murray Ridge system deformation, ex-
plaining the common tilt observed at the top of the 
basement highs refl ector and at the regional uncon-
formity. Between the unconformity and the basement, 
the sedimentary units (variable in thickness, local-
ly more than two stwt) have been recorded. Th ey are 
composed of sub-parallel and continuous refl ectors at 
the base, hosting the basal décollement, and channel-
levees system at the top.  Above the unconformity, a 
sedimentary sequence is composed of packages of high 
amplitude and highly continuous refl ectors (hemipe-
lagic sediments?, where the décollement develops at 
the front) and medium to high amplitude and poor 
continuity refl ectors (distal turbiditic facies?). Th is se-
quence shows little fl exure and can be recognized to 
the north as deformed by the imbricate thrusts de-
scribed above. A lateral facies variation of the sup-
posed distal turbidite sequences is inferred from the 
presence of channel-like geometries deformed inside 
the folds on the imbricate thrusts sheets.

5.2 Mechanisms of Deformation

As in other parts of the prism, the imbricate system 
accounts for the signifi cant structural relief (~ 2 sec. 

TWT visible in this section) created as a consequence 
of the off -scraped sediments from the oceanic crust.

Th e continuity and parallelism at the sea fl oor 
change along strike. Th e western part of the prism 
(west of 65°5’W) shows mostly continuous E-W di-
rected structures. Nevertheless, despite the apparent 
two-dimensional aspect at a large scale, the seismic 
data show a slightly diff erent confi guration at small-
er scale. Lateral changes concern the wavelength and 
the amplitude of the anticlinal ridges (Fig. 6a), as well 
as the vergence which can even vary within a  short 
distance along strike. Such a rapid change can be seen 
in the frontal thrust between lines CH10 and CH11 
(Figs. 5 and 6b).

East of longitude 63°5’W, sea fl oor ridges show cus-
pate geometries refl ecting an important variation in 
the tectonic style. Th e wavelength of these structures 
varies not only along strike but also along dip (N-S). 
From a “high standing” plateau (CH08)  to a more 
classical wedge geometry (CH09), lateral variation on 
the overall geometry of the prism refl ecting diff erent 
internal structure, outline the great impact of the deep 
structures on the development of the prism. 

Th ese lateral variations in morphology are induced 
by the highly variable deformation mechanisms active 
in the Makran accretionary prism. Th e frontal thrust 
can be interpreted either as a deep blind thrust (seis-
mic line CH09 in Fig. 5) or as an emerging fault (seis-
mic line CH11 in Fig. 5), even as a triangle zone as 
interpreted in the profi le CH 10 (Fig. 5). Folding asso-
ciated with this frontal thrust shows an up-section de-
crease of the vertical throw, which indicates the pro-
gressive upward propagation of the fault plane (similar 
to a fault propagation fold system). At the same time 
folding associated to limbs tilting are shown by pig-
gy-back basins (Fig. 6b). As a consequence of fl at and 
ramp thrust system, the back limb generally rotates, as 
recorded locally in some of the piggy-back basins sed-
imentation. However, it is sometimes diffi  cult to tell 
whether back limb have rotated progressively or not, 
due to the lack of syntectonic deposits in some of the 
piggy-back basins. 

Th e upper part of the margin is constituted by a 
large platform running along the coastline, in which 
episodic and minor deformation is expressed, either 
as regional uplift  due to deformation propagation at 
depth, or as out-of-sequence faulting or to normal 
faulting mainly driven by gravity gliding like in the 
western Makran off  Iran (Grando and Mc Clay, 2006). 
Mud volcanoes and gas seepages are quite common in 
the shelf (Schlüter et al., 2002, Delisle et al. 2001, El-
louz et al. this issue), as a typical consequence of over-
pressure at depth.
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5.3 Piggy-Back Filling

On seismic line CH10 (Fig. 6a), at the foot of the defor-
mation front, an active channel can be recognized (on 
both seismic and bathymetry data) showing an onlap 
dominated infi ll over an erosive surface. Th e deforma-
tion front shows a high degree of lateral variation. In 
this section an asymmetric fold is observed that can be 
modelled as a structure of dominant landward (north-
ward) vergence. Th is unusual tectonic style is well doc-
umented for Cascadia (Gutscher et al., 2000; Smit et 
al., 2003). Th e imbricate system observed north of the 
front allows for the formation of several piggy-back 
basins. To the south, these basins are small and of lim-

ited depth. On the other hand, to the north, two wide 
basins are present showing a history of multiple defor-
mation pulses with several onlap surfaces indicating 
their progressive tilting.

Piggy-back basins have developed north of most of 
the ridges showing a sedimentation recording multi-
ple stages of deformation. An analysis of the refl ec-
tor geometry in the piggy-back basins of seismic line 
CH11, allows an identifi cation of a polyphase evolu-
tion (Fig. 6b). First, the oldest fi lling sequences usually 
terminate southwards as onlaps against pre-growth re-
fl ectors with a signifi cant fanning of the growth-stra-
ta. Contrasting with these deep layers, the overlying 
sequences are dominated by pinch-out against growth 
strata. Th ey are in general associated with sub-parallel 

Fig. 5. Display of the seven N-S trending seismic refl ection profi les obtained during the CHAMAK cruise. See location on the 
bathymetric map in Fig. 3
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refl ectors. Th is can be interpreted as a period during 
which sedimentation has been more active than the 
tectonics, indicating periods of either enhanced tec-
tonic pulses or a slowing of sedimentation rates. Th e 

uppermost layer is more similar to the lower piggy-
back infi ll with onlaps and fanning corresponding ei-
ther to a faster deformation rate either to a slower sed-
imentation rate or any combination.

Fig. 6. Detailed seismic 
interpretation illustrating 
diff erent mechanisms in the 
piggyback basins at the rear of 
the frontal imbricate thrusts; a 
Comparison between profi les 
CH10 and CH11 concerning 
the spacing between the main 
thrust imbricates along the 
frontal part of the prism; b 
Detail of a piggyback basin on 
seismic profi le CH11 illustrat-
ing the geometric relationships 
between sedimentary refl ec-
tors. Th e nature of refl ector 
terminations allow to identify 
at least 3 diff erent episodes 
refl ecting changes on the 
sedimentary/tectonic dynamics

a

b
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6 Parameters Aff ecting 
 the Along–Strike Morphologic 
 and Tectonic Variations

Th e wavelength between two tectonic sheets is not con-
stant along dip and along strike. Th e frontal thrusts 
implies overlap of series from 1.5 s TWT thick in the 
east of the prism, to 3 s TWT to the west. Th e bathy-
metric profi les are changing from east to west locally 
and can show dramatic variations. Two major param-
eters seem to guide the deformation style variation: 
underthrusting of basement ridges and the sedimen-
tation processes. Th e facies distribution could also be 
another parameter involved.

6.1 Basement Heterogeneities
 and Morphological Signature 
 of an Oblique Ridge Subduction

Th e nature and morphology of the basement through 
time is still poorly known. Nevertheless, some ridg-
es of various amplitude have been mapped. Th e most 
prominent one joins the Owen Fracture Zone to the 
triple junction, the so-called SW-NE Murray Ridge. 
Some smaller ridges, with the same orientation are en-
tering the frontal deformation zone and nearly parallel 
to it (i.e. the “Little Murray Ridge”, White, 1983). 

Along-strike variations of the tectonic style are il-
lustrated on the two N-S profi les CHAMAK 5 (Fig. 7) 
and CHAMAK 8 (Fig. 8), which are located in the 
central part of the Pakistani Makran, where the de-
formation front‘s shape refl ects a non-cylindrical de-
formation along strike. On profi le 5 (Figs. 3 & 7), the 
deformation front is characterized by the development 
of a single thrust more than 20 km off  the previous 
frontal sheet, rooted on more shallow detachment lev-
el than the level implied in the inner thrusts. 

South of the Makran accretionary prism front, an 
alignment of sea-mounts following a rough NE-SW 
direction enters progressively into the subduction 
zone. An abnormally elevated zone along the Makran 
prism leads straight to one of these seamounts, sug-
gesting that the ridge has been partly subducted and 
has resulted in a signifi cant uplift  of the prism (Fig. 9, 
profi le C).

Th e geometry of the front is very diff erent on CHA-
MAK 8 (Fig. 8), where the frontal part is formed by the 
stacking of several thrust sheets, resulting in a drastic 
sharpening of the surface geometry profi le. Th e nature 
of the seamount at the front is complex. It is clearly re-
lated to an old basement high corresponding original-
ly to a horst structure which has probably been reac-
tivated very recently by the seaward migration of the 

compressional front. Th is strong heterogeneity in the 
subducted plate may be related to the blocking of the 
deformation which will not propagate southward until 
a critical stability profi le will be reached.

A morphological analysis of the prism surface has 
been performed in order to characterize the morpho-
logical eff ects of the subducted ridge along several mor-
phological sections perpendicular (N-S, dip) or paral-
lel (E-W, along-strike) to the prism. Dip sections allow 
us to compare the bathymetric level of the piggy-back 
basins. Th e two western profi les A and B (Fig. 9) are lo-
cated out of the so-called “uplift ed zone” and there fl at 
areas corresponding to piggy-back basins level are ap-
proximately at the same depth. In Fig. 9, one section 
crosses the uplift ed zone (profi le C) while the other is 
out of this zone. All fl at areas corresponding to piggy-
back basins are shift ed and an off set of 400–500 m can 
be measured.

Th is off set is also observed along the northern es-
carpment but rapidly disappears north of it. Th e area 
of the prism uplift ed due to subduction of the LMR is 
40–50 km long (N-S direction) and is 20–30 km wide 
(E-W direction).

6.2 Sedimentation Rates 
 and Location of the Depocentres

We have observed above that the wavelength between 
two tectonic units is neither constant along dip nor 
along strike. Along the frontal part, the thickness of 
the sedimentary sequence above the regional uncon-
formity involved in the thrusting, varies from 1.5 s 
TWT to the east to 3 s to the west. It is clear that at 
present the distribution of eroded products is not two-
dimensional over the off shore domain. In the eastern 
side, presenting a more condensed deformation along 
dip, the dominant process is the progradation of the 
shelf to the south. Th en, most part of the sedimentary 
input is trapped in the Upper Margin with a few sed-
iments deposited in the piggy-back basins. Due to a 
strong water fl ow, probably the lightest part of the sed-
iment could be transferred to the abyssal plain very 
dynamically through a ‚canyon network‘ in a probably 
steady-state process. Some catastrophic events could 
sometimes allow the transfer of heavier material to the 
abyssal plain, expressed as turbidite systems, which 
can be deposited far from the canyon mouth.

To the west, sedimentation is more regular and even-
ly distributed between the shelf, the piggy-back basins 
and the abyssal plain. Th e sedimentary sequence fi ll-
ing the foreland basin is thickening from the CH 09 to 
CH 11 toward the Iranian border and gets much thick-
er off shore Iran (Grando and McClay, 2006).
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Fig. 9. Bathymetry variation profi les related to the subduction of an oblique ridge
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6.3 Change in the Deformation Front
 in the Vicinity of the Triple Junction

Th e precise location of the triple junction between 
Arabian, Indian and Eurasian plates is not well iden-
tifi ed. It joins (1) the southernmost part of the India/
Eurasia transform system, which is represented by N-S 
trending series of left -lateral strike-slip crustal faults, 
which developed progressively toward the Southwest, 
since Oligocene times. Th e Chaman, Ghazaband and 
Ornachnal faults have been connected at each stage to 
the paleo-subduction front. In the present-day situa-
tion it is probable that the triple junction lies below the 
off shore extension of the Bela Depression.

Th e Plio-quaternary sediment thickness increas-
es signifi cantly toward the east. In fact, all the ero-
sion products from the prism and Inner Baluchi Rang-
es (along Chaman and Ornachnal system and Mor 
Range) are drained up to the Bela depression, and then 
deposited over the eastern termination of the subduc-
tion front. In this situation, due to extremely high sed-
imentation rates in the extreme Eastern off shore part, 
the deformation is less well expressed at surface except 
if shallower décollement levels have been locally used, 
or alternatively as mud volcanoes or normal compen-
sation faults. Th e triple junction is not visible at the 
sea fl oor because of deep accommodation of this ac-
tive convergence (early collision?), it cannot emerge 
and is migrating through time to the south-east. Fur-
ther complexity arises from intra-plate deformation 
within the Indian Plate, expressed as a series of E-W 
trending “en échelon” fold and fault systems, joining 
the Kirthar Ranges and the off shore Karachi.

Conclusions 

Our survey confi rms the previous fi rst-order inter-
pretation of a sea-fl oor morphology tectonically con-
trolled by the off scraping of the Makran into large 
thrust packets involving the Makran  units deposit-
ed in the trench. We also confi rm that the anticlinal 
ridges are suff ering a much stronger erosion than most 
of the other accretionary prisms, probably caused by 
a rapid uplift  related to the shortening of thick units. 
Despite an apparent linearity of the accretionary sys-
tem at a broad scale, the preliminary results of our sur-
vey indicate a signifi cant local non-linearity of the de-
formation front. Th e variation in tectonic style along 
strike is linked to two interacting factors: 1) archi-
tecture of the subducting plate where oblique ridges, 
the Little Murray Ridge and some seamounts paral-
lel to the Murray Ridge (s.s.) have been identifi ed, and 

2) variation along strike of the sedimentation rates, 
due to a change in the location of the sediment supply 
source - i.e. Indus (draining Himalayan erosion prod-
ucts), or sediment directly derived from erosion of the 
prism itself since Late Miocene times. Th e new dating 
and determination of paleoenvironments from a pre-
vious study conducted onshore Makran (Ellouz et al. 
this issue) identifi ed a dramatic change of the main 
sedimentary supply at the end of Miocene times.

Th e structural interpretation fi rst outlines the 
strong variation in architecture of the frontal part of 
the prism along strike, linked with the geometry of the 
subducted plate, depth to the décollement and sedi-
mentary rates variation. Th e connection between the 
onshore part and the highly deformed off shore part of 
the prism is expressed by a large shelf platform, show-
ing little internal deformation but bounded to the 
south by a major fault (northern escarpment). 
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Part VI is focused on Carpathian case studies, with one paper dealing with the 
interactions between the Southern Carpathians and Moesia in Romania, the 

three others discussing the frontal triangle architecture, reservoir quality and 
petroleum systems in the Carpathian foreland in Poland.

Tarapoanca et al. (Chapter 19) document the complex interactions between 
Moesia and the Carpathians, and the role of pre-existing structures inherit-
ed from the former passive margin and Cretaceous orogen during subsequent 
transcurrent deformation and Neogene lateral escape of the arc.

Krzywiec and Vergés (Chapter 20) compare the triangle zone development in 
front of the Polish Outer Carpathians and Southern Pyrénées thrust front, re-
spectively, in relation with the occurrence and distribution of evaporite horizons 
in adjacent foredeeps.

Lesniak et al. (Chapter 21) discuss the distribution, sedimentology, diagenesis 
and reservoir potential of Miocene sandstone horizons in the Carpathian fore-
deep in southeastern Poland.

Matyasik et al. (Chapter 22) describe a petroleum occurrence in Devonian 
carbonate reservoirs of the Carpathian foreland in Poland, and discuss the relat-
ed petroleum system on the basis of new analytical results.
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The Geometry of the South Leading Carpathian Thrust Line 
and the Moesia Boundary: The Role of Inherited Structures 
in Establishing a Transcurent Contact on the Concave Side 
of the Carpathians

Mihai Tarapoanca · Dorina Tambrea · Victor Avram · Bogdan Popescu 

Abstract The NW-most corner of Moesia off ers the possibility 
to unravel the structural architecture as well as the kinematic 
characteristics of a highly-bent contact between an orogenic 
nappe pile and its foreland plate. The major fault system, 
dominantly transcurent that accommodated during the Ter-
tiary the displacement and rotation of the Latest Cretaceous 
Carpathian orogenic wedge around the Moesian corner had 
originated from a passive margin stage when W-E to WNW-
ESE extensional faulting predated the formation of the Late 
Jurassic Severin oceanic crust. In the NW-most Moesia, these 
old structures are cut by an E-W-trending major normal fault 
system which accommodated the Late Oligocene (?) - Burdi-
galian dextral movements of the Carpathian units along the 
Timok lineament. Structural evidence shows that this initially 
rather straight N-S dextral transfer fault evolved into a curved 
anastomozed system parallel to the present-day shape of the 
orogen not earlier than the Middle Miocene. This was at the 
time when the Carpathian units commenced to rotate around 
the Moesian corner along the original Timok and one of the 
major E-W-trending normal faults. Farther ENE- to E-wards 
displacement of the Carpathian units along the northern mar-
gin of the Moesian plate induced an oblique inversion of the 
Mid-Tertiary extensional basin by peeling-off  E-SE-wards its 
sedimentary fi ll. Overall, the inversion created a duplex-style 
system that changes E-wards to a major plan-view wedge 
bounded by a NW-SE dextral tear fault passing gradually to 
the thin-skinned Subcarpathian nappe.  In this contribution 
we stress the role of inherited structural weaknesses within 
the foreland plate in the creation of a transcurent contact.

Keywords. Transcurent fault, Thrust belt, Plate boundary, Car-
pathians, Moesia, Timok Fault

1 Introduction

One of the most arcuate segments of the Alpine chain 
is represented by the South Carpathians where the 
strike of the orogen changes from E–W to N–S and 
then again E–W to the Balkans (Fig. 1). Th e present-
day structure of the Carpathian system is the result of 
a long-lasting evolution that included periods of:

a) lithospheric stretching and break-up; 

b) plate convergence and collision; 
c) orogen-parallel extension and core-complex forma-

tion; 
d) rotation and wrenching; 
e) basin opening and inversion (e.g. Sandulescu, 

1984).

Following the Mid-Cretaceous subduction of the en-
tire Severin oceanic crust which had separated dur-
ing at least Late Jurassic-Early Cretaceous two pieces 
of lithosphere derived from the European margin (Da-
cia and Moesia), the ongoing contraction led eventual-
ly to the overthrusting of the Supragetic/Getic/Sever-
in nappe assemblage onto the distal Moesia (exposed 
presently as the Danubian Autochthonous unit). It also 
generated duplex formation inside the latter by Late 
Cretaceous times (e.g. Sandulescu, 1984; Iancu et al., 
2005). Th e further Tertiary kinematics is rather com-
plex, however the overall picture of mechanisms of the 
tectonic transport of the Carpathian units towards the 
present-day position around the Moesia corner is gen-
erally accepted (e.g. Ratschbacher et al., 1993; Schmid 
et al., 1998).

Th e present-day South Carpathians are fl anked by 
a deep foreland basin that has been deformed in re-
sponse to the progressive movement of orogenic slices 
around the Moesian western corner. Th is foreland ba-
sin diff ers signifi cantly from typical foredeeps because 
the fl exural loading of the foreland lithosphere played 
only a subordinate role in its subsidence (Rabagia and 
Matenco, 1999; Tarapoanca, 2004).

In this contribution we focus on the South Car-
pathians Th rust Belt / Moesia boundary and espe-
cially on the NW corner of Moesia (Fig. 1), aiming to 
describe new details concerning the geometry of the 
contact as well as the tectonic evolution. Our study is 
mainly based upon the interpretation of new seismic 
lines acquired mid-2005 across the northern part of 
the Timok lineament and inside the neighboring ba-
sin. Th ey are supplemented by re-interpreted informa-
tion from older surveys and wells previously drilled 
within a concession currently explored by Rompet-
rol. Th e subsurface data were particularly useful as the 
contact between the South Carpathians and Moesia is 
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hidden by the Neogene sedimentary fi ll which onlaps 
onto a Getic klippe to the south and directly onto the 
Danubian Autochthonous to the north (Fig. 1).

We shall argue that the geometry of the contact be-
tween the orogen and foreland is largely controlled by 
an extensional fault system formed presumably prior 
to the creation of the oceanic lithosphere (Severin do-
main). Th e integration into a regional tectonic frame-
work of the architecture of this older system will result 
in our sense in a signifi cant advancement to the knowl-
edge of the relationship between the South Carpathi-
ans and Moesia. We have devoted particular attention 
to the impact of the transcurent displacement of the 
orogenic units upon the Moesian foreland, particular-
ly the opening of an extensional basin during the Late 

Oligocene (?) – Burdigalian (hereinaft er named Mid-
Tertiary). Eventually, the structural setting of the NW 
Moesian basin is briefl y discussed from the standpoint 
of petroleum systems aiming to shed light on further 
exploration options.

2 Disruption of the Cretaceous Carpathian Areas: 
 Synthesis of the Tertiary Tectonics

We shall describe in this section the main deforma-
tion stages taking place in both the westernmost Moe-
sian realm and the Carpathian nappe pile aft er they 
became welded together in Late Cretaceous times. 
Signifi cant advances in the understanding of many 

Fig. 1. Major structural units of the Carpato-Balkan thrust belt (modifi ed from Sandulescu, 1988; Tari et al., 1997 and Iancu et al., 
2005). Th e structures from Getic Basin are schematically drawn aft er Rabagia and Matenco (1999) and those from Moesia (north 
of Danube River) are taken from Tarapoanca (2004). Th e Pliocene fi ll over Moesia and Carpathians was ignored. Th e thick E-W 
black line in the westernmost part of Moesia represents the location of the interpreted seismic line shown in Fig. 4. Th e inset map 
only shows the topography of the East Alpine-Dinarides-Carpathians realm. Th e location of our study (NW Moesia) is indicated 
by the outline of the Rompetrol’s concession
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of the peculiarities of this curved orogenic boundary 
were published in the last decade and derive main-
ly from structural and fi ssion-tracks studies carried 
out in the South Carpathians by, e.g., Ratschbacher et 
al. (1993), Schmid et al. (1998), Matenco and Schmid 
(1999), Rabagia and Matenco (1999), Willingshofer et 
al. (2001), subsequently integrated at orogenic scale by 
Fugenschuh and Schmid (2005). Th eir regional picture 
is employed as the main source for the next overview 
of the Tertiary evolution.

Palinspastic restoration of the Tertiary convergence 
brings the Carpathian units next to the westernmost 
part of Moesia by the Latest Cretaceous, facing to the 
north an oceanic embayment which was completely 
subducted during the Paleogene (Fig 2a). Remnants 
of the associated Latest Cretaceous-Paleocene fore-
deep are found exposed to the SW and N (Fig. 1) as 
well as in the subsurface of the Getic Basin, while in 
westernmost Moesia they were largely removed by the 
subsequent erosion. Th is erosion which created deep 
canyons (Paraschiv, 1997; Tarapoanca, 2004) was pre-
sumably mostly Eocene in age and coeval, possibly ge-
netically-related, with an orogen-parallel extension 

leading to core-complex formation in the Carpathians 
(Fig. 2b) and with the sinistral shortening in the E-W 
segment of the Balkanides (Doglioni et al., 1996).

Th e tectonic transport of the Carpathians around 
the Moesian corner during the Oligocene was mostly 
accommodated by dextral wrenching of some 35 km 
along the Cerna Fault (Berza and Draganescu, 1988, 
Fig. 2c). Th e movement continued during the Early 
Miocene when the accommodating structure became 
the more externally Timok Fault. Th e Timok Fault took 
over some 65 km of dextral displacement (cf. Moser, 
2001 in Fugenschuh and Schmid, 2005). Contempora-
neously to the transcurrent movements of the orogen-
ic slices, normal faulting and basin opening occurred 
in the northern Moesian margin (Rabagia and Maten-
co, 1999) when still some erosion was probably active 
on the distal, southern Moesia (Tarapoanca, 2004). 
Moreover, the orogenic nappe pile itself seems to be 
severely aff ected by normal faulting as well (Matenco 
and Schmid, 1999; Fugenschuh and Schmid, 2005).

Starting with the Middle Miocene, the transport of 
the Carpathian units has further changed to a more 
ENE-to-E-wards orientation (Hippolyte et al., 1999), 

Fig. 2. Schematic reconstruc-
tions of the Carpathians / 
Moesia major events post-
dating the Latest Cretaceous 
collision. Th e fi gures are largely 
based upon Fig. 9 of Fugen-
schuh and Schmid (2005) with 
additional information on 
Moesia from Tarapoanca 
(2004) and present contribution
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with several E-W and NW-SE dextral faults cutting 
through the nappe pile and the foredeep fi ll (Maten-
co et al., 1997; Rabagia and Matenco, 1999; Maten-
co and Schmid, 1999). Overall, the Getic Basin or the 
“Getic Depression” as known in older Romanian liter-
ature (i.e., the early foredeep fi ll of the South Carpath-
ians) has undergone oblique shortening culminating 
with the emplacement of the Subcarpathian Nappe 
(Fig. 2d).

3 Geometry of the Orogen / Foreland Boundary
 and Overview of the Basin Structure

Th e structural pattern of the NW-most Moesia, as 
shown in Fig. 3, mainly resulted from the interpreta-
tion of several hundreds of kilometers of 2D seismic 
lines including 250 line km acquired in the summer 
of 2005. Th e most striking feature is represented by 
the sizeable diff erence in elevations of the base Tertia-

ry (Fig. 3a) across the Timok Fault that ranges from 
several hundreds of milliseconds to more than 2 sec-
onds TWT (corresponding to around 2.5–3 km!). Th e 
Timok Fault system is parallel to the present concave 
bend of the South Carpathians and marks the western 
limit of a basin that hosts several kilometers-thick sed-
iments mostly of Neogene age. In our study area, the 
basin fl oor represented by the regional erosional un-
conformity that is developed on top of the dominant-
ly carbonatic (Upper Jurassic - Cretaceous) Moesian 
platform, deepens from around 1.3 s (~ 1.5 km) in the 
south to more than 5 s (~ 6.5 km) in the NE.

To the east of the Timok Fault, two roughly perpen-
dicular, normal fault systems are mapped:

1. Th e E-W-oriented one that has the largest off sets at 
the basin bottom (Fig. 3a) and is mostly Mid-Tertia-
ry in age; 

2. Th e N-S to NE-SW older system (Fig. 3b) that orig-
inates presumably from the Permo-Triassic rift -

Fig. 3. Structural maps (TWT) of the top of the Moesian platform – base Tertiary unconformity (a) and base syn-rift  (Paleozoic?) 
horizon (b). Note that the color bar in a. is diff erent from that in b. Th e location of the seismic lines used in some fi gures is also 
shown. Maps location is shown in Fig. 1
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ing associated to a passive margin stage. Some of 
these old faults were slightly rejuvenated during 
the younger faulting stage (compare Fig. 3b with 
3a). Th e map at the base of the old syn-rift  hori-
zon (Fig. 3b) shows basins sometimes as deep as 1 s 
(over 1 km). 

Th e superposition of these orthogonal extension-
al events unsurprisingly led to a highly complicated 
structural style of the NW Moesia (e.g. Fig. 3b). Th e 
detailed structural pattern and formation mecha-
nisms are to be discussed below, with the older system 
addressed fi rst. 

3.1 Western Moesia as a
 Mesozoic Faulted Passive Margin

Th e Timok Fault has been for some time proposed as 
a transcurent, loose boundary between the South Car-
pathian Cretaceous nappe pile and Moesia (e.g. San-
dulescu, 1984, 1988). So far, this boundary has been 
generally seen as separating (Fig. 1) a piece of the ba-
sically undeformed continental lower plate (Moesia) 
from an assemblage that contains remnants of the up-
per plate (Supragetic/Getic nappes and Balkanides 
equivalents), a suture (Severin domain, made up of 
fragments of oceanic lithosphere and overlying Up-
permost Jurassic – Lower Cretaceous fl ysch sediments) 
and the so-called Danubian Autochthonous. Th e last 
is nothing but the distal underthrust margin of Moe-

sia duplicated in the aft ermath of Cretaceous collision 
(e.g. Sandulescu, 1984; Iancu et al., 2005).

Although any creation of oceanic lithosphere im-
plies previous stretching (rift ing) of the continen-
tal lithosphere, in this case, Moesia had long time 
“appeared” as lying far from the ancient locus of the 
rift ing. Th e closest rift  that pre-dated the “Severin” 
spreading was seen located a few hundreds of kilo-
meters to the SE (central-southern Moesia, Tari et al., 
1997) and only the wrenching seemed to be respon-
sible for bringing the South Carpathian nappe pile 
next to the unstretched Moesia (e.g. Ratschbacher et 
al., 1993). However, very recently, Matresu and Dinu 
(2004) identifi ed a series of N-S trending extensional 
basins (Fig. 4) in the westernmost part of Moesia, de-
veloping on a quite limited length of around 25 km. A 
system of E-dipping normal faults bounds half-graben 
basins which are capped by an erosional unconformi-
ty. Although deep well evidence is scarce enough, Ma-
tresu and Dinu (2004) tentatively assigned the syn-rift  
fi ll of those basins to a Lower Paleozoic age.

Alternatively, we propose in this paper that the age 
of the E-W extension is most likely Permian (?) - Tri-
assic as similar to that previously proposed for most 
of the central Moesia (Tari et al., 1997; Rabagia and 
Tarapoanca, 1999), supported also by the quite wide-
spread coevally bimodal volcanism (e.g. Paraschiv, 
1979). We thus consider the N-S trending extension-
al basins in the western Moesia as resulting from 
a regional rift ing event that pre-dated the onset of 
spreading and creation of the Severin oceanic crust. 

Fig. 4. E-W interpreted seismic line in westernmost Moesia (modifi ed aft er Matresu and Dinu, 2004). Note that the normal faults 
bounding the half-grabens are slightly reactivated as proved by the off set of the Cimmerian unconformity. Line location is shown 
in Fig. 1
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Accordingly, the regional unconformity that develops 
in those basins (Fig. 4) should be mostly Lower Juras-
sic in age being similar to the Cimmerian unconformi-
ty of Tari et al. (1997) and supported by the large well 
database of Moesia (e.g. Paraschiv, 1979). It may repre-
sent in fact either a break-up unconformity related to 
the onset of “Severin” spreading or the expression of a 
partial inversion and uplift  due to slow stretching-re-
lated rift  migration as proposed for the mid-Norwe-
gian margin by van Wijk and Cloetingh (2002) in an 
attempt to model the occurrence of local contraction 
in the context of overall extension.

Signifi cant for unraveling the confi guration of the 
western Moesian passive margin, we have identifi ed 
the extension farther north of these N-S basins, how-
ever in a more complex structural style. Th ey are rep-
resented in Fig. 3b by the N-S normal fault system 
that progressively changes the orientation to NE-SW, 
which is subsequently truncated by a younger E-W 
system. Some of these old faults were slightly reacti-
vated in the Mid-Tertiary, as shown in Figs. 4, 5 and 6. 
Although there are no wells that penetrated the base 
Tertiary unconformity in our study area from the NW 
Moesia, the structural style imaged by the seismic 
lines (Figs. 5 and 6) looks very similar to those shown 
elsewhere in Moesia. Transfer zones make the transi-
tion between E- and W-dipping normal faults (Fig. 3b) 
giving a general confi guration of basins and ranges. It 
thus appears that the more oriented towards an E-W 
direction, the more prone to be reactivated were these 
ancient faults during the later N-S extension.

3.2 Timok Fault System and the Edge 
 of the Cretaceous Orogenic Pile

In contrasts to the parallel, outcropping dextral Cerna 
Fault, which was active mainly during the Oligocene 
times (Berza and Draganescu, 1988; Ratschbacher et 
al., 1993), the Timok Fault had a longer tectonic activi-
ty. Outcropping only to the south of Danube River, the 

Timok Fault becomes progressively buried towards 
north by the Upper Miocene - Pliocene sediments 
(Fig. 7). It shows up as an impressive fl ower structure 
separating the uplift ed outer part of the Getic/Severin 
nappe welded to the Danubian Autochthonous from 
the deep basin formed onto the Moesian lithospher-
ic plate in the Mid-Tertiary. All the Cretaceous thrust 
sheets die out at the base Tertiary erosional unconfor-
mity. An erosional remnant overlying the base Tertia-
ry unconformity, possibly Badenian in age, correlat-
ed also with the thickening of the Sarmatian sequence 
within the basin witnesses a stage of signifi cant ver-
tical diff erential movements across the Timok Fault 
during this time span.

On the map (Fig. 3a), the Timok Fault system has 
a curved shape, parallel to the belt curvature. Howev-
er, despite the apparent continuity of the “present-day” 
Timok Fault, we will show in 3.4 that the curved shape 
of this system of faults resulted progressively not ear-
lier than the Middle Miocene (Badenian - Sarmatian) 
by the merging of the original Timok with the north-
ernmost extensional fault into an anastomosed dex-
tral shear zone. Also then, the northern NW-trending 
faults bounded by the Timok Fault and another rough-
ly E-W strike-slip (Figs. 3a and 8) were formed. 

All along the curved contact between the South 
Carpathians and Moesia (to the north of Danube Riv-
er), the Timok lineament clearly separates remnants of 
the Latest Cretaceous orogenic wedge from the Tertia-
ry basin, as further indicated by the seismic line from 
Fig. 8. Th e high-amplitude W-wards dipping refl ectors 
are interpreted as the top of the Danubian Autochtho-
nous based upon the correlation with a perpendicu-
lar seismic line and farther north, with the outcrop-
ping units. To the easternmost part of the line, a thrust 
of the Getic crystalline is proposed, which would rep-
resent the southern prolongation of the Valari klippe 
(shown in Fig. 1). We believe that the thick refl ectors 
package between the base Tertairy unconformity and 
Danubian Autochthonous is essentially a deformed 
pile of Late Cretaceous fl ysch. Apparently, two other 

Fig. 5. NW-SE oriented seismic line (a. uninterpreted and b. interpreted) in the NW Moesia (location in Fig. 3). Th e magenta-col-
ored faults are supposedly related to the Permian - Triassic extension (note the tilted block confi guration eroded beneath the Cim-
merian unconformity and compare with fi gure 4). A few of them were reactivated in Mid-Tertiary times (dark blue faults) when a 
new, orthogonal fault system was formed (light blue faults). Th e Cimmerian unconformity is believed to underlie a Middle Juras-
sic dominantly shaly (source-prone) sequence followed by an Upper Jurassic - Cretaceous dominantly carbonate platform as else-
where in western-central Moesia. Th e base Tertiary unconformity is covered by a sedimentary sequence mostly Early Miocene 
(Burdigalian) in age. Th e Burdigalian salt layer is well constrained in a well (Matasari 6100 – the deepest from our study region, 
see Fig. 3, disposing also of a checkshot) and readily correlable due to its high amplitude and continuity at regional scale. Gener-
ally, in the Getic basin (and all along the Carpathian foredeep) the Burdigalian salt (up to several tens of meters-thick, thicker only 
in diapirs risen in the SE Carpathians bend area) follows an Uppermost Oligocene – Lowermost Burdigalian pelitic sequence. As 
the syn-rift  sequence becomes increasingly thicker towards north (center of the basin), we suppose that the early syn-rift  may be 
represented by Oligocene sediments (also reported all along the northern margin of the basin and also inside the basin farther to 
the east). Note the low-angle thrust initiated during the Middle Miocene (Badenian) as proved by the age of the piggy-back basin 
fi ll. F1, F2, and F3 denote faults which are mapped in Fig. 10d
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thrust sheets underlie the Getic klippe, which we ten-
tatively assign to the Severin nappe and to a duplex 
inside the Danubian Autochthonous. Nevertheless, 
the along-arc correlation of the tectonic units is not 
straightforward made, as they appear highly disrupted 
and eroded due to the Eocene core-complex formation 
(Schmid et al., 1998) prior to the onset of wrenching.

We consider that Timok Fault originates from the 
ancient Permian - Triassic rift ing event that pre-dated 
the creation of the Severin oceanic crust. Giving the 
roughly N-S orientation of this fault system (Fig. 3b), 
it is likely to consider that one of them acted as a sig-
nifi cant weakness crustal zone that favored the local-
ization of the strike-slip deformation. Moreover, such 
a fault system (Figs. 4, 5 and 6) would explain why the 
Triassic deposits that can be found on Moesia (e.g. 
Paraschiv, 1979; Tari et al., 1997) and the most exter-
nal part of the Danubian Autochthonous (Fig. 7) are 
missing on the distal part of the latter where the met-
amorphic basement is overlain by Jurassic formations 
only (e.g. Iancu et al., 2005). 

3.3 Mid-Tertiary Structural Style: 
 (Another) Basin Opening

A major extensional event took place during the very 
beginning of the Early Miocene and probably since the 
Late Oligocene when the E-W-trending normal faults 
shown in Figs 3a and b were initiated. Steep and gener-
ally N-dipping (Fig. 6), these normal faults have some-
times vertical off sets more than 1 s (over 1 km). Cross-
cutting the ancient rift ed passive margin, they are also 
part of a system with several transfer zones. Many of 
the Mid-Tertiary faults seem to have cut preferential-
ly through the transfer zones of the older system. Al-
though within the basinal part of the sector from our 
study area no well has penetrated the entire Early Mio-
cene section, a minimum thickness of 1.5 km is de-
rived from the deepest one (Matasari 6100, Fig. 3).  
Th is E-W normal fault system was also identifi ed far-
ther east to our study area beneath the present-day 
Getic Basin where the Mid-Tertiary basin subsequent-
ly underwent inversion (Rabagia and Matenco, 1999). 
Also, in the region lying approximately between the 
Jiu and Olt rivers (Figs. 1 and 2c), ENE-WSW normal 
faults dying-out at the top platform erosional uncon-
formity were assigned to the same Mid-Tertiary rift ing 
event by Tarapoanca (2004).

   Th e western extent of the Mid-Tertiary rift ing is 
clearly stopped by the Timok Fault as shown in Fig. 
3a. On the western side of the Timok Fault there are 
either basically no corresponding Mid-Tertiary sedi-
ments or at least thin (much thinner than in the ba-
sin) coarse sequences as the few wells propose am-
biguous dating due to the lack of fauna. However, to 

the north of the present Timok system, the Oligocene 
and Early Miocene sequences were reported (Vaianu 
and Cilnic wells, Fig. 3), with thicknesses in the or-
der of tens to a few hundreds of meters. Based upon 
the structural and thickness pattern of the Mid-Ter-
tiary sequence in the neighboring basin, we propose 
that the Timok Fault functioned during the Early Mio-
cene (and possibly since the Late Oligocene) as a major 
transfer fault accommodating to the east the displace-
ment of the Carpathian units via a N to NNE-direct-
ed extension (Fig. 9). Furthermore, it appears that not 
only the foreland but also the orogenic pile was then 
aff ected by signifi cant faulting, as described by Ma-
tenco and Schmid (1999) and Fugenschuh and Schmid 
(2005). We can thus infer that from the Oligocene to 
Early Miocene the tectonic transport of the Carpath-
ian units was progressively transferred from the in-
ner to outer accommodating structures, that is, from 
wrenching along the Cerna Fault to along the Timok 
Fault. 

Within a larger regional framework, the Mid-Ter-
tiary displacement of the Carpathian units was co-
eval to the north with shortening in the Pienides (San-
dulescu, 1984, 1988) and retro-foredeep formation on 
the Transylvanian northern margin (e.g. Huismans et 
al., 1997). Th is would imply a contemporaneously pure 
dextral strike-slip to oblique shortening in the East 
Carpathian evolving wedge (as speculated by Maten-
co, 1997) in contrast to a pure frontal shortening, pos-
tulated for a long time (e.g. Sandulescu, 1984, 1988).

3.4 Middle Miocene Onwards: Basin Inversion 

Th e Middle Miocene marks the onset of compression 
within the Getic Basin (Fig. 1) with a climax in the 
Middle Sarmatian given by the emplacement of the 
Subcarpathian Nappe (e.g. Sandulescu, 1984, 1988). 
Th is onset is indicated by the deposition of Badenian 
evaporites in piggy-back basins over large parts of Get-
ic Basin (Rabagia and Matenco, 1999). Th e inversion of 
the former basin should be seen as the eff ect of oblique 
compression exerted on the northern margin of Moe-
sian lithosphere by the ENE to E-wards displacement 
of the Carpathian units (Fig. 2d).

Although the Subcapathian Nappe was apparently 
mapped (e.g. Dicea, 1995; Rosu, 2005; Figs. 10a, b), the 
defi nition of its western termination in the vicinity of 
Jiu valley (Fig. 1) is still a matter of debate. For a long 
time it was considered as continuing west of Jiu val-
ley more or less parallel to the South Carpathian bend 
(e.g. Paraschiv, 1979; Sandulescu, 1984, 1988), but re-
cently it was interpreted as terminating towards the 
NW in a wide and deep-rooted strike-slip zone which 
displaces also the northern extensional margin (Ma-
tenco et al., 1997; Rabagia and Matenco, 1999).
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Fig. 6. N-S oriented seismic line (a uninterpreted and b interpreted) in the NW Moesia (location in Fig. 3). Note the magnitude of 
the Mid-Tertiary normal faulting (light blue faults). Also note the conspicuous faulted and tilted block eroded under the Cimme-
rian unconformity. Other symbols as in Fig. 5
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Th is paper brings new information that diff ers from 
the previous cited interpretations. Still supporting the 
strike-slip model, Fig. 10c shows indeed a major tear 

fault that represents the westernmost continuation of 
the Subcarpathian Nappe. However, in our interpreta-
tion, it is only a thin-skinned structural feature sim-
ilarly to the nappe itself. To the NW, this strike-slip 
fault connects to an E-W former normal fault whereas 
to the SE, it progressively changes the dip until passing 
into the Subcarpathian leading thrust.

In premiere, we found evidence of inverted struc-
tures as well as of a thin-skinned thrust fault system 
to the west of the edge of the Subcarpathian Nappe 
(Figs. 3a and 10d, respectively). Th rust faults involv-
ing mostly the Early Miocene (Burdigalian) sediments 
are also shown in the seismic lines from Figs. 5 and 
6. Except for the westernmost one, these thrusts have 
roughly NE-SW orientation (Fig. 10d). Th e shortening 
along the main thrust (the uppermost one, F1) increas-
es from null to almost 1 km towards the NE. Th ere, the 
structural style becomes more complicated with an-
other thrust (this one WNW-ESE oriented, F4) found 
beneath, which confers a duplex-type shape (Fig. 10d). 

Th e previously described Timok Fault system 
(Figs. 3 and 7) appears as being strongly active dur-

Fig. 8. E-W oriented seismic line, north of the Timok Fault (location in Fig. 3). Th is line is acquired across the basin margin and 
images structural units belonging to the Carpathian orogenic pile, similar to those from the western part of line 7. Th rust colors 
as in Fig. 7. Yellow faults are related to the Middle-to-Late Miocene transtension

Fig. 9. Sketch of the kinematics of the basin opening during 
Mid-Tertiary
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ing the Middle Miocene, particularly during the Sar-
matian, indicated by the dramatic change in thickness 
and elevation of the corresponding sediments across 
the fault compartments (thin or outcropping to the 
west and north, over 1.5 km-thick within the basin). 
Some normal faulting also took place to the southern-
most part of the study area (Fig. 3).

We conclude that during the Middle Miocene, the 
displacement of the Carpathian units took place both 
along the Timok Fault (formerly acting as a transfer 
fault) and the northern extensional margin (Fig. 3), 
thus resulting in a curved anastomozed system. Par-
ticularly the movements along the latter, roughly E-W 
oriented, determined the oblique shortening of the ba-
sin fi ll (Fig. 10d). Th is is also supported by the con-
tinuity of the outcropping ENE-WSW dextral strike-

slip system towards the west (fi g. 3; for a more detailed 
view, see the maps published in Matenco and Schmid, 
1999 or Iancu et al., 2005). Between the two overstep-
ping strike-slip faults from the north, a series of NW-
SE transtensional faults were formed during Middle-
to-Late Miocene (Figs. 3a and 8).

Th e oblique shortening of the basin fi ll is initiated 
in the westernmost part of the Getic Basin and cre-
ated fi rst the NE-SW-oriented thrust faults shown in 
Fig. 10d (also Figs. 5 and 6). Th e inversion of a for-
mer extensional fault also took place at that time (Fig. 
3a). Th e onset of shortening should be at the very be-
ginning of the Middle Miocene giving the age of de-
formed sediments and piggy-back sequence. It may be 
even earlier, however, it is more diffi  cult to ascertain 

Fig. 10. Th e structural style of the Subcarpathian Nappe (a and b are interpreted seismic lines modifi ed from Dicea, 1995 and Rosu, 
2005, respectively). Although originally the line a was described as imaging the westernmost part of the external thrust sheet of 
the East Carpathians (Dicea, 1995), in fact it lies to the west of the Intramoesian fault (Tarapoanca, 2004), which is the structural 
limit between the South and East Carpathians foredeeps. Th e seismic line shown in c evidences a steep shear zone that is interpret-
ed as a dextral tear fault which connects to the leading edge of the Subcarpathian Nappe separating a western domain of relative-
ly minor contraction from an eastern highly shortened one. Th e subhorizontal thrust planes (barbed thick lines) shown in c are 
faults intersected at small angle by the seismic profi le. Also shown in c is the deepest well from our study area (bottomed at ~ 5 
km). Note in a that contraction continued aft er the Sarmatian main phase of the emplacement of the Subcarpathian Nappe. Th e 
map from d shows thrust planes mostly organized in a duplex-style to the west of the Subcarpathian Nappe (dashed where cov-
ered)
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an age for the innermost thrust shown in Fig. 10d, giv-
en the limited seismic coverage there.

Th e deeper, WNW-ESE thrust seems to be formed 
when the NW-SE strike-slip (tear) fault (shown in 
Figs. 10c and d) was initiated in response to the far-
ther transport of the Carpathian units. Once the NW-
SE strike-slip fault cut through the entire basin fi ll, it 
took over all the oblique shortening and left  the initial 
thrusts inactive, thus explaining the major diff erence 
in elevations between the structures shown in Figs. 
10b and c relative to the ones from Figs. 5 or 6. 

As a whole, most of the Mid-Tertiary infi ll of the 
Getic Basin was peeled-off  to the E-SE as a wedge, with 
the leading line behaving as a tear fault in the west and 
changing laterally to a frontal thin-skinned thrust. 
Th is orientation may have resulted from the original 
confi guration of the extensional basin, that is, the for-
mer relay-ramps or other transferring structures may 
have exerted a certain control.

It appears that when the Carpathian units started 
rotating along the Timok Fault system in Middle Mio-
cene times, the old orogenic pile became decoupled 
from western Moesia, thus leading to accelerated sub-
sidence of the latter. Moreover, this would explain why 
the westernmost extremity of Moesia records quite 
minor contractional deformation whereas thrusting 
proceeded along the belt culminating eventually with 
the emplacement of the Subcarpathian Nappe by late 
Middle Miocene (Middle Sarmatian, cf. Sandulescu, 
1988; Dicea, 1995; Matenco et al., 1997).

We also speculate that some of the former Mid-Ter-
tiary normal faults inside the Getic Basin farther east, 
particularly those fl anking its northern margin, may 
have been reactivated in this way during the E-wards 
displacement of the Carpathian units, thus leading to 
a highly complex structural style of the inversion, as 
shown by Rabagia and Matenco (1999). 

4 Curved Plate Boundaries:
 Carpathians / Moesia vs 
 Caribbean / South America

At this point of the discussion, we feel it is worth mak-
ing a brief analogy of the South Carpathians / Moe-
sia corner with another highly curved tectonic setting 
which is still developing, namely the Caribbean / South 
America plates. Th is was suggested to the fi rst author 
by H. Doost (personal communication, 2004) and also 
referred to by Hippolyte et al. (1999). Th is comparison 
is useful in picturing how diff erent the foreland plates 
can deform although the tectonic transport of the up-
per plates takes place in a rather similar way.

In both cases, there is a plate that dextrally moves 
and rotates around the corner of another one. Th e ma-
jor diff erence is that the South Carpathians / Moe-

sia NW-most boundary is essentially extensional, 
with minor contractional deformations taking place 
at their junction, whereas the Caribbean plate has ex-
erted strong transpression upon the NW corner of the 
South American plate, leading even to the extrusion 
and N-wards transport of the Maracaibo triangular 
continental block (e.g. Pindell., 1991).

We speculate that these contrasting behaviors are 
mainly related to the presence (and absence, respec-
tively) of weak lineaments within the convex-shaped 
plate, favorably oriented to the future stresses in the 
sense of facilitating the tectonic transport of the mov-
ing plate. In the case of the Carpathians / Moesia cou-
ple, one of the extensional structures inherited from 
its passive margin stage was likely employed during 
the future tectonic transport of the Carpathian units 
and evolved into a major wrench zone.

Furthermore, if one compares the two tecton-
ic plate confi gurations in terms of shortening within 
their foredeeps, a similarity concerning the E-wards 
migration of the contractional deformations could be 
derived (e.g. Pindell, 1991 and references therein for 
the Caribbean setting). However, it appears that the 
time span characteristic of the contractional defor-
mations migration in the Getic Basin is shorter than 
its counterpart. As shown previously for Carpathi-
ans / Moesia, contraction started in the NW-most cor-
ner to the end of Early Miocene – beginning of Mid-
dle Miocene (Badenian), reached the climax E-wards 
in the latest Middle Miocene (Sarmatian) and moved 
to the E-most part in Pliocene, although more diff use 
then (Matenco et al., 1997; Hippolyte et al., 1999). In 
turn, in the Caribbean setting the contraction within 
the foredeep has started since the Eocene (cf. Pindell, 
1991). Th ese comparisons could be of help in directing 
exploration strategies as both foredeeps host impor-
tant hydrocarbon reserves.

5 The Potential of the Western Moesian Passive 
 Margin Petroleum Systems

Th e passive margins fl anking both modern and an-
cient oceans are generally prone for generating hydro-
carbons from source rocks deposited during syn- to 
post-rift  stages. We have thus integrated the structural 
pattern of the Moesian passive margin described pre-
viously into a regional framework aiming to open new 
perspectives on the petroleum systems.

Most of the reconstructions of the Mesozoic plate 
setting in the Carpathian realm (e.g. Sandulescu, 1984; 
Csontos and Varos, 2004) placed the Severin oceanic 
crust (and its northern equivalents, Ceahlau and Ma-
gura +/- Valais) between the fi xed Moesia / East Eu-
ropean platform and another continental plate that 
drift ed away towards WSW (Fig. 11a). Alternatively, 
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Tari (2005) proposed that Moesia represents in fact a 
conjugate plate of the Bohemian segment from the Eu-
ropean margin (Fig. 11b). In his model, Moesia is the 
plate drift ed away for over 600 km towards SE dur-
ing the Middle – Late Jurassic. Very important from 
the standpoint of hydrocarbon generation, the Middle 
and Late Jurassic formations known as regional source 
rocks in western Moesia and the Vienna basin (Tari, 
2005 and references therein), appear in this model as 
deposited within a restricted basin that predated the 
onset of spreading.

Th e N-S changing to NE-SW basin structure of the 
western Moesia, outlined above, seems to sustain Tari’s 
proposed model. Th ese basins appear as remnants of 
a passive margin that could function indeed in a re-
stricted environment for a while. Although there are 
no wells that drilled the passive margin sequence pres-

ently buried beneath Tertiary sediments, the faulted 
tilted blocks (e.g. Fig. 5) and their possible syn-to-post 
rift  source-prone fi ll represents a new attractive po-
tential petroleum system of the NW-most Moesian 
area. In fact, our fi ndings could extend farther NW 
the Middle Jurassic-sourced petroleum system located 
in central-western Moesia (Popescu, 1995).

Th e hydrocarbon potential of this area is further 
strengthened by the expected wide distribution of the 
Late Oligocene shale sequence (Figs. 5 and 6) buried at 
the oil window depths. Th is is the proved main source 
formation all over the Carpathian nappes and foredeep 
including most of the Getic Basin (Popescu, 1995).

A third, rather highly speculative petroleum sys-
tem, might be represented in the NW-most Moesia by 
the pre-rift  Silurian shales (e.g. Paraschiv and Baltes, 
1983; Popescu, 1995). Although if present, these source 

Fig. 11. Plate tectonic models of 
the Carpathian-Moesian realm 
prior to the creation of the 
Severin (and equivalents) 
oceanic crust (a. from 
Sandulescu, 1984; b. modifi ed 
from Tari, 2005). Th ere is no 
relationship between the gray 
fi lls from a. and b. Note that an 
approximate scale is provided 
only in b. In b., the thickness 
maps of the Middle Jurassic 
(Moesia) and Late Jurassic 
(Vienna basin) source 
formations are schematically 
shown (Tari, 2005 and 
references therein) as well as 
the sketch of the rift ed passive 
margin presented in this 
contribution. We have no 
intention to discuss the role of 
the major faults of the foreland 
plate (IMF Intramoesian fault; 
PCF Peceneaga-Camena fault) 
in the Tari’s model. Instead, we 
aim to integrate the Moesian 
passive margin setting into a 
larger framework and to 
provoke further discussions 
and research on this topic
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rocks are expected to be over cooked within the Ter-
tiary basin area, they might have generated hydrocar-
bons migrated and preserved upwards in traps from 
the passive margin setting.

Finally, a prolifi c petroleum system is represented 
by the biogenic gas in dominantly stratigraphic traps 
of the Neogene clastics widespread in the post-Bade-
nian sequences of the entire Carpathian foreland area 
from Romania to Austria.

6 Conclusions

Th e information provided by the recent seismic sur-
veys and wells drilled in the NW-most Moesian corner 
sheds more light upon the structural setting and ki-
nematic evolution of the highly-bent contact zone be-
tween the South Carpathians and their foreland plate. 
Th is contact is essentially transcurent being represent-
ed by the Timok dextral lineament which accommo-
dated during the Mid-Tertiary onwards the displace-
ment and rotation of the Carpathian orogenic units 
around the Moesian corner. Th e Timok Fault clear-
ly cuts the South Carpathians structural assemblage 
from the Moesian foreland plate; north of the Danube 
River, no proof of Carpathian nappes was found to the 
east of this bounding lineament.

Two extensional stages overlapped in the NW part 
of Moesia leading to a complex structural setting made 
up of orthogonal normal fault systems. Th e oldest is 
roughly N-S oriented and originates from the (pre-
sumably) Permian - Triassic rift ing that predated the 
creation of the oceanic crust at the western and north-
ern margins of the Moesian realm. Aft er the Latest 
Cretaceous welding of the Carpathian orogen to Moe-
sia, some of those faults acted as a structural weakness 
prone to be reactivated in a transcurent manner and 
became the defi ned Timok Fault system in the Mid-
Tertiary. Genetically related to the N-wards trans-
lation of the Carpathian units, the more recent E-W 
oriented fault system was formed in Late Oligocene – 
Early Miocene driving the opening of a second exten-
sional basin along the northern margin of Moesia.

Th e tectonic regime changed to transpression not 
earlier than the Middle Miocene once the Carpathi-
an units started to rotate around the Moesian corner. 
Structural evidence shows that only then, the former 
rather straight Timok Fault merged with one of the 
northern E-W extensional faults leading to a curved 
dextral strike-slip system. A duplex thrust system 
had been formed inside the basin until most of the 
transpression has been taken over by a NW-SE dextral 
fault which becomes laterally the thin-skinned Sub-
carpathian Nappe.

As a whole, the Mid-Tertiary basin has been invert-
ed by progressively peeling-off  towards E-SE its sedi-

mentary fi ll. Th e thin-skinned character of the inver-
sion and the signifi cant down-throwing of the eastern 
compartment of the Timok Fault system suggest that 
by the Middle Miocene the former orogenic pile be-
came fully decoupled from the Moesian foreland 
plate.

New paths are open for hydrocarbon explora-
tion giving the detailed structural picture highlight-
ed in this contribution. Two main petroleum systems 
can be envisaged: one is related to the Mesozoic pas-
sive margin stage with hydrocarbons possibly sourced 
from syn- to post-rift  Mid-Jurassic sequences and 
trapped in the rift  shoulders; the second is related to 
the Late Oligocene shales (as in the whole Carpathian 
foredeep) which could produce hydrocarbons migrat-
ed towards either the Mid-Tertiary extensional traps 
or into those created during the Middle Miocene in-
version. Th e biogenic gas accumulated in stratigraph-
ic traps deserves more explorationists’ attention these 
days when smaller fi elds could be commercial.
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Role of the Foredeep Evaporites in Wedge Tectonics
and Formation of Triangle Zones: 
Comparison of the Carpathian and Pyrenean Thrust Fronts

Piotr Krzywiec · Jaume Vergés

Abstract. Syntectonic evaporitic levels within foredeep basin 
play an important role during the last stages of development 
of fold-and-thrust belts. These evaporites easily transmit tec-
tonic stresses acting as preferred detachment levels. Both 
within the Spanish Pyrenees as well as within the Polish Car-
pathians syntectonic evaporites developed in their foredeep 
basins that controlled fi nal stages of thrusting within the oro-
genic wedges. Within the SE frontal Pyrenees, thick and later-
ally extent evaporites of the Cardona and Barbastro forma-
tions controlled the position of ramps and backthrusts as well 
as of triangle zones developed within the Ebro basin. Overlap 
zones of successive evaporitic levels defi ned the location of 
anticlines on the hangingwall of thrust ramps, whereas the 
external pinch outs of the uppermost evaporitic level defi ne 
the position of backthrusts. Frontal Polish Carpathian orogen-
ic wedge including a zone of deformed Miocene foredeep 
sediments (the Zgłobice unit) is also characterized by the 
presence of Middle Miocene foredeep evaporites, that strong-
ly infl uenced Miocene stages of the Carpathian thrusting. In 
the Tarnów area, where foredeep evaporites are thinner and 
consist mainly of anhydrite, a triangle zone developed within 
the Zgłobice unit between the north-directed frontal thrust 
of the fl ysch (pre-Miocene) Outer Carpathians and the south-
directed backthrust related to the Miocene anhydritic layer. 
The tip point of this triangle zone may have been controlled 
either by location of a zone of rapid thinning of anhydrites 
above the northern slope of the pre-Miocene erosional pa-
leovalley, or by an overlap zone of two anhydritic units above 
this slope. The Zgłobice unit in the Wieliczka area is character-
ized by a system of north-directed tectonic slices carrying 
thick rock salt interlayered by siliciclastics. The Wieliczka tri-
angle zone might have formed where lateral changes of evap-
oritic facies occurred at the transition from thick rock salt to 
thinner anhydrite facies.

Keywords. Syntectonic evaporitic horizons, detachment fold-
ing, triangle zones, SE Pyrenees, Polish Carpathians.

1 Introduction

It long has been recognized that rock salt, due to its 
specifi c bulk properties, is one of the most impor-
tant components of sedimentary basins and thrust 

belts. Evaporites in general, and rock salt in particu-
lar, are of key importance for evolution of fold-and-
thrust belts, as evaporitic layers oft en form preferred 
levels of detachments within the orogenic wedge (e.g. 
Davis & Engelder, 1985; Cotton & Koyi, 2000; Costa 
& Vendeville, 2002; Bahroudi & Koyi, 2003; Costa et 
al., 2004; Sherkati et al., 2005). Th e majority of the de-
tached fold-and-thrust belts are displaced above pre-
shortening evaporites (see compilation in Letouzey et 
al., 1995). However, some fold-and-thrust belts also 
used syn-compressive evaporitic levels related to de-
position within their foredeep basins, as it is the case 
for the Spanish Pyrenees and the Polish Carpathians 
that are discussed in this paper.

Th e Carpathians and the Pyrenees belong to the 
same Alpine–Himalayan orogenic belt formed by the 
closure of the Tethys Ocean (Fig. 1). At present, the 
frontal part of the S Pyrenees is well exposed, where-
as the front of the Polish Carpathians is mostly bur-
ied, especially in their central segment described be-
low. Th e fronts of the Pyrenees and Carpathians share, 
however, one common but not so frequent scenario in 
which syntectonic evaporitic deposits played a very 
important role in folding and thrusting.

Evaporitic units formed within the foredeep basins 
could have diff erent thickness and lateral extent, fre-
quently they migrate towards the foreland following 
foreland-directed migration of the orogenic wedge. 
Foredeep-related evaporites are involved in folding 
and thrusting usually during the latest stages of short-
ening. Th ey tend to focus detachment levels which 
oft en leads to formation of complex structures, in-
cluding triangle zones and duplexes (for overview of 
triangle zones and related nomenclature see e.g. Jones, 
1996; MacKay et al., 1996), that could form important 
targets during exploration for hydrocarbons.

In fold-and-thrust belts detached above evaporites, 
shortening is usually transferred rather rapidly along 
the evaporitic levels to the external boundary of the 
evaporitic basin where evaporites pinch out. Th us, de-
formed areas usually correspond to the evaporitic dep-
ositional extent. At the pinch out, the abrupt increase 
of internal strength to thrust displacement oft en pro-
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duces a backthrust-bounding triangle zone cored by 
highly deformed rocks.

In this paper we compare the well-exposed SE fron-
tal part of the Spanish Pyrenees with the buried front 
of the Polish Carpathians. Amongst other parameters, 
thickness and lateral extent of evaporitic levels are re-
sponsible for changes in the tectonic style of studied 
frontal parts of orogenic belts.

2 The South Pyrenean Frontal Triangle Zone

Th e South Pyrenean thrust system consists of three 
major domains: 

1. Th e inner thrust sheets that include thick basement 
slices that form the core of the orogenic belt.

2. Th e cover thrust sheets carrying Mesozoic rocks as 
well as early Paleogene foreland basin deposits.

3. Th e most external fold-and-thrust structures de-
tached above foredeep evaporites. Th e age of defor-
mation migrated towards the South starting in the 
latest Cretaceous in the north and ending around 
the middle Oligocene in the South (see Vergés et al., 
2002, for further details).

Th e most external SE Pyrenean folds and thrusts de-
veloped within the foredeep deposits of the Ebro Ba-
sin. Several systems of detached anticlines grew above 
successive syntectonic foreland evaporitic horizons 
(e.g. Ramírez and Riba, 1975; Vergés et al., 1992).

Th e Pyrenean foreland basin is fi lled by a thick suc-
cession of middle Eocene shallows marine marls re-
lated to deltas developed along the basin‘s margins. 
Above the uppermost shallowing upwards marl unit, 
about 300 m thick evaporitic succession developed 

that recorded marine-continental transition (Fig. 2). 
Th e Cardona evaporites recorded the end of marine 
conditions within the Ebro Basin, when the Atlan-
tic connection became closed. Th e geometry and ex-
tent of this evaporitic unit is well known because nu-
merous wells were drilled and several seismic surveys 
were completed in this area during potash exploration. 
Above the fl at top of the Cardona evaporites a thick 
prograding alluvial fan system dominated the infi ll 
of the Ebro Basin during the late Eocene and Oligo-
cene times. Th is system comprised the coarse proxi-
mal conglomerates of the Solsona Fm. and the distal 
Súria Fm. (Ramírez and Riba, 1975; Riba et al., 1983). 
A thick lacustrine sequence with evaporites (Barbas-
tro Fm.) constituted the infi ll of the central part of the 
Ebro Basin.

Whereas the Cardona Fm. was probably related to 
a relatively rapid depositional event infi lling a deep 
NW-SE trending trough, the Barbastro Fm. was pro-
gressively migrating towards the south-west and south 
in front of the advancing Pyrenean deformation (Ver-
gés and Burbank, 1996).

Th ree sets of folds display diff erent orientations 
depending on their position within the foreland ba-
sin as well as on their relationship with the most ex-
ternal thrust of the cover thrust sheets (Vergés, 2003), 
(Fig. 3). NW-SE folds are located to the north of the 
main Cardona evaporitic basin, NE-SW folds are lo-
cated above the Cardona salt basin, whereas the most 
external WNW-ESE folds used the Barbastro evapo-
rites to glide.

Th e lateral extent of these evaporitic units direct-
ly controlled the position and geometry of folds and 
thrusts during Tertiary shortening. Th e staircase ge-
ometry, with or without superposition, of two evap-
oritic units is also a very important factor controlling 

Fig. 1. Location of the 
Carpathian and Pyrenean 
orogenic belts. Red rectangles – 
approximate location of both 
study areas (cf. Figs. 3 and 6)
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the relationship of two detachment horizons as has 
been described using fi eld examples from the Pyrenees 
(Vergés et al., 1992; Sans, 1995; Sans et al., 1996), as 
well as results of analogue modeling (e.g. Letouzey et 
al., 1995). When there is a partial superposition of two 
detachment levels (i.e. in the SE Pyrenees), the detach-
ment climbs up from the lower to the upper evaporites 
at the pinch out of the lower evaporites. Consequent-
ly, single or complex systems of ramps develop togeth-
er with a hangingwall anticline.

Along the SE depositional limit of the syntectonic 
foreland evaporites, the increase of strength controlled 
by the evaporite pinch-out line forced the detachment 
thrust to continue to develop along the backthrust 
bounding a triangle zoom (Fig. 4). Th is is the case of 
the frontal el Guix and Barbastro anticlines (Fig. 3).

Along the SE Pyrenean thrust belt, various evapo-
ritic detachment levels developed within the Pyrene-
an foreland basin produced tight anticlines separated 
by relatively wide and fl at synclines that can show salt 

Fig. 2. Stratigraphic panel for the Southern Pyrenees and their foreland basin. Biostratigraphic data combined with magnetostrati-
graphic information (six sections displayed on the left  side of the panel) defi ne the chronostratigraphic framework of the study area 
(see Vergés et al., 2002 for details). Evaporites of the Cardona and Barbastro formations (shown in red) played an important role 
in the tectonic evolution of the frontal Pyrenean thrust system

Fig. 3. Structural sketch of the 
South Pyrenean Triangle Zone 
developed within the Ebro 
basin (aft er Sans, 2003). Red 
line – location of regional 
cross-section from Fig. 4
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welding (total evacuation of salt beneath the synclines). 
At the termination of evaporitic basins, an emerging 
backthrust and a triangle zone formed, bounding the 
Pyrenean detached fold-and-thrust belt.

3 Wedge Tectonics of the 
 Central Polish Carpathians

Th e Carpathian orogenic belt consists of three main 
tectonostratigraphic domains: the Inner Carpathians, 
the Pieniny Klippen Belt, and the Outer Carpathians 
that have been deformed during several shortening 
events since the Late Jurassic (see Picha and Golonka, 
2005 for a recent overview of geology of the Carpath-
ian region). Th e Outer Carpathians, that comprise 
several thrust sheets (nappes) built predominantly of 
deep-water fl ysch sediments, are genetically linked to 
the Miocene Carpathian foredeep basin that devel-
oped in front of the advancing orogenic wedge dur-
ing fi nal thrusting movements (for summary and fur-
ther references see Oszczypko, 1998; Oszczypko et al., 
2005).

Sedimentary infi ll of the Polish Carpathian fore-
deep basin consists of the Eggerian to Sarmatian (ap-
prox. upper Chattian – lower Tortonian) sedimenta-
ry sequences (Fig. 5) showing a successive northward 
migration of the basin axis in front of the advancing 
thrust sheets (nappes). Within this basin, two major 
segments (domain) could be distinguished:

1. Th e inner foredeep basin.
2. Th e outer foredeep basin, with the boundary be-

tween them roughly following present-day frontal 
overthrust of the Carpathian wedge. 

Th e inner foredeep basin is composed of the Lower – 
Middle Miocene (approx. upper Chattian – Serraval-
ian) mostly terrestrial autochthonous deposits (Fig. 5) 
that are presently entirely overridden by the Carpath-
ian orogenic wedge. Transition from the inner to the 
outer domain refl ects a major northward shift  of the 
Carpathian wedge and related northward displace-
ment of the foredeep‘s zone of maximum subsidence. 

Th e outer Carpathian foredeep analyzed in this pa-
per is located to the north from the frontal Carpathi-
an thrust (Fig. 6). It is fi lled with the Middle Miocene 
marine deposits, that range from a few hundred me-
ters in thickness in the northern marginal part, up to 
3,500 m in the eastern part, in vicinity of the Polish 
– Ukrainian boundary. Infi ll of the outer foredeep in 
front of the Carpathian orogenic wedge consists of the 
Upper Badenian–Sarmatian (approx. Upper Serraval-
ian – lower Tortonian) succession (Fig. 5). Badenian 
northward shift  of the Carpathian orogenic wedge re-
sulted in a similar shift  of the foredeep basin and de-

velopment of a wide depositional zone, i.e., the outer 
Carpathian foredeep basin. Flooding of the Carpathi-
an foreland led to deposition of the Baranów beds that 
are 10–20 m thick on average, and are built of muddy 
shales and sandstones and unconformably overlie Me-
sozoic rocks of the lower (foreland) plate.

Relatively thin siliciclastic Baranów beds are cov-
ered by the Upper Badenian evaporitic succession that 
belongs to Krzyżanowice and Wieliczka formations 
(cf. Oszczypko et al., 2005). Th e Krzyżanowice forma-
tion comprises gypsum and anhydrite and associat-
ed siliciclastic deposits (mainly claystones) and barren 
and sulfur-bearing limestones that are commonly con-
sidered as having originated due to metasomatosis of 
sulfates. Th is formation covers a large part of the out-
er foredeep basin, only between Kraków and Tarnów it 
is locally replaced by Wieliczka formation. Th ickness 
of the gypsum and anhydrites of the Krzyżanowice 
formation is in order of several tens of meters in the 
marginal part of the basin, up to 10–20 m in more the 
central part (e.g., in vicinity of the present-day frontal 
Carpathian thrust analyzed in this paper). Th e Wielic-
zka formation consists of rock salt with intercalations 
of claystones and minor sulfates, with total thickness 
between 30 and 100 m described in the Wieliczka area 
(Garlicki, 1979). Two main units are distinguished 
within this succession: stratiform deposits and boul-
der deposits. Stratiform deposits consist of layered salt 
beds with relatively minor fi ne siliciclastic intercala-
tions. Boulder deposits are formed by blocks of salt of 
diff erent size (from 1 m3 up to even 100,000 m3) em-
bedded within the siliciclastic, generally clayey succes-
sion. First deformations of the evaporitic succession 
most probably occurred already during late phases of 
its sedimentation (Kolasa and Ślączka, 1985; Ślączka 
and Kolasa, 1997). Subsequent tectonic movements re-
lated to latest phases of the Carpathian collision and 
thrusting strongly deformed the entire evaporitic suc-
cession of the Wieliczka formation.

Upper Badenian evaporites of the Krzyżanowice 
and Wieliczka formations are covered by shaly-san-
dy uppermost Badenian (Chodenice and Grabowiec 
beds) and Sarmatian siliciclastics (Fig. 5), of general-
ly deltaic origin. Th eir development was related to in-
creased subsidence within the outer foredeep basin, 
triggered by an increased rate of overthrusting move-
ments within the Carpathian accretionary wedge 
and/or increased slab-pull processes within the Car-
pathian subduction zone. Th ese sediments, that pres-
ently form the bulk of the foredeep infi ll in front of 
the Carpathian orogenic wedge, were supplied most-
ly from the south, from eroded Carpathians, with mi-
nor sediment supply from the north (Fig. 7; cf. Krzy-
wiec, 2001).

At present, a zone of deformed foredeep deposits 
(Zgłobice unit; Kotlarczyk, 1985) is located in front 
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Fig. 5. Stratigraphic table of the Miocene deposits from the Polish Carpathian foredeep basin (aft er Oszczypko et al., 2005, simpli-
fi ed and supplemented). 1–14: lithostratigraphic unit (see Oszczypko et al. (2005) for detailed explanations). Sediments of the out-
er fordeep deposited east from Kraków and analyzed in this paper include Baranów beds (12, shown in yellow), evaporitic Wielic-
zka formation (9, shown in blue), and overlying siliciclastic Chodenice–Grabowiec formations together with the lower part of the 
Krakowiec beds (13 and 14 respectively, shown in yellow)
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Fig. 7. Regional geoseismic cross-section showing relationship between the Carpathian orogenic wedge and the Carpathian fore-
deep basin. Blue line – Upper Badenian evaporites (mostly anhydrites). Note overall progradational pattern of the supra-evaporit-
ic uppermost Badenian – Sarmatian foredeep deposits related to regional sediment supply from the south, from the eroded Car-
pathians. In front of the Outer fl ysch Carpathians zone of deformed Miocene foredeep deposits developed, including a triangle 
zone formed directly above the morphological paleovalley cut within the lower plate (cf. Fig. 9)

Fig. 6. Generalized geological map of the central and eastern Polish Carpathians. A-A‘: regional geoseismic cross-section shown on 
Fig. 7, red rectangle – area shown in Fig. 8
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of the Outer Carpathian pre-Miocene fl ysch units 
(nappes). Th is Miocene tectonic unit has variable 
width, up to approx. 10 km in the area located between 
Kraków and Tarnów (Fig. 8).

Structure and evolution of the frontal Carpathian 
orogenic wedge have been subject of intense studies 
for many decades, as this area is related to important 
economic resources like rock salt and hydrocarbons. 
Numerous structural models have been proposed for 
the frontal Carpathians, and almost all of them relied 
on classical concepts of foreland-verging thrust-and-
fold structural models (e.g., Tołwiński, 1956; Poborski 
& Skoczylas-Ciszewska, 1963; Kirchner & Połtowicz, 
1974; Wdowiarz, 1976; Książkiewicz, 1977; Oszc-
zypko & Tomaś, 1985; Połtowicz, 1991; Karnkowski, 
2001). Some publications stressed the role of gravita-
tional tectonics in formation of the frontal Carpathian 
thrust zone (Połtowicz, 1997, 2004). Jones (1997) pos-
tulated that in certain parts of the Polish Carpathian 
front a triangle zone might have developed with some 
evidence of backthrusting. It is well known that pres-

ence of foredeep evaporites signifi cantly infl uenced 
thrust tectonics of the frontal Carpathian orogenic 
wedge (Połtowicz, 1994).

Within the area between Kraków and Tarnów 
(Fig. 8) foredeep Miocene deposits are characterized 
by two diff erent types of compressional deformation. 
In the more eastern part of this zone, in the vicinity 
of Tarnów, recently acquired seismic data calibrated 
by numerous exploratory wells revealed that the front 
of the Polish Carpathians located within the Miocene 
Zgłobice unit is related to wedging tectonics. Th e ge-
ometry of the zone of deformed foredeep deposits is 
shown on the interpreted seismic profi le from Fig. 9 
(cf. Krzywiec et al., 2004). Th e Zgłobice unit is locat-
ed in the footwall of the main N-verging fl ysch (pre-
Miocene) Carpathian thrust sheet and is composed of 
three tectonic sub-units (slices) built of deformed Mio-
cene foredeep deposits: Dębno, Wojnicz, and Biado-
liny slices (Kirchner & Połtowicz, 1974). Th e southern 
Dębno slice is north-verging, whereas the northern Bi-
adoliny slice is defi ned by south-verging backthrust, 

Fig. 8. Geological sketch of the 
Kraków – Tarnów area 
showing location of the seismic 
line from Fig. 9 (red line) and 
the Wieliczka Salt Mine 
together with approximate 
location of conceptual 
geologicalcross-section from 
Fig. 10 (red line)

Fig. 9. Geoseismic sketch of the frontal Carpathian orogenic wedge east from Kraków (based on Krzywiec et al., 2004). Location is 
shown in Fig. 8



Chapter 20  ·  Role of the Foredeep Evaporites in Wedge Tectonics and Formation of Triangle Zones: 393

and, towards the foreland, a north-verging thrust rep-
resenting the most frontal thrust of the entire Car-
pathian orogenic wedge (Fig. 9; cf Krzywiec, 2001). 
Th e intermediate Wojnicz slice is therefore bordered 
by the north-verging thrust of the Dębno slice and 
south-verging backthrust of the Biadoliny slice, and 
could be defi ned as a triangle zone. All these struc-
tures seem to be detached within the anhydrites of the 
Krzyżanowice formation, that are characterized in 
this area by relatively small thickness in order of 10–
20 m on average. Only locally, rock salt of the Wielicz-
ka formation has been encountered in several wells.

Th e Wojnicz slice is internally strongly deformed as 
proved by the observed south-dipping refl ectors ob-
served in the northern corner of this tectonic slice, 
beneath the backthrust defi ning its northern bound-
ary (Fig. 9). Th ese dipping refl ectors are attributed to 
north-directed thrusts carrying uppermost Badenian 
- Sarmatian siliciclastic deposits above upper Bade-
nian evaporites (anhydrites of the Krzyżanowice for-
mation). Th ese evaporites are partly infi lling the pa-
leovalley located beneath the Wojnicz tectonic unit. 
Well data confi rm the involvement of the upper Bade-
nian evaporites (both anhydrite and rock salt) within 
the northern imbricates of the triangle zone developed 
within the Zgłobice unit (Poltowicz, 1991).

Th e described triangle zone of the Wojnicz slice co-
incides with a deep erosional paleovalley (Fig. 9) that 
was incised most probably during Palaeogene inver-
sion of the Mid-Polish Trough (cf. Krzywiec, 2002). 
Th e formation of the triangle zone above this paleo-
valley may have been related to accumulation of thick-
er upper Badenian evaporites in its axial part that have 
consequently acted as a more effi  cient detachment lev-
el during shortening. Th e triangle zone pin line coin-

cides with the northern slope of the paleovalley, which 
may have coincided with either reduction of upper 
Badenian evaporite thickness or development of lo-
cally overlapping evaporitic horizons, which at a later 
stage may in turn have triggered the initiation of the 
Biadoliny backthrust.

West from the Tarnów area, in vicinity of Kraków, a 
partly diff erent style of deformation is observed within 
the Zgłobice unit built of deformed foredeep deposits 
which includes the Wieliczka Salt Mine. Th is mine, ac-
tive since the XIth Century and being one of the clas-
sical areas of compressional salt tectonics (cf. Jackson, 
1995) provides excellent information on the internal 
structure of the frontal Carpathian orogenic wedge. It 
is particularly important, as in this part of the frontal 
orogenic wedge no seismic data exists that could pro-
vide reliable information on its internal structure.

In the Wieliczka area it was possible to link avail-
able surface and subsurface datasets to build a rela-
tively well-constrained cross-section (e.g., Tołwiński, 
1956; Poborski and Skoczylas-Ciszewska, 1963; Fig 10. 
Using a model for the Tarnów area described above 
and cross-section by Tołwiński (1956) as a proxy, we‘d 
like to propose that the Wieliczka Salt Mine is locat-
ed within the core of the triangle zone being equiv-
alent to the Wojnicz slice from the Tarnów area. To 
the south, this triangle zone is bounded by the fron-
tal thrust of the Outer (fl ysch) Carpathians, and to the 
north by the frontal backthrust that carries Grabow-
iec beds to the south on top of the imbricates of the 
Wieliczka tectonic unit. Tectonic imbricates devel-
oped above a detachment level located in the salt unit. 
Each tectonic imbricate is formed by layers of salt fol-
lowed by chaotic and irregular salt bodies (tens of me-
ters large) corresponding to tectonic salt-breccias (in-

Fig. 10. Wieliczka cross-section (redrawn from Tołwiński, 1957, slightly modifi ed and supplemented). According to this model, the 
Wieliczka Salt Mine is located within the core of the triangle zone. Blue – stratiform salt deposits, see text for further explanations. 
Location is shown in Fig. 8. Backthrust of the Grabowiec beds, similar to backthrust observed in the vicinity of Tarnów (Fig. 9), is 
inferred from the regional geometry shown on the original sketch of Tołwiński (1957), is not supported by structural data and 
therefore should be regarded as hypothetical
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cluding clays and siltstones) as a product of erosion of 
basin margins during thrust emplacement (Kolasa & 
Ślączka, 1985; Ślączka & Kolasa, 1997). Beneath de-
formed foredeep succession that includes strongly de-
formed rock salt of the Wieliczka formation, autoch-
thonous evaporites are present, developed as a rather 
thin and continuous anhydritic layer, similarly to, e.g., 
the Tarnów area described above (cf. Garlicki, 1979; 
Połtowicz, 1993). All these elements defi ne a triangle 
zone similar to the triangle zone of the Wojnicz slice 
from the vicinity of Tarnów described above. Similarly 
to the Pyrenean thrust front in the Cardona area, the 
Wieliczka triangle zone might have formed where lat-

eral changes of evaporitic facies occurred at the tran-
sition from relatively thick rock salt of the Wieliczka 
formation to signifi cantly thinner anhydrite facies of 
the Krzyżanowice formation.

Th e main diff erence between the two segments of 
the frontal Carpathians described above is the diff er-
ent involvement of evaporitic units in thrust tectonics. 
In the Wieliczka area relatively thick rock salt units 
make up almost the entire axial part of the triangle 
zone, while in the Tarnów area evaporites are very lo-
cally present within the core of the triangle zone and 
serve mainly as a preferred detachment level.

Fig. 11. Schematic models of the frontal thrust structures and infl uence of evaporitic units upon their development for the S Pyre-
nees a, and the Polish Carpathians: Tarnów area b and Wieliczka area c

a

b

c
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4 Summary and Conclusions

Th e fronts of the Pyrenees and Carpathians share 
a common feature that is the presence of syntecton-
ic foredeep / foreland evaporitic levels that developed 
in the course of foreland progradation of the advanc-
ing orogenic wedges. Th ese evaporites exerted a strong 
control on the evolution of both thrust systems during 
late stages of their development (Fig. 11).

Within the SE frontal Pyrenees, thick and lateral-
ly extent evaporites were deposited from mid-Eocene 
to early Oligocene times (Cardona and Barbastro for-
mations, respectively). Th e margins of the evaporitic 
basins defi ned the position of tectonic structures like 
ramps and backthrusts as well as of triangle zones. 
Zones of overlap of two successive evaporitic levels de-
fi ne location of anticlines on the hangingwall of the 
thrust ramps, whereas the external pinch outs of the 
uppermost evaporitic level defi ne the position of back-
thrusts (Fig. 11A).

Th e central part of the Polish Carpathian orogenic 
wedge is characterized by the presence of Middle Mio-
cene foredeep evaporites, that also played an impor-
tant role in shaping of the orogenic front. Th e most 
frontal Carpathian unit built of the Miocene foredeep 
deposits (i.e. the Zglobice unit) is detached above evap-
orites of late Badenian age. In the Tarnów area, where 
evaporites comprise mainly relatively thin anhydrites, 
this unit is internally deformed by an imbricate thrust 
system developed between the north-directed frontal 
Carpathian thrust and the south-directed Biadoliny 
backthrust (Fig. 11B). Th is backthrust, carrying upper 
Badenian evaporites in the lowermost part of its hang-
ingwall, formed at the tip point of the triangle zone of 
the Wojnicz slice. Location of this tip point may have 
been controlled either by location of a  zone of rapid 
thinning of anhydrites of the Krzyżanowice formation 
above the northern slope of the pre-Miocene erosional 
paleovalley, or by overlap zone of two anhydritic units 
above this slope.

Th e Zgłobice unit in the Wieliczka area is charac-
terized by a system of north-directed tectonic slic-
es carrying rock salt interlayered by siliciclastics (Fig. 
11C). Th e possible existence of a south-directed back-
thrust in the front of the Wieliczka imbricate system, 
suggested by previously published geological cross-
sections based on well and mine data, strongly indi-
cates the existence of a triangle zone equivalent to the 
triangle zone described within the Wojnicz slice in 
the Tarnów area. In a similar way as for the Cardona 
thrust front, the Wieliczka triangle zone might have 
formed where lateral changes of evaporitic facies oc-
curred at the transition from salt to anhydrite facies.
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Reservoir Properties of Miocene Sandstones 
in Rzeszow Area (Carpathian Foredeep, Poland)

Grzegorz Leśniak · Piotr Such · Piotr Dziadzio

Abstract. An integrated sedimentological, petrophysical and 
petrological study has been carried out in the Miocene suc-
cession in the southern Carpathian Foredeep basin of SE Po-
land, involving examination of ca. 800 m of cores combined 
with analysis of wire line logs from 14 wells. Our main goal 
was to identify regional trends in development of reservoir 
properties of the Miocene. Very good reservoir sandstones 
occur only in channel fi ll facies association, the top of which 
accounting for the best reservoir and fi ltration properties of 
sandstones and gas accumulations.

Keywords. Miocene sandstones, facies association, reservoir 
properties, compaction, cementation, Carpathian Foredeep

1 Introduction

Many gas reservoirs were discovered in the Miocene 
sandstones of the eastern part of the Carpathian Fore-
deep. Gas research conducted in recent years showed 
that new discoveries are more diffi  cult because of com-
plex architecture of the basin and ambiguity of seismic 
interpretation caused by small amplitudes of struc-
tures. So, a new prospecting impulse was needed. Th e 
central idea of the paper is to defi ne a set of necessary 
conditions for existence of reservoir traps in this area, 
its sedimentary architecture and petrographic stud-
ies being the main prospecting factors in Miocene re-
search.

Th e area of interest is shown in Fig.1.

2 Methodology

Totally 154 cores from 14 wells were investigated. A set 
of investigations were carried out consisting of facies, 
well log, sequence stratigraphy analyses and classical 
petrography, computer analyses of microscopic imag-
es, cathodoluminescence and scan microscopic analy-
ses as well as investigations of pore space parameters 
(density, porosity, permeability, mercury porosimetry) 
(Fig. 2) (Such 2002).

3 Geological Setting

Th e Carpathian Foredeep basin developed in Miocene 
times in front of the Carpathian orogenic wedge, at 
the junction between the Precambrian East European 
and Palaeozoic platforms. Th e fi lling of eastern parts 
of the Carpathian Foredeep, as in most foredeep ba-
sins, took place in two main stages:

1. Underfi lled fl ysch stage-lasting from the early Bad-
enian to the lower part of late Badenian (Moravian 
- Wieliczian).

2. Overfi lled molasse stage - lasting from upper part of 
the late Badenian to Panonian (Kosovian-Meotian) 
(Dziadzio et al., 2006) (Figs. 3 & 4, Tab. 1) Classi-
cally, this fl ysch to molasse transition is interpret-
ed as a record of migration of the thrust wedge and 
foreland basin over the hinge line of the inherited 
passive margin. Also, the Badenian and Sarmatian 
successions are characterized by very diverse facies, 
which were deposited in various depositional envi-
ronments.

Th e Badenian and Sarmatian successions are in-
terpreted to have been deposited within 3 third-or-
der depositional sequences: the two fi rst in Badenian 
time (not recognized in seismic scale), and the third 
in Sarmatian time, which consists of 4 fourth-order 
sequences (Dziadzio, 2000 a,b; 2006), total thickness 
ranging from 800 to over 3000 m.

Th e oldest part of the stratigraphic succession is 
made up of the Baranow Beds (Moravian in age; thick-
ness of ca. 0.1–30 m) (Figs. 3 & 4, Tab. 1), deposited 
in shelfal and near-shore environments during a rel-
ative sea level rise followed by a sudden sea level fall 
(Dziadzio, 2000a,b; Dziadzio et al., 2006). Th e anhy-
drite deposits (Wieliczian in age) were deposited dur-
ing a gradual sea-level rise. Th e Grabowiec beds (Vol-
hynian) formed in outer shelfal environments during 
the deepest water phase of the basin’s development. 
During this time in the northern part of the Carpathi-
an Foredeep mainly pelagic deposits occur but in the 
southern part submarine fan deposits developed. Th e 
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Badenian sequences were deposited during two 3rd or-
der sequences. In some areas in the NE part of the Car-
pathian Foredeep (Fig.4), root structures have been 
recognized at the top of the Badenian deposits, which 
are interpreted as associated with a 1st order sequence 
boundary (Dziadzio, 2000b; Dziadzio et al., 2006). 

In the deepest, eastern part of the Carpathian Fore-
deep, Sarmatian series rest conformably over the Bad-
enian deposits (Fig. 4). Th e younger Sarmatian depos-
its onlap to the northwest over the Badenian deposits. 
Th e Sarmatian deposits are subdivided into three con-
trasting depositional environments: I - basin plain 
complex, II - submarine fan complex, III - deltaic com-
plex with delta fans at the base (Dziadzio, 2000b; Dzi-
adzio et al., 2006) (Fig. 4). Th ese three ‘depositional 
complexes’ have diff erent lithological characteristics 
and diff erent depositional architectures. Th e basin 
plain sequence is dominated by fi ne-grained turbidites 

with thick turbidite sandstone bodies at the base, and 
has been recognized only in the deepest part of the 
Polish Carpathian Foredeep (Dziadzio, 2000a). 

Th e submarine fan complex was deposited in the 
southern part of the Carpathian Foredeep (close to 
the Carpathian orogenic front) as a series of classical 
fan deposits which extend farther north as widespread 
tabular-like turbidite sandstone and shale. Deltaic 
complex is dominated by heterolithic facies intercalat-
ed with sandstones. Th ey form a series of offl  aping del-

Fig. 1. Location of the studied area: Th e Miocene sediments in Rzeszow area

Fig. 2. Composite image combining Miocene cores with sedi-
mentary sketch and well logs. Yellow point on core image shows 
the core investigated in laboratory. Th e set of investigations is 
shown on the left  side of fi gure. It covers classic petrology, cath-
odoluminescence and SEM investigations, computer analysis 
of images, capillary pressure and relative permeability investi-
gation
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taic bodies deposited in a ramp-type basin. Th ey form 
deltaic successions from prodelta to delta front with 
thin turbidites in the distal part. Upper part of this 
complex is dominated by deposits of bay fi ll environ-
ment (Dziadzio, 2000a; Dziadzio et al., 2006). Delta 
deposits occur in the southern part of the Carpathian 
Foredeep at the base of third complex fan.

Whole Sarmatian series was deposited during fl uc-
tuating relative sea level and their successions exhibit 
a general shallowing upward trend.

Main transport direction during sedimentation of 
III Sarmatian depositional complexes was from the 
Carpathian orogen toward the foreland, with oppo-
site trends (from NW to SE) in younger deposits (Dzi-
adzio, 2000b).

In the study area the traps are made up of multi-
horizon compactional structures of the Sarmatian de-
posits over the basement highs (Figs. 5–7), mainly in 
the widespread turbidites. 

4 Facies Analysis

Facies analysis was devoted mainly to sand and mud fa-
cies because clay-building trap sealings are practically 
present everywhere. Six facies were distinguished, in-
cluding: (a) massive to laminated sandstone; (b) thin-
bedded, graded, and laminated sandstone; (c) thin-
bedded sandstone with low-angle cross-lamination; 
(d) calcium carbonate-cemented sandstone; (e) silt-
stone; and (f) mudstone (Figs.7 & 8). 

4.1 Facies Description

4.1.1 Facies (A): Massive to Laminated Sandstone 
 (Fig. 8 a – f)

Th is facies is represented by thick-bedded to massive 
homogenous sandstones, locally containing thin lam-
ina of mudstone or claystone. Th e sandstones are very 
fi ne- to coarse-grained, with total content of clay ma-
trix below 20%, or entirely devoid of clay fraction. 

Th e thickness of individual sandstone beds from the 
cored intervals ranges from 4 to 10 m, usually ca. 1 m. 
Bed amalgamations as well as changes in grain size of 
sandstones are frequent. Some thick sandstone beds 
are massive and show a normal or inverse grading. In 
some beds, fi ning-up top grading into very fi ne sand-
stone, or mudstones with Tb-d, seldom Te divisions 
(Bouma, 1962), are present. In many cases, climbing 
ripples (Jopling and Walker, 1968) occur near the top 
part of sandstone beds, and are interpreted here as 
Bouma Tc division (Bouma, 1962; King and Browne, 
2002). Deformed bedding and convolute lamination 
are common, as well as clay clasts (oft en imbricated), 
water escape structures, and sand dykes. Between or 
inside the sandstone beds, coalifi ed plant debris occur 
in laminae few millimeters thick. 

Bed soles tend to be sharp, and tops can be either 
sharp, or gradational in fi ne-grained facies. Traction 
structures, such as horizontal lamination and low-
angle cross-lamination in the lower or middle part 

LITOSTRATIGRAPHICAL
UNITS

(eastern part of the
Carpathian
Foredeep)

EP
O

CH AGE
CENTRAL

PARATETHYS
(R gl, 1998)ö

EASTERN
PARATETHYS
(R gl, 1998)ö

(Gradstein
et al., 2004)

Lo
w

er

M
id

dl
e

L.
U

.

U
pp

er

U
pp

er

13,65

11,61

10,6

9,8

7,25

Wolhynian

Moravian

Wieliczian

Kosovian

Evaporites

Krakowiec
clays

Bessarabian

Meotian

NN9

NN10

NN8

NN7

NN6

NN5

NN4

Candorbulina
universa

Uvigerina costai

Velapertina indigena

Anomalinoides dividens
Elphidium hauerinum/ Varidentella reussi

Porosononion
granosum

Trochammina kibleri

Table 1. Stratigraphic chart of Carpathian Foredeep (aft er Dziadzio et al., 2006)



Chapter 21  ·  Reservoir Properties of Miocene Sandstones in Rzeszow Area (Carpathian Foredeep, Poland) 401

of individual sandstone beds are abundant. Howev-
er, high-angle cross-stratifi cation and through cross-
stratifi cation were noted in few cases only. 

Th is facies shares the characteristics of classical 
turbidites (Bouma, 1962) and high-density turbidites 
(Lowe, 1982). Th e presence of clay clasts in diff erent 
parts of thick sandstone beds and the erosional bas-
es are compatible with highly turbulent fl ows. Some 
of the deformed bedding and convolute lamination 
refl ect hydroplastic deformation of unconsolidat-

ed deposits during sedimentation, and resedimenta-
tion either down regional slope or towards the chan-
nel center. Th e dish structures and sand dykes formed 
penedepositionally as a result of pore water displace-
ment (Lowe, 1975). 

Facies A occurs within distributary channels, 
where the energy of turbidity fl ows was the highest 
and where the erosion at the base of turbulent fl ows 
was very strong.

Fig. 3. Map of the eastern part of the Polish Miocene Basin with location of seismic line of Figure 4
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4.1.2 Facies (B): Thin-Bedded Graded and 
 Laminated Sandstone (Fig. 8, g, h) 

Th is facies is represented by sandstone beds up to sev-
eral centimeters in thickness. Th e beds are very fi ne-
grained to medium-grained and show normal grading, 
horizontal lamination, cross-lamination, and convo-
lutions, all attributable to Bouma Ta-e, Tb-e, and Tc-e 
sequences. Some of the sandstone beds reveal only Tc 
or Td divisions. Climbing ripples of type A, B, S (Jo-
pling and Walker, 1968), and bimodal ripples are pres-
ent. Wave and fl aser bedding occur as well, and show 
very small mud lenses within ripple troughs. Plant-
debris laminae, hydroplastic deformations, and rip-
up clay clasts are common. Th e bases of the sandstone 
beds are sharp, and tops are gradational. 

Th is facies represents the deposits of classical, 
though more diluted turbidity currents, laid down in 
lobe or distal channel-lobe transitions. Deposition was 
mainly by traction (Tb, Tc, and Td) from fl ows of de-
clining velocity, followed by suspension settling from 
the dilute tail of an individual turbidity current. 

Sandstone/siltstone with opposite (very oft en bi-
modal) ripple cross-laminae could be an eff ect of de-
position from bidirectional currents. Th e presence of 
climbing ripples and wavy-bedded fi ne sand indicates 
lower fl ow regime deposition from bottom fl ows car-
rying abundant suspended sediment. Intervals that 
contain rippled beds showing both parallel and trans-
verse sediment transport, were deposited away from 
the channel.

Th is facies is interpreted as formed near the top of 
adjacent channel complexes, and within interchannel 
and overbank areas. 

4.1.3 Facies (C): Thin-Bedded Sandstone 
 With Low-Angle Cross-Lamination (Fig. 8 j, l)

Th is facies is represented by fi ne-to-medium-grained, 
thin-bedded sandstone showing low-angle (<10°) cross 
stratifi cation. Beds range in thickness from a few to 
15 cm and occur in simple or tabular bedsets. Bases 
and tops of sandstone are sharp and usually against 
the facies E or F.

Facies C was deposited by turbidity currents pass-
ing from upper to lower-fl ow regime, and extending 
over many diff erent areas of deposition, such as inter-
channel, overbanks, lobes with fl at top surfaces and as 
thin drapes mantling an uneven substratum.

4.1.4 Facies (D): Calcium Carbonate-Cemented 
 Sandstone, Siltstone, and Mudstone (Fig 8, i)

Th is facies is represented by diff erent types of sand-
stones and siltstones that are cemented by calcium 
carbonate. Th e thickness of this facies ranges from 
several millimeters to a few centimeters. Cemented 
sandstones and siltstones form individual layers in all 
recognized facies, but they are particularly abundant 
in mudstone and claystone facies. 

Th is facies occurs as interbeds among all other 
facies, but does not assume any specifi c position with-
in otherwise preferred facies successions. Calcium car-
bonate forms a primary cement, which suggests that it 
originated from the recrystallization of micrite em-
placed together with siliciclastic detritus. 

4.1.5 Facies (E): Laminated Siltstone and Claystone 
 (Fig. 8 m, n)

Th is facies is represented by silty claystone and clay-
stone showing mm- to cm-thick silt and very fi ne sand 
laminae. It is the most frequent facies in all analyzed 
cores. Th e thickness of this facies varies from a few 
millimeters to several centimeters. Horizontal lami-
nation, ripple cross-lamination, and convolute lami-
nation are present in silt-rich parts of this facies, and 
are attributed to Bouma Tb-d divisions. Some lam-
inae-sets correspond only to Tc or Td divisions. Th e 
laminae tend to display sharp bases and sharp or gra-
dational tops. Starved ripples and deformed lami-
nae are common. Siltstone beds contain plant debris, 
sometimes as very thin (2–3 mm) laminae of coal. 

Th is facies was deposited by low-concentration tur-
bidity currents in distal parts of basin (basin plain) as 
well as in interchannel and overbank areas. 

4.1.6 Facies (F): Mudstone

Th is facies consist of homogeneous and massive, most-
ly unbedded claystone and clay shales. Sporadically 
preserved signs of bedding and lamination are main-
ly expressed by a color change and very thin silt lam-
inae. Th e thickness of this facies ranges from a few to 
tens of centimeters. Th is facies forms interbeds to sand 
and silt-dominated facies, all together forming hetero-
lithic deposits.

Massive claystones and clay shales are hemipelag-
ic suspensates that covered the basin fl oor and over-
bank areas, and can be interpreted as drape deposits. 
Th e presence of isolated laminae of silt or starved rip-
ple lamination indicates deposition from weak trac-
tion currents.
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4.2 Facies Association

Th e sedimentary succession in the area has been sub-
divided into four main facies associations also defi ned 
as architecture elements. Th ese associations were dis-
tinguished with the use of cores, but all of them show 
also characteristic trends on wireline logs. Th is helps 
to extend the interpretation for uncored areas (Pirson, 
1963; Galloway and Hobday, 1996; Emery and Myers, 
1996), and to correlate the obtained results with seis-
mic data, thus providing a 3D insight into the studied 
Miocene succession.

4.2.1 A1: Channel-Fill Facies Association 

Th is facies association consists of massive to laminat-
ed sandstone facies (A), thin-bedded, graded and lam-
inated sandstone facies (B) and, sporadically, lami-
nated siltstone and claystone facies (E), and mudstone 
facies (F). Th e presence of erosional sandstone bas-
es, rip-up clasts, deformed bedding, dish structures, 
high-angle cross-lamination or through cross-lamina-
tion, all defi ne this type of association. 
On wireline logs (GR, Neutron) this type of deposi-
tional elements is represented by characteristic shapes 
of curves. Th ese are mainly blocky or bell-shape, but 
cylindrical shape is also present. Th e blocky shape is 
characteristic for single or stacked channel fi lls. Th e 
bell shape is characteristic for cases where over levee-
overbank association is present above a laterally mi-
grated channel.

Depositional elements interpreted as channels from 
cores have thickness ranging from tens of centimeters 
to 8 m, but are diffi  cult to interpret from wireline logs 
alone. Channel complexes interpreted from logs show 
thickness between 20 and 80 m, seldom up to 100 m. 

Th is association can be present inside the tabular 
heterolith sheets facies association (see below), but 
more commonly it occurs as a complex of channel–in-
terchannel (overbank) or as channel-lobe successions. 
It can also be developed as a multiple complex of chan-
nel-overbank (levee) or as channel-lobe successions.

Based on well-log correlation in the study area, the 
channels appear to be no deep, widespread and cre-
ate multistory complexes built of channel-interchan-
nel (levee/overbank) or channel-lobe associations. 

4.2.2 A2: Levee and Interchannel Facies Association

Th is facies association consists of most interpreted fa-
cies, except facies A. Fine-grained deposits composed 
of thin, very thin, and medium sandstone, siltstone, 
mudstone beds are represented by facies B, C, D, E, 
and F. Th is facies contains a spectrum of sedimentary 
structures characteristic of the areas of terminal tur-
bidity current deposition, as well as for the morpho-
logically higher interchannel and levee stretches.

Th is facies association is several centimeters to a 
dozen meters thick. It oft en overlies the A1 associa-
tion, and may locally reveal a greater share accumu-
lation of facies A and C. In this case, Bouma turbi-
dites are not complete, and usually lacking some of 
the lowest divisions. On wireline logs, this association 
is represented by serrated patterns sometimes with a 
tendency to a bell shape if A2 is overlain by the A1 as-
sociation. Both associations form channel-interchan-
nel complexes that are oft en stacked vertically one 
upon another forming multiple repetitions through 
the basin fi ll.

4.2.3 A3: Tabular Sandstone Sheets (Depositional Lobe)
 Facies Association

Th in to thick sandstone bedsets (facies A, B) vertically 
separated by siltstone, claystone C, D facies, and form-
ing kilometer-scale layered sandstone sheets are the 
most abundant association (architectural element) of 
the Miocene deposits in the study area.
Th ese tabular sheets are interpreted as widespread, 
thin depositional lobes. 

On wireline logs, this association is represented by 
irregular, symmetrical to funnel shapes, and where its 
thickness exceeds 20 meters is easily recognizable on 
the logs. 

Fig. 8. Miocene facies distribution in the studied area.
Facie A - Massive to laminated sandstone
8a – S3 (1298 m) - Levee and interchannel facies association;
8b – S3 (1120 m) - Levee and interchannel facies association;
8c – J4 (1174m) - Levee and interchannel facies association;
8d – J8 (1521m) – Tabular sandstone sheet;
8e – J6 (1338m) - Tabular sandstone sheet;
8f – S3 (1660m) - Levee and interchannel facies association.
Facie B - Th in-bedded graded and laminated sandstone;
8g – J6 (1331 - 1334m) - Tabular sandstone sheet;
Facies E - Laminated siltstone and claystone.
8h – S3 (1116m) - Levee and interchannel facies association.
Facies D Calcium carbonate cemented sandstone, siltstone and 
mudstone
8g – T3A (1074m) - Tabular sandstone sheet.
Facies C - Th in-bedded sandstone with low-angle cross 
lamination
8j – T3 (1314m) - Levee and interchannel facies association
8k – T4 – (1015 – Chanel fi ll facies association;
8l – T3A (1246m) - Chanel fi ll facies association.
Facies E - Laminated siltstone and claystone
8m – T4 (1192-1194m) – Tabular heterolithic sheet,
8n – J4 (1161m) - Tabular heterolithic sheet
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In such a case, it is possible to interpret the gradual 
upward decrease in gamma rays, which are character-
istic for lobe deposits (Mutti and Normark, 1987; Mut-
ti and Normark, 1991; Galloway and Hobday, 1996). 

4.2.4 A4: Tabular Heterolithic Sheets

Th is association, similar as A1 and A3, constitues the 
most laterally continuous intervals in the study area, 
and can be traced over several kilometers. Associa-
tion A4 is characterized by gray siltstone and occa-
sional thin turbidite sandstones belonging to facies B, 
C, D, E, which occur in varying proportions. Associa-
tion A4 tends to pass upwards into tabular sandstone 
sheets (depositional lobe - association A3), and com-
monly overlies the latter.

Th e tabular heterolithic sheets are interpreted as 
formed from hemipelagic suspensions and low-densi-
ty gravity fl ows during periods of fan abandonment, 
or rise in relative sea level. 

In contrast to the association A2 (levee and inter-
channel facies association), there is a lack of deformed 
structures and sandstone/siltstone with ripple cross-
lamination. On the other hand, thin-bedded sand-
stones with low-angle cross-stratifi cation are relative-
ly common in association A4. On wireline logs, this 
association shows irregularity to linear shapes, and of-
ten accompanies the tabular sandstone sheets (deposi-
tional lobe) facies association. 

5 Petrography

Classical thin-section petrologic analyses show that 
the Miocene sandstones are subarkose, arkose, subli-
tharenite, and litharenite. Cements are represented by 
contact clay cement, clay-carbonate matrix, carbonate 
and quartz cements. Virtually every sample contains 
all the types of cements. Detritic grains are predom-
inantly poorly sorted. Diff erences between petrologi-
cal composition in distinct facies associations are low-
er than diff erences between single samples in the same 
facies association and it was shown that the kind of 
cement is not a good indicator of rock properties and 
correlation parameter.

Lunegard theory (Lunegard, 1992) was applied to 
verify compaction and cementation. Compactional 
porosity loss (COPL) was calculated by:

COPL = Pi – (((100 – Pi) × Pmc)(100 – Pmc))
 (1)
Pmc = Po + C

Where Pi - initial porosity (%), Po - total optical poros-
ity (%), C volume percent pore fi lling cement, Pmc - mi-
nus-cement porosity.

Cementational porosity loss (CEPL) is equal to

CEPL = (Pi – COPL) × (C/Pmc) (2)

At last also compaction index (ICOMPACT) was cal-
culated by:

ICOMPACT = COPL/(COPL + CEPL) (3)

Th is indicates which process is responsible for po-
rosity loss (Leśniak and Such, 2001). Taking into ac-
count a degree of roundness and sorting of the Mio-
cene sandstones, a value of initial porosity equal to 
40% was used. Th e results of COPL/CEPL calculations 
are shown in Fig. 9. Correlating COPL as a function of 
depth with total content of cement as a parameter al-
lows us to calculate the curve (dashed line in Fig. 10) of 
minimal porosity loss in a function of depth (Fig. 10). 
Th e next correlation (COPL versus Depth and ICOM-
PACT versus predominant grain diameter) shows that 
compaction aff ects all samples while cementation pro-
cesses are present mainly in sandstones characterized 
by a predominant grain diameter of less than 0.125 
mm 

(Fig. 11). Th e models of compaction and cementa-
tion are the same for all facies associations.

6 Petrophysics

Density, porosity, permeability, mercury porosim-
etry, and other relative permeability measurements 

Fig. 9.  Lundegard diagram for investigated samples. (Estimat-
ing of primary porosity loss) (aft er Lundegard 1992) COPL - 
compactional porosity loss, CEPL - cementational porosity 
loss
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were performed to characterize reservoir and fi ltra-
tion properties.
Generally porosity is good. Cross-plot porosity perme-
ability (Fig.12) combined with Global Hydraulic Unit 
(GHU) was carried out. Corbett and Potter’s (2004) 
defi nition of GHU was applied.

At fi rst, Flow Zone Indicator (FZI) was defi ned as:

 (4)

where k- permeability in mD, Phi – fraction of poros-
ity. 

Permeability equals

 (5)

Now, Courbett and Porter arbitrarily use FZI and de-
fi ne ten Global Hydraulic Units (GHU) as shown in 
Table 2. Th eir range covered all porosity-permeability 
space in a cross-plot for real rocks.

Th e permeability of Miocene sandstones covered 4 
GHU (or 4 – 7) (Corbett and Potter, 2004). Frequency 
diagrams of porosity and permeability are presented 
in Figs. 13 and 14.

Analyses of pore space parameters obtained using 
mercury porosimetry give threshold diameter, frac-
tal dimensions, and percent of pores characterized by 
pore diameter greater than 1 µm as a base set of pa-
rameters describing fi ltration properties (Such, 2002). 
Fractal dimensions were calculated by the use of log 
- log plots obtained from pore diameter cumulative 
curves (Angulo et al., 1992; Such, 1998). Finally, four 
classes of similarity of pore space were extracted from 
the database (Peveraro et al., 2002; Such, 2002). Pa-
rameters of classes of similarity are published in Ta-
ble 3.

Only class I and II represent good reservoir sand-
stones, other classes are too microporous (threshold 

Fig. 10.  Compaction porosity loss (COPL) versus depth. Trend 
line shows values of minimal compaction in the function of 
depth

Fig. 11. Cross plot: ICOMPACT (compaction index, formula 3) 
versus predominant grain diameter

Fig.12. Cross plot porosity – permeability correlated with GHU 
(Global Hydraulic Unit) sketch

FZI GHU FZI GHU

48 10 1.5 5

24 9 0.75 4

12 8 0.375 3

6 7 0.1875 2

3 6 0.0938 1

Table 2. Defi nition of Global Hydraulic Units (GHU) (aft er Cor-
bett and Potter, 2004). Th e values of FZI and GHU were calcu-
lated with the use of formula 4 and 5
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Class Porosity 
[%]

Treshold 
diameter [µm]

Fractal
dimension

% of pores 
> 1 µm

I >25 >20 >2.97 >75

II >20 10–20 2.94–2.97 >60

III >15 3–10 2.90–2.94 >45

IV >15 3–10 <2.9 10–40

Table 3. Extracted classes of similarity on the base of pore space 
parameters: treshold diameter, fractal dimension and percent 
of pores greater than 1 µm

permeability to gas is lower than 0.3 it means that the 
sample is strongly damaged by fl owing water. Th is ef-
fect is coupled with increasing values of residual wa-
ter saturation of about 15% (cements are destroyed and 
sand grain collapsed). Five samples from the investi-
gated collection can be defi ned as strongly damaged 
(the value of relative permeability to gas being lower 
than 0.3). Th e process responsible for pore space dam-
ages consists in extracting sand grains by fl owing wa-
ter and sealing pore throats by them. Th is type of pore 
space damage is present in sandstones from all facies 
associations.

7 Computer Analyses of Microscopic Images

Parameters aff ecting anisotropy were described and 
numerically parameterized using thin- sections and 
computer analyses of images. Mainly elongation and 
circularity were taken into account. Th e results of mi-
croscopic analyses are presented in Table 4. 

Parameters presented in Table 4 generally show big 
diff erences in min and max values, but can distinguish 
facies associations. Depositional lobes are the most 
microporous (range of EqDiameter) while the greatest 
values of this parameter are characteristic for chan-
nel fi ll associations. Tabular heteroliths sheet samples 
showed the greatest values of elongation. It is connect-
ed with lamination. Several thin laminated samples 
show the structure of pore space similar to pseu-
do-fractures. In such type of samples coarse-grained 
sandstones create a 0.5–7 mm wide path of fl uid mi-
grations between fi ne-grained laminas. 

8 Discussion

Th e Miocene sediments on the studied area present a 
complex sedimentary and diagenesis history. Detailed 
sedimentary investigations help identifying elements 
of depositional architecture recognizable with the use 
of well logs. Th ese elements are facies associations. 
Correlation of well logs and 2D seismic cross-sections 
gave, as a result, the 3D structure of the sedimentary 
infi ll and facies associations at basin-scale. 

On the other hand, laboratory research identifi ed 
various processes aff ecting reservoir properties of 
rocks. Some of them are the same for all facies associ-
ations. Th ey are compaction, cement distribution and 
poor consolidation. Porosity loss curves obtained (see 
formula in Fig.10) during compaction analyses and 
cross-plot porosity permeability (Fig. 12) show that 
permeable sandstones (permeability greater than 1 
mD) can occur only above 2200 m. Increased cement 
contents occur randomly in all associations. Particu-
larly carbonate cements destroy reservoir properties of 

diameter lower than 10 µm). Permeability analysis al-
lows us to gather extracted classes of similarity with 
adequate GHU.

Th e last part of petrophysical investigations consists 
of anisotropy research and analyses of relative permea-
bility (Bietz et al., 1996; Chen Tielong et al., 1996). Th e 
investigated samples showed strong anisotropy (hori-
zontal to vertical permeability equal to 7:1). Th e main 
goal of relative permeability measurement was to re-
veal possible processes aff ecting pore space in contact 
with reservoir waters. 15 samples were investigated. 
Th e results, especially for relative permeability to gas, 
covered the range from 0.75 to 0.09. According to ear-
lier investigations of this parameter for the Miocene 
sandstones (Such and Lesniak, 2001), samples show-
ing relative permeabilities greater than 0.55 can be de-
fi ned as undamaged samples. Values 0.55 to 0.3 char-
acterized moderately damaged samples. When relative 

Fig. 13. Frequency diagram of porosity for investigated samples

Fig. 14. Frequency diagram of permeability for investigated 
samples
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Facies association EqDiameter Circularity Elongation

Tabular heterolites sheets 0.0022 – 0.0136 0.803 – 0.981 1.179 – 2.069

Levee and interchannel 0.0032 - 0.0188 0.758 – 0.911 1.452 – 1.659

Depositional lobes 0.0044 - 0.0085 0.783 – 0.869 1.522 – 1.621

Channel fi ll 0.0028 - 0.0246 0.711 – 0.925 1.455 – 1.700

Table 4. 
Correlation between facies 
association and computed 
shape parameters of pores 
obtained from computer 
analysis of microscopic images

Class GHU Association

I 7 Channel fi ll facies 

II 6 Channel fi ll facies, Levee and interchannel facies

III 5 All

IV 4 Channel fi ll facies, Levee and interchannel facies 
Tabular heterolits sheets facies

Table 5. Correlation between facies associations and class of 
similarity pore space and GHU

rocks. Poor consolidated sandstones can be damaged 
by fl owing water. Th is process is present in all facies 
associations and is mainly connected with clay-car-
bonate cements or with very low content of cements 
and depends on extraction of sand grains by water. Re-
sidual saturations of water rise in such type of samples 
up to 15% in comparison with correlation curves of re-
sidual saturation - fractal dimension.

Pore space analysis divides the database into four 
classes of similarities. Th e basic parameters used for 
dividing the samples into disctinct classes include the 
diameters of pore throats (threshold diameter) and the 
content of micropores in the pore space (fractal dimen-
sion). Th is last parameter shows rather low values con-
nected with a large number of micropores confi rmed 
by comparison with the percentage of pores connected 
by channels of diameter lower than 1 µm. Cross-plot 
porosity permeability coupled with global hydraulic 
units (GHU) confi rm pore level division. GHU from 
7 to 4 were obtained. Table 5 contains correlations be-
tween the facies associations and the classes of simi-
larity of the pore space as well as those with GHU. It is 
shown that the best reservoir sandstones (GHU-7) oc-
cur only in channel fi ll facies association (permeabili-
ty to gas greater than 100 mD).

Th e properties of other facies associations are de-
creased by a more microporous character of pore 
space and especially for tabular heteroliths sheet facies 
by laminations and elongation of pores.

9 Conclusion

Reservoir sandstones were examined in the Carpath-
ian Foredeep. Th e fi rst tool applied to the complicat-
ed Miocene basin was facies analysis. At last six facies 
and four facies associations were found. Th e correla-
tion between facies scheme and well logs shows that fa-
cies associations are recognizable on logs. 

Petrological investigations show that diff erences be-
tween facies associations are lower than between sin-
gle samples in the same facies association. Th e kind of 
cement is not a good indicator of reservoir properties, 
despite carbonate cement which strongly reduces po-
rosity and decreases permeability to zero. Small con-
tent of cements and clay type of cements make good 
reservoir sandstones poorly consolidated. Mechan-

ical compaction is a dominant process in the Mio-
cene sandstones. Compaction makes sandstones lying 
deeper than 2220 m practically non-permeable.

Cementation occurs mainly in sandstones charac-
terized by a predominant grain diameter of less than 
0.125. Compaction and cementation processes are the 
same in all facies associations.

Four classes of pore space similarity were distin-
guished. Only two of them represent good reservoir 
sandstones. Best reservoir properties (class I) oc-
cur only in channel fi ll facies. Good reservoir prop-
erties (class II) occur in levee and interchannel facies 
and can be gathered with naturally elevated structures 
built in outer zones of channels.

Unstable sedimentation conditions caused strong 
anisotropy of fi ltration properties of sandstones. Ex-
tremely changeable conditions created thin-bedded 
layers which can be treated as “fracture like” type of 
reservoir rocks. 

Generally, type of sedimentation, grain size diam-
eter, and compaction steer the reservoir properties of 
Miocene sandstones.
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Relationship between Hydrocarbon Generation 
and Reservoir Development in the Carpathian Foreland 
(Poland)

Irena Matyasik · Michał Myśliwiec · Grzegorz Leśniak · Piotr Such

Abstract. Two similar structures consisting of Devonian car-
bonates covered by Miocene deposits were observed in the 
Carpathian foreland near Rzeszow, Poland. They have been 
penetrated by wells T-3 and J-9. Fractured Devonian carbon-
ates of the T-3 structure are fi lled by hydrocarbons, while in J-
9 well only weakly gas saturated brine was found. 

The regional petroleum system was investigated to ex-
plain why only one of these two Devonian prospects was 
fi lled by hydrocarbons. For this purpose, geological, seismic, 
well log, petrophysical, and geochemical studies were per-
formed. The karst development, circulation of fl uids and vari-
ous hydrocarbon migration paths are the keys to explain the 
existence of a HC accumulation in the T-3 structure and the 
lack of HC pool  in the well J-9.

Keywords: Petroleum system, Devonian carbonates, reservoir 
properties, hydrocarbon generation, karst development.

1 Introduction

Two similar Devonian structures covered by Miocene 
deposits were detected in the vicinity of wells T-3 and 
J-9 near Rzeszów (Fig. 1) (Mysliwiec et al., 2004). Th ey 
were interpreted on the basis of 3D seismic data as a 
prospective target for oil and gas exploration (Fig. 2) 
(Mysliwiec et al., 2004). Both structures were tested 
by wells (Fig. 3). Th ese structures consist of Devoni-
an carbonates deposited directly on top of Precambri-
an rocks and covered by Miocene siliciclastic deposits. 
Devonian rocks look like tectonic breccia, although 
no tectonic activity occurred in this area (Fig. 3). We 
have compared our data with published examples of 
various types of breccia resulting from karst develop-
ment, since both structures were cropping out for a 
long period before the deposition of the Miocene sedi-
mentary cover. Worth to mention, Miocene claystones 
that invaded Devonian carbonate rocks were also ob-
served there (George and Powell, 1997; Loucks, 1999; 
Moore, 2001), the occurrence of which being consis-
tent with the karst development model. Quantitative 
description of reservoir properties of these rocks have 
been published by Antonelli and Mollema (2000), and 
Howard and Nolen-Hoeksma (1990). Devonian car-

bonates in the T-3 well are fi lled with hydrocarbons 
(gas with a small amount of associated liquid hydro-
carbons), while the same reservoir rocks in the J-9 well 
are water saturated in spite of their similar structural 
and geological position. 

Until now, search for gas and oil deposits in the 
eastern part of the Carpathian foredeep has resulted in 
the discovery of numerous important accumulations. 
However, only few discoveries relate to Paleozoic res-
ervoirs beneath the Miocene cover. Miocene gas de-
posits are located in structural and mixed structural-
stratigraphic traps located mostly above well-defi ned 
elevations of the pre-Miocene substratum (Borys, 
1996). Several hypotheses have been proposed for the 
origin of gas accumulated in Miocene sediments. For-
mer hypotheses considered that the source rocks ac-
counting for the intra-Miocene gas occurrences were 
located in the Paleozoic-Mesozoic substratum (Kotar-
ba et al.,1987). More recent geochemical studies of the 
Miocene gas and organic matter indicate possible gen-
eration of hydrocarbons in the Miocene sequence it-
self (Bessereau et al., 1996; Kotarba et al., 1998; Ko-
tarba, 1998). Isotopic composition of methane in the 
Miocene strata indicates its bacterial origin. However, 
the increased δ13C (C2H6–CH4) values reaching 17.9–
16.2‰ advocate for a mixture of diagenetic and/or 
even thermogenic gas (Kotarba, 1992).

 Many gas accumulations are associated with liq-
uid hydrocarbons. Microbial methane was generated 
at depths less than about 2400 m below the Miocene 
seafl oor (Czepiec and Kotarba, 1998). 

Four zones can be identifi ed in the outer Miocene 
basin, according to distinct characteristics for organ-
ic matter distribution. Th e two fi rst zones are located 
in the foredeep north of the Carpathian thrust front, 
close to the Tarnów and Mielec-Lezajsk area. Th e two 
other zones are located near Rzeszow and Przemysl, in 
the vicinity of the thrust front and beneath the Car-
pathian allochthon. 

Intensive research conducted between 1998 and 
2006 has improved our understanding of hydrocar-
bon generation in the Miocene sediments of the Car-
pathian foredeep as well as in the pre-Miocene sub-
stratum. Several hypotheses on HC migration paths 
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Fig. 1. Location map of the studied area

Fig. 2. Subcrop map at the top 
of the Devonian carbonates 
outlining the T-3 and J-9 
structures
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have been controlled by seismic and geological inves-
tigations (Maksym et al., 2003). 

New geochemical studies of liquid hydrocarbons 
from the eastern part of the Carpathian foredeep 
(Rzeszow area) support the hypothesis of HC gener-
ation from early mature Miocene source rocks (Ma-
tyasik and Steczko, 2005). Type III kerogen can eff ec-
tively generate small quantities of liquid hydrocarbons 
when thermal maturity exceeds about 0.5%Ro. Such a 
maturity rank has been found in Miocene sediments 
buried below 2500 m. Moreover, not far from wells J-
9 and T-3, more than 50 samples have also been tak-
en from deeper Miocene wells (Za-2, Jo-7 and Jo-15), 
with type II kerogen being detected in many of them. 
Th is has been confi rmed by elemental analysis of the 
kerogen (Kotarba et al., 1998; Matyasik and Stecz-
ko, 2005). Our present state of knowledge concern-
ing the quality of organic matter and its genetic links 
allows for new solutions of the petroleum systems in 
this part of the Carpathian foredeep. Distribution and 
thickness of Paleozoic layers including the Devonian, 
the Silurian and the Ordovician are still only partly 
known, and part of early generated HC has been prob-
ably lost before the deposition of the Miocene cover. 
Near wells J-9 and T-3, the depth of the Permian-Me-
sozoic sediments has never been larger than 1200 m, 
and this suggests that potential source-rocks have nev-
er reached oil generation stage before the Miocene. 1D 
petroleum modelling in the Rzeszow area indicates 
that the early Paleozoic sediments entered the stage of 
HC generation only during the early Miocene, at the 
onset of Carpathian overthrusting (Dudek and Stecz-
ko, 2005; Maksym et al., 2003). A Devonian contribu-
tion in both the gas and oil in well T-3 would be there-
fore quite possible. 

In addition to 1-D petroleum modelling, detailed 
laboratory investigations including dual (i.e., frac-
tures and matrix) porosity and permeability analy-
ses of fractured reservoirs, mercury porosimetry and 
geochemical studies (i.e., correlations between source 
rocks, gas and oil) were performed, and compared to 
the known oil and gas occurrences (Such and Lesniak, 
2003; 2004). Devonian carbonate reservoirs in well T-3 
display a typical brecciated, karst-related fabric which 
is document in Fig. 5.

2 Geological Data 

Th e rough morphology at the top of the pre-Miocene 
substratum was created by Precambrian or early Pale-
ozoic, late Paleozoic and Mesozoic erosional episodes, 
respectively (Roca et al., 1995). Flat spots observed in 
Fig. 3 outline the top of the Precambrian basement. 
Th e Middle Devonian paleorelief was covered by Mi-
ocene sediments. Overlying Miocene shale deposits 
constitute good sealing rocks while sandstone sedi-
ments form local reservoirs. Th e long period of surfi -
cial exposure of Devonian carbonates during pre-
Miocene times enhanced reservoir properties due to 
karst development. Miocene shales contain probably 
enough organic matter to account for HC generation 
when they have reached a suffi  cient burial. More than 
100 Miocene samples collected from 17 wells were an-
alyzed in recent years. Th e results of Rock-Eval pyrol-
ysis, extraction and biomarkers studies provide a good 
geochemical characterization of the organic matter 
as well as estimates of the petroleum potential of Mi-
ocene sediments. Moreover, numerous occurrences of 
wet gas and light oil, which may be generated at an ear-
ly stage of maturity from the Miocene sediments, have 

Fig. 3. Seimic section of T-3 and J-9 structures
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Fig. 4. Electric and geochemical logs of well T-3. Notice also the chromatogram of the oil stored in the Devonian carbonate
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been recognized. During the Paleogene, the current 
foreland area was uplift ed and intensely eroded. Its 
subsequent Miocene evolution accounts for the pres-
ent structural grain of the Carpathian foredeep. Th in 
Miocene sandstone layers constitute the main con-
duits for hydrocarbon migration paths, part of them 
onlapping the elevated Devonian structures.

Th e top of analyzed structures (wells T-3 and J-9) 
consists of karstifi ed, brecciated and fractured dolo-
mites (Chillingarian, 1992; Lucia, 1995; Moore, 2002) 
(Fig. 6). Th e fracture system displays high porosity val-
ues because crossing fractures form pseudovugs. Only 
limited petrological investigations were conducted in 
this area. However, the fracture system was quanti-
tatively investigated using thin and polished sections 
saturated with fl uorescent resin. 

In their lower parts, both structures T-3 and J-9 are 
made up of Devonian quartz sandstones. Additional-
ly, the base of the T-3 structure comprises also Early 
Devonian shales. 

3 Petrophysical Investigations

Petrophysical parameters of Devonian carbonates and 
sandstone deposits were measured (Such and Lesniak, 
2003). Porosity, permeability and pore space investi-
gations (mercury injection capillary pressure appara-
tus) were performed. Additionally, fracture porosity 
and permeability were measured for carbonate rocks, 
using thin sections, polished sections and full diame-
ter cores as described in Gliniak et al. (2002), Nelson 
(1989), and Such and Lesniak (2002). 

Th e primary reservoir rocks in both T-3 and 
J-9 prospects are fractured carbonates. Th e secondary 
reservoir rocks are Devonian sandstones found below 
the carbonates. 

Carbonate rocks are similar in both structures. 
Th ey constitute a typical fracture-porous type of res-
ervoir rocks (Such and Lesniak, 2002). Th eir basic res-
ervoir parameters are presented in Table 1. Porosity 
amounts up to 4% inT-3 and 7% in J-9 structures. Per-
meability is lower than 1 mD. Th e parameters of frac-

Fig. 5. Hand-sample of typical 
brecciated carbonate reservoir 
rocks from T-3 well

Fig. 6. Th in-sections of fracture 
rocks in fl uorescent light
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ture systems were estimated using oriented thin sec-
tions and polished sections. Fracture porosity equals 
2–16% in T-3 and 1–14% for J-9, respectively. Perme-
ability reaches 112 mD in T-3 and 20 mD in J-9. Th e 
range of investigated parameters (particularly the high 
value of porosity) is characteristic of breccias (Lucia, 
1995; George and Powell, 1997).

Petrophysical parameters of Devonian sandstones 
are presented in Table 2. Apart from porosity and per-
meability, the values of threshold diameter are also 
presented. Th is parameter describes fi ltration proper-
ties of rocks sharing the greatest diameter of pores in 
which oil can fl ow through the pore space. Th e val-
ue of threshold diameter lower than 3 µm is a good 
indicator for no permeable rocks. Petrophysical pa-
rameters of sandstones are quite diff erent in T-3 and 
J-9 structures. Sandstones from T-3 are good reservoir 
rocks. Th eir porosity ranges from 8 to 21%, the perme-
ability varies from 8 to 100 mD and the threshold di-
ameter amounts to 30 µm, while in J-9 structure the 
sandstones are impermeable (porosity lower than 3%, 
permeability lower than 0.1 mD and values of thresh-
old diameter lower than 3 u m). Th ese sandstones dif-
fer also by their quartz cement content. 

4 Geochemical Investigations

4.1 Source Rocks Characterization

Rock-Eval, bitumen and biomarkers analyses were 
performed to characterize source rocks potentials of 
Miocene (26 samples), Middle (17 samples) and Ear-
ly Devonian (7 samples) series in the T-3 and J-9 wells. 
Samples were analyzed for organic carbon and 8 sam-
ples were chosen for further study of the organic ex-
tracts. Only 6 of the 8 samples had suffi  cient amounts 
of organic matter for kerogen isolation and these were 
studied in greater detail using elemental analysis of 
kerogen, GC (gas chromatography), and GC-MS (gas 
chromatography-mass spectrometry). Carbonate and 

shale facies source rocks were identifi ed both in the 
Early Devonian (well T-3) and the Miocene deposits 
(well J-9). 

4.2 Early Devonian

TOC content of the Early Devonian source rocks 
is usually rather low and varies greatly from 0.65 to 
2.38%. Nevertheless these samples present relative-
ly high HI values (above 200 mg HC/g TOC) and the 
type established on the base of kerogen HI vs OI di-
agram indicates predominance of oil-prone organ-
ic matter (type II). Th e level of maturity determined 
from Rock-Eval pyrolysis suggests that the original or-
ganic carbon values were higher than the measured 
values and have been reduced by hydrocarbon genera-
tion and expulsion (Table 3, Fig. 7).

Th e elemental analysis of isolated kerogen reveals a 
pattern similar to that of the Rock-Eval pyrolysis data 
suggesting presence of Type II kerogen with atomic
H/C ratios ranging from 1.32 to 1.43 (Table 4).

Optical analysis of kerogen reveals that the Lower 
Devonian series is dominated by liptinite material, but 
alginite and resinite macerals are also present. 

Extract yields were low, ranging from 100 to 980 
ppm EOM (Extractable Organic Matter), and domi-
nated by hydrocarbons. Hydrocarbon/non-hydrocar-
bon ratios range from 1.23 to 3.33, whereas maltene 
fractions are dominated by saturate compounds (Ta-
ble 5).

Structure Porosity (%) Permeability (mD)

Fracture Matrix Fracture Matrix

T-3 (1910–1970m) 2–16 <4 11–112 <1

J-9 (1940–2000m) 1–14 <7 2–20 <1

Table 1. Reservoir parameters of Devonian carbonates

Structure Porosity
(%)

Permeability
(mD)

Threshold diameter 
(µm)

T-3 8–21 8–100 6–30

J-9 <3 <0.1 <3

Table 2. Reservoir parameters of the Devonian sandstones

Fig. 7. Hydrogen Index versus Oxygen Index plot used to char-
acterize the Devonian organic matter
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Table 3. Rock-Eval pyrolysis data for Middle Devonian and Early Devonian samples from T-3 and J-9 wells

Sample 
No.

Depth 
[m]

Tmax 
[°C]

S1

[mg HC/
g rock]

S2 
[mg HC/
g rock]

S3 
[mg CO2/ 
g rock]

PI 
[S1/(S1+S2)]

PC
[%]

RC
[%]

TOC
[%]

HI
[mg HC/
g TOC]

OI
[mg CO2/
g TOC]

Middle Devonian T3

1 2010.8 0.17 0.22 0.56 0.55 0.06 0.07 0.13

2 2011.1 0.04 0.10 0.52 0.32 0.03 0.34 0.37

3 2015.8 0.10 0.09 0.66 0.50 0.04 0.07 0.11

4 2018.0 0.06 0.04 0.37 0.40 0.02 0.06 0.08

5 2021.0 0.01 0.03 0.29 0.20 0.02 0.05 0.07

6 2063.0 0.01 0.07 0.62 0.13 0.02 0.08 0.10

Middle Devonian J9

7 1946.1 0.02 0.06 0.35 0.23 0.02 0.14 0.16

8 1948.2 0.02 0.04 0.40 0.29 0.02 0.17 0.19

9 1954.7 0.02 0.05 0.29 0.26 0.02 0.12 0.14

10 1962.2 0.02 0.09 0.37 0.20 0.02 0.13 0.15

11 1974.6 0.02 0.06 0.56 0.25 0.20 0.18 0.20

12 1983.6 0.02 0.07 0.35 0.24 0.02 0.09 0.11

13 1984.6 0.02 0.08 0.45 0.24 0.02 0.11 0.13

14 1990.5 0.03 0.22 0.40 0.13 0.02 0.09 0.13

15 1996.3 0.03 0.10 0.50 0.22 0.04 0.16 0.19

16 2042.3 0.03 0.06 0.44 0.31 0.03 0.05 0.07

17 2046.9 0.03 0.20 0.31 0.12 0.04 0.34 0.38

Early Devonian  T3

18 2088.5 444 0.04 3.99 0.30 0.01 0.04 1.35 1.38 289 22

19 2088.9 448 0.12 9.32 0.41 0.01 0.81 1.57 2.38 392 17

20 2089. 2 443 0.03 2.41 0.30 0.01 0.22 0.69 0.91 265 33

21 2089.5 441 0.03 1.64 0.42 0.02 0.16 0.68 0.84 195 50

22 2090.9 442 0.06 1.69 0.82 0.03 0.18 0.47 0.65 260 126

23 2091.3 446 0.06 3.76 0.52 0.02 0.34 0.51 0.85 442 61

24 2091.9 447 0.09 5.04 0.35 0.02 0.45 1.06 1.51 334 23

Gas chromatograms of the saturated fractions show 
unimodal, light-end skewed distribution, centered 
around nC19 with no odd- or even-number predom-
inance among the n-alkanes (Fig.8). Pristane/phytane 
ratios are in the range of 0.91–1.58. Th e very poor sig-
nal-to-noise ratios observed in the GC-MS data when 
using standard sample preparation and method of 
analysis indicate low concentrations of hopane and 
sterane.

4.3 Middle Devonian

TOC content of Middle Devonian samples from wells 
J-9 and T-3 is very low, ranging from 0.02 to 0.38%. 

Th is suggests that there are no source rocks in the Mid-
dle Devonian series in the studied area (Table 3).

4.4 Miocene

Miocene source rocks show homogeneous character in 
terms of organic matter content and quality of kero-
gen. TOC values are usually rather low and range from 
0.05 to less than 1%, except for one high TOC value of  
11.53% in well J-07 (Table 6, Fig. 9). Th e Hydrogen In-
dex ranges from 99 to 152 mg HC/g TOC in all Mi-
ocene samples (in several samples HI exceeds 261 mg 
HC/g TOC). Tsub is generally within the range of 428–
439oC, indicating marginally mature kerogen.
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Depth
[m]

Ash
[%]

Mineral 
matter
[%]

Elemental composition without mineral matter
 [%]

Sulphur
[%]

Atomic ratios

C H N O H/C O/C

Miocene

1508.5 17.2 20.6 77.1 5.7 1.9 15.0 3.7 0.867 0.145

1665.4 16.0 20.4 76.2 5.3 2.0 15.0 5.7 0.834 0.147

2621.5 35.5 58.4 53.3 4.4 3.3 6.5 36.5 0.992 0.091

Middle Devonian

2010.8 31.7 52.9 59.7 3.8 0.5 8.7 34.0 0.772 0.109

Early Devonian

2088.9 45.1 64.5 65.9 7.9 0.5 13.7 18.2 1.432 0.156

2091.9 42.1 69.8 50.5 5.5 0.6 10.8 29.8 1.317 0.160

Table 4. Geochemical data from isolated kerogen extracts from Miocene, Middle Devonian and Early Devonian samples close from 
T-3 and J-9 structures

Depth TOC
(%)

EOM
(ppm)

Precent Total Extract Pr/Ph Pr/nC17 Ph/nC18 Rc1

Sat Arom Res Asph

Miocene

1508.5 0.66 210 21.7 14.3 44.0 20.0 1.10 2.66 1.68 0.57

1763.6 0.78 160 17.7 20.0 41.5 20.8 1.44 2.58 1.59 0.59

1665.4 0.61 180 14.2 15.0 47.5 23.3 1.20 3.39 2.55 0.62

Middle Devonian

2010.8 0.13 100 49.3 5.8 39.1 5.8 0.61 0.54 0.76 0.89

Early Devonian

2088.9 2.38 980 55.6 18.9 22.1 3.4 1.55 0.24 0.15 0.63

2089.5 0.84 140 48.6 15.0 30.7 5.7 0.91 0.24 0.27 0.63

2091.3 0.85 540 48.7 24.1 23.2 4.0 1.25 0.50 0.38 0.67

2091.9 1.51 660 60.1 16.8 19.9 3.2 1.58 0.24 0.15 0.66

Table 5. Quantitative data for extractable organic matter from Miocene, Middle Devonian and Lower Devonian closed to the T-3 
and J-9 structures TOC (total organic carbon) was taken from the whole rock; EOM: extractable organic matter; Sat: saturate; 
Arom: aromatic; Res: resins; Asph: asphaltenes; Rc1: vitrinite refl ectance values calculated based on MPI-1 index

Fig. 8. Saturated hydrocarbons 
chromatogram of a representa-
tive Early Devonian source 
rock extract
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Saturated fractions chromatograms exhibit an im-
mature signature with bimodal distribution (Fig. 10). 
Isoprenoid hydrocarbons dominate the chromato-
gram in the C15 to C19 molecular weight range while 
biomarker compounds, primarily steranes and ho-
panes, dominate the chromatogram in the C27 to C31 
molecular weight ranges. Normal alkanes are minor 

components in Miocene samples. Pristane/phytane ra-
tios are in the range 1.10–1.44. Th e n-alkane distribu-
tion demonstrates a rather low degree of thermal ma-
turity (marginal maturity). Th is is in agreement with 
abundance of cadalene and retene in aromatic frac-
tions (Fig. 11). 

Sample
No

Depth
[m]

Tmax

[°C]
S1

[mg HC/
g rock]

S2

[mg HC/
g rock]

S3

[mg CO2/
g rock]

PI
[S1/
(S1+S2)]

PC
[%]

RC
[%]

TOC
[%]

HI
[mg HC/
g TOC]

OI
[mg CO2/
g TOC]

Miocene J3K

1 1339.5 434 0.02 0.81 1.18 0.02 0.12 0.58 0.70 116 169

Miocene J7K

2 1505.5 435 0.08 0.99 1.56 0.07 0.15 0.69 0.84 118 186

3 1508.5 432 0.16 1.0 0.78 0.14 0.16 0.50 0.66 152 270

4 1801.5 433 0.02 0.64 0.72 0.03 0.09 0.49 0.58 110 124

5 1873.3 0.01 0.04 0.26 0.20 0.01 0.03 0.04

Miocene St 3

6 1660.7 432 0.02 0.71 0.66 0.03 0.09 0.54 0.63 113 105

7 1662.6 432 0.02 0.70 0.63 0.03 0.09 0.49 0.58 121 109

8 1665.4 434 0.02 0.78 0.58 0.03 0.10 0.51 0.61 128 95

9 1734.4 0.01 0.05 0.24 0.17 0.01 0.04 0.05

Miocene P5

10 1733.5 436 0.03 0.85 0.62 0.03 0.10 0.57 0.67 127 93

11 1734.6 434 0.02 0.79 0.62 0.02 0.10 0.57 0.67 118 93

12 1737.6 436 0.02 0.66 0.67 0.03 0.09 0.58 0.67 99 100

13 1739.6 435 0.02 0.70 0.53 0.03 0.08 0.58 0.66 106 80

14 1743.6 433 0.02 0.73 0.70 0.03 0.10 0.57 0.67 109 104

15 1748.8 434 0.02 0.82 0.58 0.02 0.10 0.67 0.77 106 75

16 1750.4 433 0.02 0.71 0.60 0.03 0.09 0.53 0.62 115 97

17 1763.6 437 0.02 0.81 0.53 0.02 0.10 0.68 0.78 104 68

18 1770.3 434 0.04 0.85 0.57 0.04 0.10 0.64 0.74 115 77

19 1774.4 433 0.02 0.85 0.61 0.02 0.11 0.64 0.75 113 81

20 1778.7 434 0.02 0.70 0.56 0.03 0.08 0.58 0.66 106 85

Miocene Jo7

21 2973.5 437 0.33 17.39 2.03 0.05 1.69 9.84 11.53 151 18

Miocene Jo15

22 3078.5 436 0.03 0.77 0.66 0.03 0.10 0.65 0.75 121 103

23 3175.0 436 0.03 0.91 0.71 0.03 0.11 0.61 0.72 126 99

Miocene Za 2

24 2516.7 438 0.07 1.58 0.64 0.05 0.17 0.68 0.85 193 78

25 2544.4 439 0.08 1.20 0.54 0.06 0.13 0.67 0.80 165 73

26 2621.5 436 0.15 1.41 0.52 0.10 0.15 0.40 0.55 261 96

Table 6. Rock-Eval pyrolysis data for Miocene samples from J9 structure



422 Irena Matyasik · Michał Myśliwiec · Grzegorz Leśniak · Piotr Such

Fig. 9. Hydrogen Index versus 
Tsub plot used to characterize the 
Miocene organic matter

Fig. 10. Saturated hydrocarbons 
chromatogram of a representa-
tive Miocene source rock ex-
tract from Jasionka 7-K well, 
depth 1508.5 m

Fig. 11. Aromatic hydrocarbons 
chromatogram of a representa-
tive Miocene source rock 
extract from Jasionka 7-K well, 
depth 1508.5 m
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Th is data suggest Type III organic matter connect-
ed with gas generation, but it is known (Bordenave, 
1993) that in the fi rst phase of thermogenic processes 
both gas and liquid hydrocarbons are generated.

4.5 Characterization of Oil

Oil accumulated in the Middle Devonian reservoir 
rocks is light (39oAPI) with very low sulphur (0.10%) 
and asphaltene contents (0.6%). Saturated fractions 
distribution is dominated by isoalkanes, especialy pris-
tane and phytane (Figs. 12 and 13). Pristane/phytane 
ratio amounts to 1.03, which suggests suboxic deposi-
tional environment of source matter for this oil. High 
values of Pr and Ph compared to n-alkanes could indi-
cate low maturity oil or biodegraded oil. However, bio-
degradation can be hardly considered at these depths. 
Th e only possible process in this case is the process of 
fractional vaporisation (Canipa-Morales et al., 2003; 
George et al., 2002). Th is type of process is known and 

can be connected with rising pressures in an oil res-
ervoir. Residual oil from Early Devonian source rocks 
is left  in the oil reservoir, while gas stream mobilizes 
lighter hydrocarbons. Such types of hydrocarbon ac-
cumulations are present in the Miocene rocks in the 
studied area. 

Th e Aromatic fraction of this oil contains cadalene, 
which is evidence for input of higher plants (Fig. 14).

4.6 Source Rock/Oil Correlation

Oil accumulated in the Middle Devonian reservoir 
rocks shows more than one origin of generation. Th is 
is supported by isotopic and biomarker composition 
(Figs. 12, 13, 14 and 15). Correlation of T-3 oil with 
source rocks organic extracts shows a good match 
with the Miocene shales (Figs. 9 and 10) and is con-
fi rmed by the occurrence of cadalene. Th is biomark-
er is one component of resins and can be correlated 
with the Miocene source rocks. Additionally, propor-
tions of pristane to phytane in relation to n-alkanes 
are characteristic of the Miocene sediments. On the 
other hand, the presence of steranes with dominating 
C27 sterane can be considered as one of the parameters 
for identifying input from marine organic matter from 
the Lower Devonian (Fig. 15).

Th e mixing character of these hydrocarbons is con-
fi rmed by stable carbon isotopes composition meas-
ured in accumulated oil and gas. δC13CH4 from T-
3 equals to -61‰ whereas the characteristic value of 
this parameter for pure Miocene gas amounts to -68–
-89‰. A great deviation of δC13 parameter is also ob-
served in oil composition, which is also character-
istic for multi-origin oils (δC13 Sat = -29.04‰, δC13, 
δC13Arom  = -25.82‰)Fig. 12. Capillary gas chromatogram (whole-oil analysis) of 

crude oil from T-3 well

Fig. 13. Total ion chromato-
gram of C15+ saturated 
fractions of oils from T-3 well
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5 Development of T-3 and J-9 Traps

Various models of accumulation of HC in the T-3 trap 
from the Devonian and other source rocks were an-
alysed. First, the long-distance migration of oil from 
a distal, deeply buried Devonian source and/or from 
the Paleogene Carpathian Flysch was analysed. Th ese 
models were rejected for two reasons. Th e reason to re-
ject a distal Devonian source is that generation would 
have taken place earlier than the Miocene, i.e. already 
during the Paleogene episode of rapid subsidence and 
deposition of the overlying Carpathian Flysch basin, 

at a time when the Miocene seal did not yet exist in the 
foreland. Th e present regional geological architecture 
is also against the hypothesis of a Paleogene source, 
because the Carpathian Flysch is currently structur-
ally more than 1 km higher than the top part of the T-
3 trap, thus precluding any further forelandward HC 
migration since the onset of thrust emplacement of the 
Carpathian allochthon. 

In other words, only the generation from local and 
isolated Lower Devonian source rocks near the T-3 well 
during the Miocene and coeval generation and lateral 
migration from the Miocene infi ll of the foreland ba-
sin can account for the HC accumulated in the well T-

Fig. 14. Mass fragmentogram 
(m/z 217) showing sterane 
distributions in oil from T-3 
well

Fig. 15. Total ion chromato-
gram of the aromatic fraction 
of oil from T-3 well
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T-3 J-9

Presence of source rocks + –

Permeable sandstones in lower part of 
structure

+ –

The Karst phenomena + +

Fracture system looking as tectonic breccia + +

Presence of the Miocene claystones in
fractures and caverns

+ +

Table 7. Comparative structural and geological features in T-3 
and J-9 structures

Fig. 16. Polished sections of hand samples outlining the con-
trasted cementation of fracture systems in T-3 and J-9 brecciat-
ed reservoirs. Notice the clay cementation in J-9

Fig. 17. Sketch of development 
of T-3 and J-9 structures

a

b

c

d

e
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3. Detailed geochemical studies confi rm the presence 
of both components in this oil and gas prospect.

Petrophysical and geochemical studies as well as 
types of fracturing and presence of claystones in cav-
erns and fractures help to compare and diff erentiate 
the evolution and prospectivity of the two Devonian 
structures identifi ed in wells T-3 and J-9. Table 7 sum-
marises the main similarities and discrepancies be-
tween them. Similar geological position induced the 
same karst development in the two prospects, which 
display similar fracture system and presence of Mio-
cene claystones in fractures and caverns, although a 
smaller content of Miocene claystones is observed in 
well J-9 (Fig. 16). 

Two major factors diff erentiate the T-3 and J-9 
structures, i.e. (1) the pore space parameters of un-
derlying Devonian sandstones, and (2) the presence of 
Early Devonian shales at the base of the T-3 structure 
only. We consider that these two factors are the key to 
account for the distinct petroleum potential of both 
structures.

Before the Miocene sea transgression, these two De-
vonian elevations developed a meteoric karst (Fig. 17a). 
Aft er transgression, water fi lled all voids in carbon-
ate rocks. In the next step, the Miocene clay and mud 
sediments covered and isolated them (Fig. 17b). At 
the same time, poorly consolidated Miocene clay and 
mudstones invaded caverns and large fractures (Tuck-
er and Wright 1990; Loucks, 1999; Moore, 2001). Th is 
process is better visible in well J-9 but it is also pres-
ent in well T-3 (Fig. 16). Up to this stage the history 
of both structures is similar. Th e diff erences appeared 
when the Lower Devonian source rocks reached the oil 
window.  Hydrocarbons generation started in source 
rocks in T-3 (Fig. 17c). Permeable sandstones in the 
T-3 structure created paths of migration for generat-
ed hydrocarbons towards fractured structures. Mi-
grated hydrocarbons stopped circulation of water and 
preserved sealing of the T-3 trap. Simultaneously, HC 
generation started also in the Miocene sediments. Per-
meable Miocene sandstones onlapping the T-3 struc-
ture could transport the Miocene hydrocarbons aside 
to the T-3 trap (Fig. 17d). Biomarkers composition and 
possibility of fractional vaporisation of oil are in agree-
ment with this hypothesis. Th ere was no Lower Devo-
nian source rocks in J-9 structure, and it is the main 
reason of the absence of oil in this well. Additionally, 
free circulation of water in the J-9 structure destroyed 
the trap (Fig. 17e).

6 Conclusion

Th e development of two similar structures was exam-
ined. Reservoir properties in both structures resulted 

from meteoric karstifi cation of the Devonian carbon-
ates. Reservoir traps were formed while the Miocene 
mudstones and claystones sealed these rocks. Two oth-
er factors induced HC trapping in the T-3 structure 
only, i.e. (1) the local occurrence of Lower Devoni-
an source rocks and basal permeable sandstones. Th e 
Early Devonian source rocks in T-3 generated hydro-
carbons, which were subsequently transported to the 
overlying reservoir across porous sandstones conduits. 
Devonian permeable sandstones created the only way 
also for the Miocene hydrocarbons migration. J-9 trap 
could be penetrated only by lateral migration domi-
nated by water, which was proved  not suffi  cient to 
generate a hydrocarbon pool there. 
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Tectonic and Climatic Controls on 
Sedimentation in Late Miocene 
Cortemaggiore Wedge-Top Basin 
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VII

Foreland Fold-and-Th rust belts constitute natural laboratories to study source-
to-sink and uplift -erosion-unroofi ng processes as well as neotectonics. Part 

VII of the volume outlines three case studies, each of them being dedicated to 
one of these challenging topics.

In their paper, Artoni et al. (Chapter 23) describe the architecture and tim-
ing of the sedimentary infi ll of a Late Miocene piggyback basin in the Northern 
Apennines, and discuss these sedimentary records with respect to such forcing 
forces as the tectonics and climate.

De Grave et al. (Chapter 24) have applied apatite fi ssion-track thermochronol-
ogy to unravel the tectonic and unroofi ng agenda of the Southern Siberian Altaï 
Mountains in central Asia, accounting for a two stage cooling of Paleozoic base-
ment, fi rst during a rapid Late Jurassic-Cretaceous episode, and possibly also 
during Late Cenozoic thrusting.

Scrocca et al. (Chapter 25) discuss the signifi cance of the Central Adriatic de-
formation zone with respect to the Apenninic thrust front and overall geody-
namic model, as well as the distribution and timing of Quaternary growth struc-
tures in the Northern Apennines and adjacent Po Plain.



Chapter 23 23

Tectonic and Climatic Controls on Sedimentation in 
Late Miocene Cortemaggiore Wedge-Top Basin   
(Northwestern Apennines, Italy)

A. Artoni · F. Rizzini · M. Roveri · R. Gennari · V. Manzi · G. Papani · M. Bernini

Abstract. At the foothills of the north-western Apennines, the 
Cortemaggiore Wedge-Top Basin (CWTB) is bounded by the 
buried and arcuate Cortemaggiore anticline, to the north, and 
by the polyphased and complex Salsomaggiore tectonic win-
dow, to the south. The CWTB started to form in response to a 
late Tortonian tectonic pulse that uplifted the Cortemaggiore 
anticline and established euxinic conditions. A major intra-
Messinian tectonic pulse further shortened the CWTB and 
triggered the emplacement of gravity-driven mass-wasting 
deposits above which turbiditic, shelfal deposits evolve up-
ward to fl uvio-deltaic deposits. The former, Late Messinian 
hypohaline succession, is characterized by a well-developed 
cyclical pattern which falls in the range of astronomically-
controlled climate changes with precessional periodicity 
modulated by obliquity and eccentricity periodicity. Tectonic 
and climate controls on sedimentary succession of the CWTB 
act at diff erent frequencies. Based on the refi ned and high-
resolution late Miocene chronostratigraphy of coeval Medi-
terranean sedimentary succession, it is possible to time con-
strain the tectonic and climatic events and their cyclicity. 
Tectonics control acts at low frequency (order of 2 Myr) and 
produces major and fast morphologic changes of the basin. 
Climate acts at variable higher frequency (order of 20-100 
kyr); it both distributes laterally and stacks vertically and cycli-
cally the sediment supplied to transport by erosion of tecton-
ically uplifted rocks. The tectonic and climatic controls should 
have acted concomitantly over the entire Northern Apen-
nines foreland basin system and the Mediterranean area, be-
cause cyclicity and depositional characters of late Miocene 
succession present common features. Tectonic uplift causes 
basin-wide hydrologic and hydrogeologic changes that might 
induce increased evaporation; in the CWTB, two drier climate 
events, corresponding to the lower and upper evaporites of 
the Mediterranean region, are closely preceded by tectonic 
pulses. However, during late Miocene, climate changes oc-
curred also outside the Mediterranean region. Thus, it is ar-
gued that the 2 Myr is a periodicity common both to tectonics 
pulses and climate changes; it is a low-frequency cyclicity 
that, related to astronomical forces, drives simultaneous ac-
tion of tectonic pulses and climate changes within the CWTB.

Keywords. Tectonics, climate, foreland basin, orogen, Apen-
nines.

1 Introduction

Tectonic movement and climate are regarded as fi rst-
order controlling factors on volumes, vertical-later-
al architectures and distribution of sedimentary suc-
cessions; the two factors strictly aff ect the amount of 
sediment supplied to both transportation and fi nal de-
position within sedimentary basins and the capacity 
to preserve their sedimentary fl ux (Allen and Allen, 
2005; Jones and Frostick, 2002; Leeder, 1999). Numer-
ical and analogue modelling have addressed tecton-
ic and climate interplay, mainly reduced to amount 
of erosion, in sedimentary basins fi ll (Beaumont et 
al., 1992; Willett et al., 1993). In foreland basins, with 
worldwide and extensively studied examples (Allen 
and Homewood, 1986; Allen et al, 1992; Bertotti et al., 
2003; Mascle et al., 1998; Sinclair, 1997; Van Wagoner 
and Bertram, 1995), tectonic control on the sedimen-
tary fi ll has been always emphasized and modelled 
(Allen and Allen, 2005; Beaumont et al., 1992; Flem-
ings and Jordan, 1990; Zoetemeijer et al., 1992). In-
stead, climatic control is implied in applying sequence 
stratigraphic analysis (Haq, 1991; Van Wagoner et al., 
1988) where various orders of eustatic variations, vari-
able amount of sediment is yielded and delivered from 
mountain belts and invoked to generate prograding 
and/or retrograding sedimentary wedges (Plint, 1991; 
Posamentier and Vail, 1988; Schawn, 1995; Zweingel 
et al., 1998). Sediment yield is also related to the oro-
gen uplift  which, in turn, is supposed to modify at-
mospheric circulations and thus climate in the long 
terms (Molnar and England, 1990; Molnar et al., 1993; 
Raymo and Ruddiman, 1992). If tectonics appears to 
dominate in controlling the sedimentary basin fi ll, its 
interplay and feed-back with climate is still not ful-
ly understood (Leeder, 1999; Ruddiman, 1997). It is a 
common belief that climatic control acts at astronom-
ically forced cyclicities (10–100 kyr), though eustatic 
cycles, likely climatically-driven, can also last between 
1 Myr (3rd order cycles) and 10 Myr (supercycles) (Haq 
et al. 1988). Whilst, tectonic control is believed to act 
at much longer time intervals (>10 Myr in Clift  et al., 
2002a, b; Mascle et al., 1998; Ruddiman, 1997); few ex-
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amples report tectonically-driven, very high-frequen-
cy sedimentary cycles in the order of 400 kyr (Vakare-
lov et al., 2006) or even sub-Milankovitchian cycles 
(Ito et al., 1999). A contribute to better understand 
tectonic-climatic relationships is certainly represent-
ed by accurate time constrain of tectonic phases and 
climatic changes. Climate and palaeo-climate studies 
(De Boer and Smith, 1994; Frakes et al., 1992; Lamb, 
1995) reveal very high-frequency changes (10–100 kyr) 
which require extremely detailed stratigraphic studies 
and datable rocks. Th e Mediterranean area, whose late 
Miocene sedimentary record has a refi ned and high-
resolution chronostratigraphic scheme (Hilgen et al., 
2000; Van Couvering et al., 2000) is a natural labora-
tory for time constraining and defi ning the tectonic 
and climatic interplay at very short time intervals, less 
than 2 Myr.

Th e Mediterranean has been the subject of many 
case studies of foreland basins (Allen and Homewood, 
1986; Mascle et al., 1998; Vai and Martini, 2001), 
whose overall physiography can be synthetized by 
the scheme of Giles and DeCelles (1996). In between 
emerged orogen, mainly under erosion, and foredeep 
basin, with high sedimentation and subsidence rates in 
response to the down-fl exure of the subducting plate, 
the wedge-top basins are the most suitable to inves-
tigate the tectonic and climate interplay on sedimen-
tary records of foreland basins. Th e wedge-top basins 
are sensitive to the accreting pulses of the orogen and 

they record the variations in sediment delivered from 
mountain chains which, in response to both climatic 
changes and uplift  pulses, undergoes cyclical erosion.

In this respect, the late Miocene sedimentary record 
cropping out along the inner border of the Cortemag-
giore wedge-top basin of the Northern Apennines fore-
land basin was previously analysed integrating surface 
and sub-surface data (Artoni, 2003a; Gennari, 2003; 
Artoni et al., 2004; Rizzini et al., 2004). Th e interpreta-
tion and revision of these previous data made it possi-
ble to precise the tectono-sedimentary evolution of the 
CWTB and, based on the ages of coeval events in the 
Mediterranean area, to calibrate in time the tectonic 
pulses and the climatic changes. Tectonics and climate 
acted at diff erent cyclicity: the climatic cycles, as short 
as 20 kyr or even less, are eff ective during a tectonic 
cycle of about 2 Myr duration. But tectonic pulses and 
climatic changes seem to act simultaneously in caus-
ing two drier events in the late Miocene.

2 Geological Setting

Th e Northern Apennines are a collisional orogen-
ic wedge that until the Oligocene was the south-west-
ern continuation of the Alpine orogenic wedge (Fig. 
1a) (Boccaletti et al., 1990; Gueguen et al., 1998) form-
ing a south-east vergent accretionary prism at the back 
of the Alpine fronts (Cavazza et al., 2004). Since Oli-

Fig. 1. Location map and a Oligocene-Present migration of Apenninic fronts (modifi ed aft er Gueguen et al., 1998). b Schematic pa-
leogeographic map of Apenninic foreland basin system during the late Miocene (modifi ed aft er Mutti et al., 2002)

a b
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gocene to present, the advancing Apenninic orogen-
ic fronts have migrated toward E and NE progres-
sively accreting the foredeep deposits and creating 
the wedge-top basins (Fig. 1) (Ricci Lucchi, 1986; Ar-
gnani and Ricci Lucchi, 2001). At present, the Apen-
ninic orogenic wedge is made of two distinct and su-
perposed structural levels (Fig. 2); the upper and most 
allochthonous one overrides on top of the Oligocene 
to recent foredeep and wedge-top deposits, which thus 
belong to the lower structural level.

Th e upper structural level is made up of the accret-
ed Ligurian units; i.e. Mesozoic oceanic and forearc 
deposits derived from the closure of the Ligurian-
Piedmont ocean and its continental margins (Abbate 
et al., 1970; Boccaletti et al., 1971; Elter, 1975; Mar-
roni et al., 2002; Cavazza et al., 2004). On top of the 
Ligurian units, the epi-Ligurian wedge-top basins 
are characterized by a middle Eocene-early Messini-
an succession made up of tectonically-controlled tur-
biditic, shelfal and slope deposits, passing upward to 

Fig. 2. Geological synthetic map of Northern Apennine (modifi ed aft er Mutti et al., 2002) and schematic cross section (sect. A) 
crossing the Cortemaggiore Wedge Top Basin (from Artoni et al., 2004, Fig. 1)
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shelfal and, locally, to shallow-water primary evapo-
ritic deposits (Amorosi et al., 1993; Boccaletti et al., 
1990; Mutti et al., 1995; Papani et al., 1987; Ricci Luc-
chi, 1986).

Th e lower structural level, folded and segment-
ed by thrusts that involve the Palaeozoic basement, 
consists of Mesozoic-to-Paleogene carbonate succes-
sions (Fig. 2), above which Oligocene-to-Recent fore-
deep and wedge-top deposits record a number of ma-
jor unconformity-bounded depositional sequences 
which mark the depocenter‘s shift ; these sequences 
can be correlated and are coeval to those recorded in 
the epi-Ligurian wedge-top basins deposits (Ricci Luc-
chi, 1986).

Th e leading edges of the two levels progressive-
ly propagated toward E-NE; coeval collapse/back-arc 
extension stretched the orogen to the west and meta-
morphic complexes were exhumed (Argnani and Ric-
ci Lucchi, 2001; Gueguen et al., 1998). Because of dif-
ferent amounts of shortening and exhumation, the 
thrust fronts of the lower structural level are com-
pletely exposed in the southern area whereas, in the 
northwestern Apennines, they are buried underneath 
both allochthonous units and Pliocene-Recent depos-

its. Consequently, the northwestern Apenninic fore-
deep and wedge-top deposits crop out only in tecton-
ic windows (Fig. 2).

At the foothills of the northwestern Apennines, the 
Cortemaggiore Wedge-Top Basin (hereaft er CWTB) is 
bounded by two thrust-related folds of the lower struc-
tural level (Fig. 2): the north-east vergent and over-
turned Salsomaggiore anticline, to the south; the arcu-
ate Cortemaggiore anticline, buried to the north. Th e 
sedimentary succession, the architecture and progres-
sive development of the CWTB during the late Mio-
cene could be defi ned through extensive stratigraphic 
and structural studies integrating surface and subsur-
face data (Argnani et al., 2003; Artoni, 2003a; Gen-
nari, 2003; Artoni et al., 2004; Rizzini et al., 2004). 
Th e late Miocene events preserved in the CWTB can 
be also recognized in both the Mediterranean region 
and in the Apenninic foredeep (Fig. 3). Th ese coin-
ciding events and their precise dating are fundamen-
tal for discussing tectonic and climatic interplay in the 
CWTB. Th us, a brief synthesis is given of late Miocene 
events and their dating in the Mediterranean region 
before presenting the evolution of the CWTB in the 
same time interval.

Fig. 3. Chronostratigraphy and 
stratigraphy of late Miocene 
succession in Mediterranean 
region and Apenninic foredeep 
compared to coeval succession 
of Cortemaggiore Wedge Top 
Basin. Th e chronostratigraphic 
scheme is defi ned by integrated 
magneto-, bio-stratigraphy and 
astrochronological tuning 
according to Krijgsman et al. 
(2001). Numerical ages of main 
events is based on Global 
Stratotype and Section Point 
(GSSP) (Van Couvering et al., 
2000; Hilgen et al., 2000) and 
on integrated stratigraphic 
studies (Krijgsman et al., 1999; 
Roveri et al., 2001 and 2005)
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3 The Late Miocene Events in the 
 Mediterranean Region and in the 
 Apenninic Foredeep: The Climatic Imprint 
 on the Sedimentary Succession

During the late Miocene, signifi cant transformations 
occurred in the Mediterranean region. Paleogeograph-
ic reconstructions show activity of tectonic processes 
(Mantovani et al., 1997; Gueguen et al., 1998; Cavaz-
za et al., 2004) that, in the Apennines, produced the 
advancement of mountain fronts (Fig. 1a) (Ricci Luc-
chi, 1986; Boccaletti et al., 1990; Patacca et al., 1990; 
Conti and Gelmini, 1994; Vai and Martini, 2001). 
Th en, the Messinian salinity crisis took place (Hsü et 
al., 1977) with consequent drastic changes in deposi-
tional environments. Nonetheless, it is in the Mediter-
ranean region that absolute dating and G.S.S.P. have 
been defi ned for the late Miocene (Hilgen et al., 2000; 
Van Couvering et al., 2000) and tectono-sedimentary 
events can be framed in a high-resolution stratigraph-
ic scheme.

Marls, diatoms and sapropelitic deposits character-
ize the sedimentation in deeper Mediterranean basin 
at the Tortonian-Messinian boundary and they main-
ly represent what is named pre-evaporitic units (pre-
ev). Th e inception of euxinic deposits approximate 
7 Ma, even if diachroneity has been demonstrated be-
tween central and eastern Mediterranean (Hilgen and 
Krijgsman, 1999). Based on magneto-/bio-/astrochro-
no-stratigraphy studies on these deposits, the Torto-
nian-Messinian boundary has been dated at 7.24 Ma 
(Hilgen et al., 2000) (Fig. 3). Th is boundary post-dates 
the intra-Tortonian tectonic pulse which is recorded 
in the Apenninic Foreland Basin system (Ricci Luc-
chi, 1986; Boccaletti et al., 1990; Patacca et al., 1990; 
Conti and Gelmini, 1994; Vai and Martini, 2001) and 
is part of a period during which important tectonic ac-
tivity occurred in the Mediterranean area (Mantovani 
et al., 1997; Gueguen et al., 1998; Cavazza et al., 2004). 
Th e age of this tectonic phase is not precisely defi ned, 
it must be in between 11 Ma and 7.24 Ma; it is late Tor-
tonian and around 8 Ma in Patacca et al. (1990).

Th e most known late Miocene event, typical of the 
Mediterranean area, is the evaporitic event (ev) repre-
sented by a widespread diff usion of primary evaporit-
ic precipitates. Th e inception of this event, or Messin-
ian salinity crisis (MSC), has been posed at 5.96 Ma 
(Krijgsman et al., 1999) but the causes and modalities 
of it are still debated (Cita et al., 1975; Hsu et al., 1977; 
Roveri et al., 2001; Rouchy and Caruso, 2006; Rove-
ri and Manzi, 2006). In the Apenninic foredeep, pri-
mary evaporites were deposited in perched epi-Liguri-
an wedge-top basin on top of the allochthonous units 
and intra-basinal highs whereas euxinic deposits oc-
cupy deeper basin setting (Roveri et al., 2001; Manzi 

et al., 2005; Rizzini et al., 2004; Rossi et al., 2001; Rov-
eri et al., 2003).

An unconformity surface, the intra-Messinian un-
conformity, is the upper boundary of the evaporitic 
unit. It is well recognized in the northern Apennines 
(Ricci Lucchi et al., 1982; Roveri et al., 2001) and it also 
occurs around the Mediterranean region (Krijgsman 
et al., 1999; Cavazza and DeCelles, 1998; Lofi  et al., 
2005) (Fig. 3). In the Apenninic foredeep basin, resedi-
mented gypsum are the only physical expression of the 
intra-Messinian unconformity (Artoni, 2003b; Man-
zi et al., 2005; Roveri et al., 2001). Th e intra-Messinian 
unconformity, which assumes various characters and 
amount of stratigraphic hiatus depending on margin-
al or deep basin setting, is dated at 5.6 Ma (Fig. 3) (Kri-
jgsman et al., 1999); erosion and signifi cant sea-level 
fall, very likely tectonically-driven, lasted until 5.52 
Ma (Krijgsman et al., 1999 and 2004) (Fig. 3). Plate 
motion reorganization corresponds to this surface ac-
cording to Mantovani et al. (1997).

Above the regional wide intra-Messinian uncon-
formity, siliciclastic rocks appeared again and lacus-
trine to fl uvial, shelfal and turbiditic deposits consti-
tute the post-evaporitic succession (p-ev) that in the 
Apennine and Mediterranean area is well-known as 
hypoaline Lagomare succession considered non-ma-
rine in response to the closure of the Gibraltar arc (Ca-
sati et al., 1976; Cita et al., 1975; Roveri et al., 1998). 
Sedimentological analysis, carried out on post-evapo-
ritic units all around the Apenninic foredeep (Roveri 
et al., 1998 and 2001), show that these units generally 
start with turbiditic, shelfal deposits, which are named 
p-ev1, and evolves to fl uvio-deltaic deposits toward 
the top. Th e former are characterized by a well-devel-
oped cyclical pattern and named p-ev2 by Roveri et al. 
(1998). Within the p-ev1 and close to the base of p-ev2 
unit a regional volcaniclastic level occurs and it is ra-
diometrically dated at 5.5 Ma (Odin et al., 1997). Lo-
cally, in Spain and Sicily, evaporitic precipitation per-
sisted during late Messinian (Decima and Wezel, 1973; 
Krijgsman et al., 2001) and increased evaporative con-
ditions should have favoured limestone deposition of 
the Colombacci unit in the Apenninic foredeep (Bas-
setti et al., 2004; Cosentino et al., 2005). Th erefore, the 
upper evaporites of the Mediterranean region (Hsu 
et al., 1977; Krijsgman et al., 1999, 2001; Roveri et al., 
2001) are correlated to the post-evaporitic unit (Fig. 3). 
Recently, accordingly to the subdivision of post-evap-
oritic unit in two subunits (p-ev1 and p-ev2 of Rove-
ri et al., 2001), the base of the p-ev2 unit is tentatively 
placed at 5.44 Ma, based on comparison with astro-
nomic curves (Roveri et al., 2005) (Fig. 3). Th e pro-
posed dating agrees with the absolute age of the vol-
canoclastic marker bed, mentioned above. At regional 
scale, the post-evaporitic hypohaline unit, with basal 
stratigraphic hiatus of variable amount was deposit-
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ed till the base of the Pliocene (Fig. 3), when open-ma-
rine environments were established again. Integrated 
stratigraphic studies pose the base of the Pliocene at 
5.33 Ma (Van Couvering et al., 2000). Th us, the post-
evaporitic units are deposited in less than 300 kyr and 
p-ev2 in less than 200 kyr - a time interval which sug-
gests that these units record a very high-frequency cy-
clicity.

3.1 The Climatic Cyclicity in Late Miocene Succession
 of the Mediterranean Region 
 and the Apenninic Foredeep

Th e tectonics control on late Miocene sedimentary 
succession of the Mediterranean region has been en-
phasized by various authors who interpret the major 
changes in sedimentation driven by tectonic phases 
(Krijgsman et al., 1999; Roveri et al., 2001; Roveri and 
Manzi, 2006) or isostatic rebound (Cavazza and De-
Celles, 1998). However, it is also generally agreed that 
late Miocene and in particular Messinian sedimentary 
cyclicity is related to climate oscillations (Krijgsman et 
al., 1999; Roveri et al., 1998, 2001; Roveri and Manzi, 
2006) which, diffi  cult to reconstruct for ancient sedi-
mentary record (Frakes et al., 1992), are supposed to 
be strictly related to insolation variations at Earth’s 
surface accordingly to Milankovitch’s astronomic cy-
cles. Th us, insolation curve and related eccentricity, 
obliquity, precession curves (Laskar et al., 2004) have 
been associated to chrono-magneto-stratigraphy for 
calibrating astronomically the sedimentary cycles of 
late Miocene Mediterranean successions (Hilgen et al., 
2000; Krijgsman et al., 2001). Detailed and integrat-
ed stratigraphic studies demonstrated the presence of 
astronomically-driven climatic cycles; absolute dat-
ings, magneto-chronostratigrapy, biostratigraphy, for-
aminifera oxygen isotopic curves and sedimentolog-
ical analysis carried out on late Miocene successions 
of the Mediterranean area revealed a strict correla-
tion between lithologic and astronomic cycles (Kri-
jgsman et al., 1999, 2000; Sprovieri et al., 2003). As-
trochronology became a new method for stratigraphic 
constraints and it has been integrated in the Neogene 
chronostratigraphic chart (Gradstein et al., 2004).

3.1.1 Climatic Cyclicity in Pre-Evaporitic (pre-ev)
 and Evaporitic (ev) units

Th e cyclicity of pre-evaporitic units is well known 
in the Mediterranean region (Krijgsman et al., 2001; 
Sprovieri et al., 2003) where marl/ or carbonate/sap-
ropel couplets appear and contain the Tortonian-
Messinian boundary at 7.24 Ma (Hilgen et al., 2000; 
Krijgsman et al., 2004) (Fig. 3). Th ese couplets are in-

terpreted to be controlled by precession mechanism in-
ducing dry-wet climate oscillations (Krijgsman et al., 
1999). Dry periods, characterized by evaporation ex-
ceeding precipitations, correspond to precession max-
ima and insolation minima; carbonates are deposited. 
Wet periods with increased precipitations and fresh-
water input correspond to sapropel deposition or pre-
cession minima and insolation maxima. Th e same as-
tronomically-forced climatic oscillations are supposed 
to generate gypsum/sapropel cycles; the gypsum sub-
stitutes the carbonate precipitation of previous cycles 
because a minimum of eccentricity amplifi es the ef-
fect of precession maxima at 5.96 Ma (Krijgsman et 
al., 1999), base of the Lower Evaporites in Mediterra-
nean region (Fig. 3). In the type-area of the Vena del 
Gesso (Northern Apennines), which is the closest area 
to the CWTB with primary evaporites, this climatic-
controlled cyclicity generates sixteen cycles (Vai and 
Ricci Lucchi, 1976) containing a characteristic regres-
sive-transgressive facies sequence recently revised by 
Lugli et al. (2005). In the lower portion of the Vena 
del Gesso section, up to the 5th cycles, relatively deep 
setting and low salinity made possible the precipita-
tion of vertical massive selenite which is upward sub-
stituted by banded selenite in response to a progressive 
drowning and a relatively increased salinity with os-
cillating brine level (Lugli et al., 2005). Between the 6th 
and 15th cycles of the same section, transgressive facies 
are given by nodular and lenticular selenite, F5 facies 
of Vai and Ricci Lucchi (1976). Based on geochemical 
data, the F5 facies is reinterpreted to form when ma-
jor infl uxes of oceanic water were strongly mixed with 
unsaturated continental waters causing the solution of 
sulphate precipitates (Lugli et al., 2005). Th e appear-
ance of F5 facies likely marks and precedes the end of 
sulphate evaporate precipitation in coincidence with 
another minimum in Earth eccentricity (Krijgsman et 
al., 2001) at 5.6 Ma. Th ese astronomically forced cli-
matic oscillations should occur during a glacial peri-
od which lasted from 6.2 Ma to 5.5 Ma (Hodell et al., 
2001). In fact, in the north Atlantic regions, isotopical 
stages, coeval to evaporitic and pre-evaporitic units, 
are interpreted to be representative of a series of gla-
cial-interglacial oscillations which fi t the cyclicities 
recognized in the Mediterranean region by Krijgsman 
et al. (2001) (Hodell et al., 2001).

Aft er the fi rst main evaporative event, evaporitic 
deposits were resedimented; gypsum-arenite and gyp-
sum-rudite were formed (Manzi et al., 2005) and they 
constitute the F6 facies in the 16th cycle of the Vena del 
Gesso section (Vai and Ricci Lucchi, 1976). In the Sor-
bas basin, a similar number of gypsum–bearing cycles 
and magnetostratigraphic-constrained ages between 
5.96 Ma and 5.6 Ma, confi rm that each cycle has a du-
ration in the order of the precessional astronomic cy-
cles (20.000 yr) (Krijgsman et al., 2001).
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3.1.2 Climatic Cyclicity in Post-Evaporitic Units (p-ev)

Climatic cyclicity in post-evaporitic units has been de-
bated because continuous and favourable stratigraph-
ic sections are lacking as a consequence of the intra-
Messinian unconformity and the presence of hiatus 
(Fig. 3), also known as the Messinan gap. Th en, the 
widespread occurrence of non-marine or evaporative 
deposits are other limiting factors in analyzing cli-
matic changes which are commonly detected by isoto-
pic and palaeoecological analysis of open-marine mi-
crofossils. However, recently, the stacking pattern of 
post-evaporitic units in the Apenninic foredeep has 
been interpreted as climatic-driven cycles (Roveri et 
al., 1998; 2001). Th e occurrence of repeated alternation 
of coarse- and fi ne-grained lithofacies of fl uvio-deltaic 
deposits which sedimented in less than 200 kyr (5.5–
5.33 Ma) has been regarded as a proof of very high-fre-
quency cycles of dry-wet climate oscillations (Roveri 
et al., 1998). Uppermost Messinian units of the Med-
iterranean area show a similar cyclic pattern (Rouchy 
et al., 2001; Ghibaudo et al., 1985). Th e p-ev2 unit of 
Roveri et al. (2001) is made up by three cycles with a 
duration around 30 kyr which is in the order of pre-
cessional/obliquity astronomic cyclicities. Th ough 
further cyclo-stratigraphic studies will more precise-
ly express the duration of each cycle, it is diffi  cult to 
believe that climatic control on sedimentary cyclicity 
was switched off  during the latest Messinian. Earth’s 
precession and obliquity cycles have been demon-
strated in pre-evaporitic and evaporitic units (Krijgs-
man et al, 2001) as well as in Pliocene units (Lourens 
et al., 1996). In addition, isotopic curves of late Mio-
cene and Pliocene intervals in Atlantic and Pacifi c re-
gions (Kennett, 1986; Hodell et al., 2001; Zhang and 
Scott, 1996), likely more sensible to glaciations in po-
lar ice caps, show oscillations also during the time cor-
responding to Mediterranean post-evaporitic units. 
Th e evidences of glacial periods and diff used ice for-
mation also in the Northern hemisphere (Frakes et al., 
1992; Hodell et al., 2001) during pre-Pleistocene time 
imply that climatic changes were driven by astronom-
ical parameters as in Pleistocene time when two polar 
ice caps were present (Frakes et al., 1992) and Milank-
tovich cycles occurred.

4 The Late Miocene Stratigraphy 
 and Tectonic Evolution of the
 Cortemaggiore Wedge-Top Basin

Th e Miocene paleogeography of the Northern Apen-
nine orogenic wedge and associated foredeep basin is 
depicted in Fig. 1b. Th e foredeep, wedge-top and epi-
Ligurian wedge-top basins progressively migrated to-

ward E and NE in response to the advancing orogenic 
fronts (Fig. 1). At the same time, the external ramp was 
moving and fl exing toward more external area of the 
foreland basin; the external ramp of Apenninic fore-
deep was also the transfer zone for clastic deposits de-
rived from uplift ed Alps (Fig. 1b) (Mutti et al., 2002; 
Ricci Lucchi, 1975).

Th e foredeep depocenters were mainly fi lled by 
sheet-like turbiditic deposits derived from fl uvial and 
deltaic systems draining the Alps (Fig. 1) (Ricci Luc-
chi, 1975 and 1986); instead, the epi-Ligurian clas-
tic deposits testify local Apenninic sources (Cibin et 
al., 2001; Gazzi and Zuff a, 1970). Th ree diff erent tur-
biditic systems, that might present continuous grada-
tion among them, strictly correspond to foreland ba-
sin physiography (Mutti et al., 2002 and 2003): 
1) deltaic turbiditic systems are mainly located on the 

orogenic wedge and wedge-top basins; 
2) mixed turbiditic systems are mainly located to lead-

ing edges of the orogenic wedge and inner fore-
deep; 

3) deep marine turbiditic systems are mainly located 
in axial foredeep depocenters and foreland external 
ramp.

Th e articulated physiography of the Tertiary North-
ern Apennines is demonstrated also by the occurrence 
of mass-wasting products (slumps, slides, block falls, 
debris fl ows) also known as olistostromes (Flores, 
1955; Lucente and Pini, 2003; Pini, 1999 and referenc-
es therein). Th ese complex units derive from mass-
es destabilized along submarine slopes and they are 
made of both foredeep deposits and Ligurian alloch-
thonous units. Th ey are of various sizes, from few me-
ters to hundreds of meters; they occur either in the 
epi-Ligurian wedge-top basin, or close to the toe of the 
orogenic wedge (Artoni et al., 2004; Gelati et al., 1987) 
and even in the foredeep basins (Lucente and Pini, 
2003). Th ey are important marker beds at both local 
and regional scale as they generally mark destabiliza-
tion events in the Apenninic foreland basin.

Th e depositional features and geometry of the sed-
imentary bodies (Fig. 4), and the regional tectono-
stratigraphic analysis (Argnani et al., 2003; Rizzini 
et al., 2004) similar to the one published for the Cor-
temaggiore anticline (Mattavelli et al., 1993), demon-
strate that the CWTB is a syn-tectonic wedge-top ba-
sin from the Tortonian to Pliocene.

4.1 Late Tortonian and Early Messinian Euxinic 
 and Evaporitic Deposits (pre-ev and ev)

During the Tortonian, the Cortemaggiore thrust front 
was the outer structural high bounding a foredeep ba-
sin to the north and the CWTB to the south (Fig. 4). 
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Th e Cortemaggiore thrust front can be considered the 
leading edge of the Apenninic orogenic wedge formed 
during the intra-Tortonian tectonic pulse which, in 
the CWTB, is evidenced by 1) the thinning out of late 
Tortonian to early Messinian pre-ev and ev units to-
ward the Cortemaggiore anticline hinge (Fig. 4) and 
2) the lack of Tortonian unit on the hinge zone of the 
Salsomaggiore anticline (Figs. 4, 5). In late Tortonian, 
the Cortemaggiore and the Salsomaggiore anticlines 
were two intra-basinal highs (Fig. 6a). Th e intra-Tor-
tonian tectonic pulse should have restricted a limited 
portion of the foredeep and created the CWTB; eux-
inic shales on top of hemipelagic marls and thin-bed-
ded turbidites are the fi rst evidence of a confi ned ba-
sin with restricted water circulation established aft er 
the deposition of foredeep turbidites (Fig. 7). Anoth-

er, confi ned basin existed also in a more internal area; 
the Salsomaggiore anticline, already uplift ed during 
the Serravallian, because of an exposed onlap angu-
lar unconformity between the Serravallian sandstone 
turbidites and the Langhian hemipelagic marl (Fig. 5), 
constitutes an obstacle to the advancement of the al-
lochthonous units during Tortonian and early Mes-
sinian (Argnani et al., 2003; Artoni et al., 2004; Rizz-
ini et al., 2004). On top of the Ligurian allochthonous 
units, two epi-Ligurian wedge-top basins were present 
behind the Salsomaggiore anticline: the Vigoleno and 
Monteglino wedge-top basins (Figs. 4, 5). Th e Vigole-
no epi-Ligurian wedge-top basin preserves shallow-
water deposits that record the Tortonian-Messinian 
boundary according to ostracods fauna assemblages 
(Miculan, 1992). At present, these shallow-water de-

Fig. 4. Structural geological sketch map derived by surface and sub-surface data of Northwestern Apennines. Line drawing from a 
seismic refl ection profi le (Line 1) crosses the Cortemaggiore Wedge-Top Basin (CWTB) from the Salsomaggiore anticline (SA) to 
the Cortemaggiore anticline (CA). Late Miocene and Messinian mass-wasting deposits are emphasized (from Artoni et al., 2004, 
Fig. 4)



Chapter 23  ·  Tectonic and Climatic Controls on Sedimentation in Late Miocene Cortemaggiore Wedge-top Basin 439

posits are part of the late Messinian mass-wasting de-
posits (Fig. 5). Th e inception of restricted and anoxic 
environment as well as the appearance of epi-Ligurian 
shallow-water deposits constrain the age of the intra-
Tortonian tectonic pulse which must precede the 7.24 
Ma and possibly is around 8 Ma (see sect. 3).

Concerning the evaporitic deposits (ev), euxin-
ic shale associated to marly and gypsum levels testi-
fy that the CWTB was still restricted (Fig. 7). In the 
CWTB, the primary evaporitic deposits are not pre-
served in their original position on top of the epi-Li-
gurian wedge-top basin; they are completely dismem-
bered as resedimented units or tectonically stacked 
slices, in response to the intra-Messinian tectonic 
pulse (Figs. 6b, 7).

4.2 The Intra-Messinian Tectonic Pulse and the
 Associated Mass-Wasting Deposits (p-ev1)

Th e intra-Messinian tectonic pulse, a major tecton-
ic phase that aff ected the whole Northern Apennine 
(Ricci Lucchi et al., 1982; Roveri et al. 2001) created a 
regional-scale unconformity (intra-Messinian uncon-

formity) that, erosional and angular in marginal ba-
sins, passes to correlative conformity in deeper basins 
(Roveri et al., 2001). During this tectonic phase, the 
CWTB, one of the marginal basins, was further short-
ened and, contemporaneously, fi lled by gravity-driven 
mass-wasting deposits derived from destabilized al-
lochthonous units. A major lens-shape body, few ki-
lometers wide, and estimated volumes more than 100 
km3, is elongated parallel to the Salsomaggiore anti-
cline and occupies the CWTB’s depocenter (Rizzini et 
al., 2004) (Figs. 4, 7). Th e masses departed from a de-
nudational area, close to the Salsomaggiore anticline 
hinge zone, and accumulated in the CWTB where they 
form imbricate thrust-stacks (Figs. 4, 6b) (Rossi et al., 
2001; Artoni et al., 2004). Similarly to what is observed 
in other areas of the Apennines (Roveri et al., 2003), 
at the bottom of the chaotic mass, monogenic gypsum 
arenite and breccia, locally associated to large blocks 
with primary evaporitic depositional features, are de-
bris fl ows containing olistoliths derived from nearby 
epi-Ligurian perched basins and intra-basinal highs 
(Fig. 6b). Going upward, the largest and widespread 
volume of the wasted masses is made of pieces and ki-
lometers-wide klippens of dismembered allochtho-

Fig. 5. Geological sketch map of the outcropping southern border of the Cortemaggiore Wedge Top Basin. Location of stratigraph-
ic logs and stratigraphic cross-sections of Fig. 7 and Fig. 8 are reported 
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nous units (Iaccarino and Papani, 1979; Rossi et al., 
2001; Artoni et al., 2004) (Fig. 7). Th e upward increase 
in dimensions of wasted masses is interpreted to re-
fl ect a progressive increase of relief steepness of the in-
ner border of the CWTB in response to the uplift  of 
the Salsomaggiore anticline’s hinge zone (Artoni et al., 
2004).

Th e available dates (see sect. 3 and Artoni et al., 
2004) restrict the formation of the mass-wasting de-
posits to a time interval minor than 100,000 years; 
nonetheless, gyspum debris fl ows and slide mass-
es might have been multiple and contemporaneous 
events forming coalescing chaotic masses.

4.3 Late Messinian and Early Pliocene Sealing
 Siliciclastics Post-Evaporitic Deposits (p-ev)

Th e mass-wasted deposits, marking the base of the 
post-evaporitic units, and the intra-Messinian uncon-

formity are sealed by late Messinian post-evaporitic 
(p-ev) units (Figs. 4, 6c, 7, 8).

In the CWTB, similarly to other coeval Apennin-
ic basins, the siliciclastic post-evaporitic succession 
presents extremely variable thickness in response to 
an irregular and variable substratum shaped by major 
intra-Messinian tectonic pulses and formation of the 
wedge-top basin. Because of similar depositional char-
acters and because immediately beneath the Miocene-
Pliocene boundary, the post-evaporitic units cropping 
out in the CWTB are correlated to the p-ev2 unit of 
Roveri et al. (2001) (Figs. 7, 8) (Artoni, 2003a; Arto-
ni et al., 2004). In fact, fl uvio-deltaic deposits associat-
ed with varved-like alternation of thin claystone beds 
and marls and micritic limestone are typical of the Co-
lombacci units known in the entire Apenninic fore-
deep (Casati et al., 1976; Roveri et al., 1998) and of the 
Lagomare succession of Mediterranean region. Th en, 
the sedimentary cyclicity of post-evaporitic deposits 

Fig. 6. Stratigraphic and 
structural evolution of the 
Cortemaggiore Wedge Top 
Basin during late Miocene. Th e 
sketches show the evolution of 
the CWTB along the cross-
section of Fig. 4. See text for 
details (modifi ed aft er Artoni 
et al., 2004)
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seal both the Salsomaggiore and Cortemaggiore anti-
clines; then, open marine conditions returned during 
basal Pliocene (MPL1 biozone in Iaccarino and Papa-
ni, 1979).

in CWTB is another distinctive character of p-ev2 unit 
(Roveri et al., 1998).

During post-evaporitic time, the CWTB is like-
ly undergoing overall subsidence (Fig. 6c) and fl u-
vio-deltaic deposits onlap against and progressively 

Fig. 7. Stratigraphic cross-section across the Cortemaggiore wedge-top Basin derived from outcrop and subsurface data. Th e out-
cropping logs labelled 12, 10 and 8 are the same as in Fig. 8. Stratigraphic log 8 is detailed in Fig. 9. Locations of stratigraphic logs 
and well logs A, B and C are in Fig. 5. (aft er Artoni et al., 2004, Fig. 7)
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5 Sedimentary/Climatic Cycles
 of Late Miocene Deposits in CWTB

Within the CWTB, pre-evaporitic and evaporitic de-
posits are cropping out only as remnants and thus 
their cyclicity can only be derived from coeval de-
posits in Apenninic foreland basin or other basins of 
the Mediterranean area (see sect. 3). Instead, the sedi-
mentary cyclicity is well expressed and can be directly 
studied in late Messinian post-evaporitic units which, 
as stated before, have been correlated to the p-ev2 unit 
of Apenninic foredeep. Th e sedimentary cyclicity of a 
previously published stratigraphic log (Artoni, 2003a) 
(Fig. 9) is here revised taking into account the later-
al correlation of the newly defi ned sedimentary cycles 
cropping out on the southern fl ank of the CWTB (Fig. 
8). Th e revised cycles are traceable across the strati-
graphic cross-section constructed by integrating pub-
lished stratigraphic logs (Iaccarino and Papani, 1979; 
Artoni, 2003a; Gennari, 2003) that contain the Mio-
cene-Pliocene boundary which is the datum plane of 

the stratigraphic panel (Fig. 8). Th ese new cycles are 
tentatively traced also in subsurface logs, where alter-
nation of coarse- and fi ne-grained bodies are evidenced 
by well-logs spontaneous potential curves (Fig. 7) but 
no detailed sedimentological data are available. 

5.1 Cyclicity in Post-Evaporitic Units of CWTB 

Th e sedimentary cyclicity has been revised in the 
thickest stratigraphic log 8 of Fig. 8. Previous work 
was addressed to defi ne the depositional characters 
preserved in these deposits (Artoni, 2003a). Th e sed-
imentological analysis revealed that the prevailing fa-
cies are related to fl uvio-deltaic systems according 
to the facies scheme of Mutti et al. (2000, 2003) and 
the depositonal architectures of coarse-grained del-
tas of Postma (1990). Coarse-grained bodies derived 
from hyper-concentrated fl ows, interpreted to be orig-
inated by fl ood events, pass toward the basin to sand-
stone lobes, deposited by dense, tractive and turbulent 

Fig. 8. Stratigraphic cross-section of outcropping late Miocene deposits on the southern border of Cortemaggiore Wedge-Top Ba-
sin and more internal Vigoleno and Monteglino wedge-top basins (modifi ed aft er Artoni et al., 2004). Th e four sedimentary cycles 
are correlated across the three sub-basins. Th eir depositional characters are detailed in log 8 (see Figs. 9 and 10); the main coarse-
grained bodies are the guidelines for cycles correlation. See text for detail. (aft er Artoni et al., 2004, Fig. 9)
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fl ows, and fi nally to distal fi ne-grained diluted turbu-
lent fl ows. Other fi ne-grained deposits show varved-
like facies associated with thin, carbonate-rich beds 
which are interpreted to be deposited in a lacustrine 
environment.

Based on the above-mentioned facies scheme and 
other specifi c depositional facies, nine elementary 
depositional sequences (EDS sensu Mutti et al., 1994) 
were defi ned by tracing boundaries that mark abrupt 
facies changes. In the case of fl uvio-deltaic depos-
its, the bounding surfaces are defi ned by more prox-
imal coarse-grained bodies laying on top of distal 
fi ne-grained bodies without the interposition of inter-
mediate sandstone lobes. Inside an elementary depo-
sitional sequence, lithologic units and depositional fa-
cies (lithofacies of Mutti et al., 1994) can change but 
they represent depositional environments which were 
genetically related, i.e., they were originally contigu-
ous during their deposition. Sets of elementary deposi-
tional sequences, i.e., composite depositional sequenc-
es (Mutti et al., 1994), might present vertical stacking 
pattern which is comparable at diff erent points of the 
basin; therefore, they are a tool for basin-wide corre-
lation and they represent a higher rank sedimentary 
unit.

Th e revised depositional sequences (Fig. 9) are 
grouped in four higher rank composite deposition-
al sequences based also on their correlability across 
the exposed portion of the CWTB (Fig. 8). Th e ver-
tical repetition of similar elementary depositional se-
quences or similar composite elementary deposition-
al sequences reveals the presence of a cyclicity made of 
lower rank/higher frequency cycles, which correspond 
to the elementary depositional sequence, and of higher 
rank/lower frequency cycles, which correspond to the 
composite elementary depositional sequence. Th ese 
sedimentary cycles of diff erent rank and their depo-
sitional characters will be described in the following 
(Figs. 8, 9, 10).

5.1.1 The Sedimentary Cycles
 and their Depositional characters

Th e fi rst cycle starts above the fi nely laminated euxinic 
clay with few, very fi ne-grained and thin-bedded sand-
stone. Th is euxinic unit, of early Messinian age (Artoni, 
2003a), lays unconformably on top of Langhian fore-
deep deposits; thus, they mark the intra-Tortonian un-
conformity on the southern border of the CWTB. Th e 
conglomeratic units, which erode the euxinic depos-
its and cover both the Langhian-Serravallian foredeep 
unit and the allochthonous Ligurian unit, mark the in-
tra-Messinian unconformity that coincides to the base 
of the fi rst cycle or composite elementary depositional 
sequences (1st in Fig. 9). Th e three composing elemen-

tary depositional sequences start with a conglomeratic 
unit that passes upward to a sandstone unit and a top-
most clay unit. Th e conglomeratic unit is ortho-/para-
conglomerates with well-rounded cobbles and rare 
boulders in a sandstone matrix (Fig. 10a). Th ey form 
decimetric thick beds that start with erosive and mas-
sive ortho-conglomerate overlain by para-conglomer-
ate with internal laminations marked by both normal 
and inverse grading; sometimes, faintly oblique lam-
inations occur. Th e conglomerates are sourced by the 
surrounding Ligurian and foredeep unit.

Very coarse- to fi ne-grained sandstones increase 
upward within the elementary depositional sequences. 
Th e very coarse-grained sandstone contains rare cob-
bles aligned along low-angle laminae; plants and shells 
fragments are abundant. Th e coarse- to fi ne-grained 
sandstones form centimeter thick beds that are main-
ly massive at the base and plane parallel to rippled or 
hummocky-type cross stratifi ed toward the top (Fig. 
10b). Th e ripples indicate paleocurrents toward the 
southeastern area, sub-parallel to the Salsomaggio-
re anticline axis. Th is implies the location of a feed-
ing system toward NW or SW coherently to the clast’s 
composition.

Th e clay units at the top of the elementary deposi-
tional sequence are given by two main types. A sand-
rich type consists of thin to very thin beds of very fi ne-
grained sandstone entirely laminated, plane-parallel 
and rippled laminated, and gradually passing to mas-
sive dark-grey claystone and marls. Th e second type 
of clay unit is characterized by massive clay and by al-
ternating thin to very thin beds with variable organic 
and carbonate contents that produce a typical-band-
ed rock similar to varves (Fig. 10c). Locally, carbonate 
predominates and massive marly micrite form centi-
meter thick layers.

Th e above-described lithofacies, interpreted accord-
ing to the facies scheme of Mutti et al. (2000, 2003), 
represent the deposition of conglomeratic hyper-
concentrated fl ows which, consequently to increased 
concentration by the erosion of the substratum en-
croached during their movement, are forced to stop. 
Th ese fl ows are likely triggered by fl uvial fl oods trans-
ferring sediments to shelfal area. Th e sandstone unit is 
the down-current evolution of the hyper-concentrated 
fl ows, if they were not stopped and were able to move 
further inside the basin. Very coarse sandstones with 
sparse cobbles are interpreted as “en masse” deposi-
tion of high density fl ows in proximal areas of shel-
fal lobes (Mutti et al., 2000). Th ese high-density fl ows 
evolve down current to hyper-picnal fl ows with trac-
tion and turbulence that are the origin of the coarse- 
to fi ne-grained turbiditic sandstone lobes in delta 
front or prodelta of fl uvial-dominated delta system. 
Clay units with fi ne-grained sandstone represent the 
deposition of turbulent turbiditic fl ows in the distal 
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Fig. 10. Examples of fl uvio-deltaic facies cropping out on the southern border of CWTB. a Ortho-/para-conglomerates with sand-
stone matrix derived from hyper-concentrated fl ows triggered by fl uvial fl oods. From the 1a EDS in log 8 of fi gure 9. b Coarse- to 
fi ne-grained sandstone with plane parallel and hummochy-type cross stratifi cation in distal sandstone lobes related to fl uvial-
dominated delatic system. From the 1b EDS in log 8 of fi gure 9. c Varved-like facies; the white bands, are carbonate-rich marl. Fine- 
to very fi ne-grained sandstone, dark bands, are the more distal portion of turbiditic sandstone lobes. From the 1c EDS in log 8 of 
Figure 9. d Ortho-/para-conglomerates with sandstone matrix, badly sorted, not well-rounded and massive to crudely laminated. 
Th ey are intepreted to be deposited in proximal portion of a mouth-bar. From 4th cycle of log 7 in Figures 5 and 8. e Ortho-/para-
conglomerate units passing upward to coarse-grained sandstone and forming large scale foresets interpreted to be deposited in 
proximal portion of a fan-delta. Th e foresets are dipping toward eastern region. From 3rd cycle of log 9 in Figures 5 and 8

a b

c d

e
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part of sandstone lobes where they interfere with the 
deposition of the second type of clay unit. Th e latter is 
interpreted to be originated by fi ne-grained sediments 
transported by low-density currents (ipopicnal fl ows) 
or falling down from the water column together with 
precipitates controlled by carbonate concentrations 
in the water (micritic beds). Th e occurrence of depo-
sitional facies derived from hyper-concentrated fl ows 
and the rapid transition to shelfal turbiditic sandstone 
lobes suggest the presence of a coarse-grained fan del-
ta system (Mutti et al., 2000; Postma, 1990) fed by riv-
ers with small to medium drainage area.

Each of the three elementary depositional sequences 
(1a, 1b and 1c in Fig. 9) composing the fi rst cycle show 
a transgressive trend because coarse-grained, more 
proximal deposits are decreasing upward replaced by 
more distal prodelta or lacustrine deposits. Th e high-
er rank fi rst cycle is fi ning and deepening upward, ac-
cordingly to a retrogradational trend in the vertical 
stacking of the three composing EDSs (Fig. 9).

Th e base of the second higher rank cycle (2nd in 
Fig. 9) has been located at the fi rst sandstone bed 
above the thickest micritic marly bed which has been 
named Colombaccio (Fig. 9) (Artoni, 2003a). Th e base 
of the 2nd cycle marks an increase of terrigenous in-
put aft er a phase of prevailing fall-out and vertical set-
tling of fi ne-grained units which form the varved-like 
facies. Th e depositional characters of the fi rst fi ft y me-
ters of the 2nd cycle are the same in the coarse- to fi ne-
grained sandstone unit of the 1st cycle. Upward, these 
units gradually pass to medium-/coarse-grained sand-
stone in 10 to 20 centimeters-thick beds which are mas-
sive or with normal grading. Toward the top of thick-
est beds megaripples and trough cross-bedding occur. 
On top of these cross-stratifi ed sandstones, there are 
massive ortho-/para-conglomerate with sandstone 
matrix. In contrast to the conglomerates of the 1st cy-
cle, these conglomerates are badly sorted and not well-
rounded (Fig. 10d). Th e above depositional facies are 
interpreted to be generated by hyperpicnal fl ows in 
the proximal area of fl uvial-dominated delta systems 
and probably at the mouth of the river because of the 
trough cross-bedding that corresponds to the top-set 
of a mouth bar. Textural immaturity of conglomer-
ates also testifi es the more proximal depositional area 
that, associated to tractive facies and deltaic sandstone 
lobes, are distinctive characters of river-delta systems 
(Mutti et al., 2000; Postma, 1990).

Th e conglomerate beds around 150 m of strati-
graphic log 8 (Fig. 9) are also the upper portion of a 
coarsening and shallowing upward EDS (2a in Fig. 9). 
Above it, fi ne-grained sandstone and clay of shelfal 
sandstone lobes are considered lateral equivalent of 
younger coarse-grained deltaic facies in stratigraphic 
log 7 (Fig. 8). Fine-grained sandstone and clay, resem-
bling distal sandstone lobes, predominate in the up-

per part of the 2nd cycle (Fig. 9). Th en, the overall ver-
tical arrangement of the 2nd cycle can be described as 
fi ning and deepening upward. In this cycle the low-
ermost EDS is progradational probably in response to 
local variations in sediment supply induced by irreg-
ular morphology and drainage area of the feeding riv-
ers.

Th e third cycle is diffi  cult to defi ne on the revised 
stratigraphic log because of bad quality outcrops; the 
few outcrops show fi ne-grained units. Th e fi eld con-
trols on published stratigraphic logs adjacent to log 
8 (Fig. 8) made it possible to recognize the appear-
ance of depositional characters comparable to those 
of the fi rst cycle. In the well-exposed stratigraph-
ic log 9 (Fig 8) a conglomeratic body was analyzed 
which erodes the langhian foredeep marl of the Sal-
somaggiore anticline. Meters-size clasts of the under-
lying langhian marls are entrained in a disorganized 
and chaotic pebbly sandstone horizon which marks a 
500-meters-wide erosional surface. Above this hori-
zon, ortho-/para-conglomerate units rapidly pass lat-
erally and vertically to coarse-grained sandstone and 
they form large-scale foresets dipping toward the east-
ern region (Fig. 10e). Within the foresets, inverse and 
normal grading is common and the coarse-grained 
sandstones are either massive or faintly oblique lami-
nated. Th e sandstone increases upward and they show 
traction bedforms with pebbles at the base or in con-
cave upward lenses in the middle. As in the 1st cycle, 
these facies are interpreted to be deposited by hyper-
concentrated fl ows; but, they were laid down in a more 
proximal area of a fan-delta system because traction 
structures are dominant. Even though the EDSs can-
not be precisely defi ned, the stratigraphic cross-sec-
tion (Fig. 8) and the occurrence of similar deposition-
al facies in diff erent logs allow to defi ne at least two 
EDSs (3a and 3b in Fig. 9) that have a retrogradation-
al trend. A third, doubtful and uppermost EDS (3c in 
Fig. 9) shows either a progradational trend or is the 
topmost portion of the underlying 3b EDS. Except this 
doubt, the third higher rank cycle has an overall fi ning 
and deepening upward trend and is retrogradational 
as the fi rst cycle.

Th e fourth and uppermost cycle is immediately be-
low the Miocene-Pliocene boundary and it is charac-
terized by the return of coarse-grained sandstone and 
conglomeratic units deposited in a river-delta sys-
tem (Artoni, 2003a) which have been also found be-
low the Miocene-Pliocene boundary in the Montegli-
no wedge-top basin (stratigraphic log 12 in Fig. 8 from 
Gennari, 2003). Th ese river delta system facies associa-
tions locally pass upward to dark, organic-rich, biotur-
bated and fi ne-grained deposits which are interpret-
ed as marsh or palustrine depositional environments. 
Th ey were found in stratigraphic logs 2, 6, 12 and 13 
of fi g. 8 (Iaccarino and Papani, 1979; Gennari, 2003). 
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Marsh on top of river-delta deposits indicates a pro-
gradational trend for the uppermost EDS which is 
coarsening and shallowing upward. It is likely that the 
topmost EDS (4a in Fig. 9) is part of a higher rank cy-
cle which ends in the Pliocene; thus, the 4a EDS as-
sumes the same meaning of the 2a EDS in the fi rst cy-
cle (Fig 9), i.e., a progradational sedimentary sequence 
within a higher rank cycle with an overall retrograda-
tional trend. Few scattered data suggest this hypothe-
sis; in fact, deltaic-related sandstone lobes locally per-
sist above the Miocene-Pliocene boundary in the more 
internal Vigoleno and Monteglino wedge-top basin 
(Fig. 8).

Th e entire post-evaporitic succession cropping out 
in the CWTB can be described as an overall transgres-
sive and retrogradational sequence which precedes the 
return of open-marine conditions at the base of the 
Pliocene. Th e overall transgressive trend is punctuat-
ed by downward shift  of the deltaic system of diff er-
ent magnitudes and orders. Th e four higher rank cy-
cles, i.e., composite elementary depositional sequences 
(Figs. 8, 9), start with a major basinward shift  of the 
deltaic system that, aft erward, progressively back-
stepped against basin margins and, in deeper setting, 
prodeltaic and shelfal sandstone lobes or chemical 
precipitates (Colombacci) were capping the previous-
ly deposited proximal deltaic deposits (Figs. 8, 9). Th e 
nine lower rank cycles, that correspond to elementary 
depositional sequences, preserve a similar succession 
of depositional events: a downward shift  of proximal 
deltaic deposits progressively sealed by distal prodel-
taic ones. Locally, the occurrence of a river-delta sys-
tem creates elementary depositional sequences (2a and 
4a EDSs in Fig. 9) which have a progradational trend 
but they are part of higher rank retrogradational cy-
cles (2nd and 4th cycles Fig. 9) inserted in an overall 
transgressive succession.

5.2 Astronomic Calibration/Correlation
 of Post-Evaporitic Unit and 
 Paleo-Climatic Interpretation

Based on the above sedimentary cycles, it has been at-
tempted to calibrate/correlate them to the latest Mes-
sinian Earth’s insolation and orbit curves of Laskar 
et al. (2004) which, calculated for the last 50 Myr, are 
usually employed for astronomical tuning of sedimen-
tary succession and they are indicative of climatic cy-
clicities (Fig. 11). Th e calibration should be carried out 
by means of a time series analysis of detailed sedimen-
tary cyclicity in a continuous, well-exposed and well-
dated stratigraphic section (de Boer and Smith, 1994). 
Th is is not the case of the stratigraphic log analyzed in 
the CWTB. In these logs, the numerical ages are attrib-
uted by the correlation with the late Miocene events 

and Global Stratotype and Section Point defi ned in 
the Mediterranean region (Fig. 3). Th en, a time series 
analysis was not pursued. Th e calibration is essentially 
based on the comparison between sedimentary cycles 
and the astronomic cycles in order to verify:
 
1. Th e presence of comparable cyclicities
2. A viable correspondence between the paleoclimatic 

variations expressed by the astronomical curves 
and the observed variations in depositional features 
of fl uvio-deltaic deposits observed in the strati-
graphic logs.

In the CTWB, the sedimentary cyclicity of the p-ev2 
unit can be restricted to the post-volcaniclastic mark-
er bed (5.5 Ma) and the base of Pliocene (5.33 Ma). 
In the exposed portion of the CWTB, the volcani-
clastic marker bed does not crop out; but, the p-ev2 
unit regionally post-dates this marker bed (Roveri et 
al., 2001). Assuming that no stratigraphic hiatus ex-
ists at the base of the p-ev2 unit in the studied log, the 
above dates alone pose the above four higher rank cy-
cles in the range of astronomical cycles with period-
icity comparable to Earth’s axis obliquity (four high-
er rank cycles in 200 kyr) (Fig. 11). By consequence, 
the lower rank cycles (EDS) should have a periodicity 
in the order of precessional cycles or even of sub-Mila-
nkovitchian cyclicity. Nonetheless, the following con-
siderations suggest that the four higher rank cycles are 
precession-driven. First, the p-ev2 unit does not en-
compass the entire 200 kyr, because it is younger than 
the 5.5 Ma volcaniclastic bed. It possibly lasts 100 kyr, 
according to the proposed age of 5.44 Ma for the base 
of the p-ev2 unit (Roveri et al., 2005). Second, varved-
like facies, forming the EDS in the CWTB, have been 
associated to sub-Milankovitchian and seasonal peri-
odicity in similar facies of the Lagomare unit in the 
Central Apennines (Cosentino et al., 2005). Th ird, the 
calibration/correlation between the four higher rank 
sedimentary cycles defi ned above and the precessional 
cycles (Fig. 11) shows that beneath the Miocene-Plio-
cene boundary, four precessional cycles might explain 
the longer period (higher rank) variations in deposi-
tional features of the studied stratigraphic log (Fig. 9). 
Th ese precessional cycles strictly correspond to insola-
tion cycles which provide a more direct connection to 
paleoclimate being insolation maxima characterized 
by wetter climate conditions and insolation minima 
characterized by drier climate conditions.

Th e correspondence between precessional/insola-
tion/climatic cycles and higher rank depositional cy-
cles has been interpreted as follows. During dry peri-
ods, characterized by base-level fall and catastrophic 
fl uvial fl oods, related to episodic heavy rainfalls, the 
development of coarse-grained fan-deltas was en-
hanced (base of 1st and 3rd cycles Fig. 11) as well as 
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increased sediment supply (base of 2nd and 4th cy-
cles Fig. 11). Th ese dry periods should correspond to 
insolation minima and precession maxima (Fig. 11). 
Instead, wet periods were characterized by base-lev-
el rise and subsequent development of back-stepping 
fan-deltas (upper portion of all four cycles Fig. 11) 
or river-deltas (lower portion of 2nd and 4th cycles in 
Fig. 9) and lacustrine deposits (upper portion of 1st cy-
cle Fig. 9). In the insolation curve, wet periods corre-
spond to insolation maxima and precession minima. 
Th e coarser-grained deposits mark the more pro-
nounced cyclicity and they seem to occur when the in-
solation curve presents greater amplitude, i.e., extreme 
and rapid dry-wet climate changes in the order of pre-
cessional cycles.

Other depositional characters seem to correlate 
to astronomic parameters that have longer periodic-
ity than precession (Fig. 11). Two cycles of Earth’s or-
bit obliquity and one cycle of Earth’s orbit eccentricity 
occur at the time of the four higher rank sedimen-
tary cycles described above. During low angle of the 

Earth’s axis tilt, obliquity minima, solar radiation in-
creased at mid-latitude and it is more evenly distrib-
uted between winter and summer seasons. Formation 
of polar ice caps or diff used ice formation was en-
hanced because of increased diff erences in radiation 
received at polar and equatorial regions; then, warm-
er winters were enhancing moisture and snowfall pre-
cipitation, which were not melted during cooler sum-
mers. During minimum in Earth’s orbit eccentricity, 
evaporation is increased in response to increased so-
lar radiation because of the Earth-Sun’s distance at 
aphelion and perihelion is very similar. Minimum ec-
centricity in phase with obliquity minimum modulate 
the reduced amplitude of both precession and insola-
tion curves. In this case, the obliquity acted against 
the climatic eff ect of eccentricity causing a relatively 
minor fall in sea-level: polar ice-cap and diff used ice 
formation, enhanced by obliquity minimum, is con-
trasted by increased evaporation/solar radiation, fa-
voured by eccentricity minimum. Th us, the in-phase 
minima correspond to the deposition of fi ne-grained 

Fig. 11. Cyclicity of post-evaporitic unit. Th e four cycles, regressive at the base and trasgressive toward the top, are defi ned in the 
log 8 (Fig. 9) and correlated to adjacent logs (Fig. 8). Th ey are attributed to the p-ev2 of Roveri et al. (2001) . Starting from the “da-
tum plane” of Miocene-Pliocene boundary, cyclical variations of depositional characters are calibrated to climatic changes ex-
pressed by astronomical curves. See text for details
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units while coarse-grained deposits are preferential-
ly entrained inside the drainage system. On the con-
trary, if eccentricity is out-of-phase with obliquity, or 
eccentricity maximum corresponds to obliquity min-
imum, the amplitude of precession and insolation 
curves is increased and coarse-grained deposits pre-
vail (Fig. 11). In fact, obliquity amplifi es the climatic 
eff ect of eccentricity causing relatively major sea-lev-
el falls: polar ice-caps and diff used ice formation were 
enhanced by amplifi ed excursions in winter-summer 
solar radiations to the Earth. In the source-to-basin 
system, the pronounced seasonality favours the de-
livery of coarse-grained sediments to the deposition-
al area.

From the previous considerations, it results that the 
astronomical parameters which seem to drive the sed-
imentary cyclicity are the equinox precession (20 kyr) 
modulated by the Earth’s orbit eccentricity and Earth’s 
axis obliquity. If the latter two parameters had in-
phase minima, short-term astronomically-driven cli-
mate oscillations have low amplitude and fi ne-grained 
units predominate (3rd cycle in Fig. 11); if the minima 
were out-of-phase, rapid and extreme precession-driv-
en climatic changes favour coarse-grained deposition 
(1st and 2nd cycles in Fig. 9). Correlation between astro-
nomic curves and sedimentary cycles pursued in other 
stratigraphic logs and integrated with time series anal-
ysis may confi rm the above results. For the aim of this 
paper, it is important to establish an order of magni-
tude of the periodicities recorded by the sedimentary/
climatic cycles; then, climatic and tectonics cyclicities 
can be compared.

6 Interplay of Tectonic and Climatic Controls
 on Late Miocene Sedimentation in the CWTB

Th e structural and sedimentary evolution of the 
CWTB shows that tectonics and climate exerted a 
strong control on the architecture and the main depo-
sitional characters of the late Miocene succession. Tec-
tonics produces major and likely faster morphologic 
changes of the basin. Th e fi rst intra-Tortonian tecton-
ic pulse (Ricci Lucchi, 1986; Boccaletti et al., 1990; Pa-
tacca et al., 1990; Conti and Gelmini, 1994), possi-
bly late Tortonian, coincides with the inception of the 
CWTB and creates a subtle high at the Cortemaggiore 
anticline (Figs. 6a, 12); the orogenic wedge propagat-
ed farther north by creation of a new leading edge. Th e 
wedge-top basin confi nement was also enhanced by 
the more internal Salsomaggiore anticline, which con-
tinued to be an obstacle to the advancement of the Li-
gurian allochthonous units. Previous reconstruction 
proposed that the Ligurian allochthonous units were 
very close and on top of the Salsomaggiore anticline in 
late Tortonian (Iaccarino and Papani, 1979) which im-

plies a further confi nement of the basin. Th e location 
of the emerged land cannot be defi ned exactly with the 
available data. Shallow-water deposits of epi-Ligurian 
Vigoleno wedge-top basin, which indicates the posi-
tion of late Tortonian-early Messinian palaeo-coastal 
area, were translated at their present position (Fig. 5) 
during younger tectonic pulses; therefore, the original 
position of the coastal area and the extension of the 
adjacent emerged land remain unknown. 

It is the intra-Messinian tectonic pulse that creates 
the most impressive changes in CWTB morphology 
(Figs. 6b, 12). Th e Salsomaggiore and Cortemaggiore 
anticlines are further amplifi ed and Ligurian alloch-
thonous units almost synchronously moved inside the 
CWTB (Artoni et al., 2004). Syn-tectonic mass-wast-
ed deposits fi lled the deepest portion of the wedge-top 
basin in less than 100 kyrs and they are enclosed be-
tween the euxinic deposits (ev) and the post-evaporitic 
unit (p-ev) (see sect. 4.2 and Fig. 6b). In response to the 
intra-Messinian tectonic pulse, both the Ligurian tec-
tonic stack and slide masses increased the roughness 
and irregularities of the relief as the variable thickness 
of the sealing post-evaporitic units testifi es (Figs. 4, 8). 
Th e appearance of fan-deltas draining the surround-
ing Ligurian and epi-Ligurian units indicates that the 
emerged source areas were closer and sediment trans-
fer system directly reached the CWTB. 

On top of the morphologies created by tectonics, 
climate distributes both laterally and vertically in cy-
clical stacks the clastic sediments available to erosion 
and transport. When evaporitic environments devel-
oped, chemical precipitation from the water column 
was controlled by variable salinity conditions related 
to precessional climatic variations as it is known from 
Apenninic and Mediterranean surrounding regions 
(Krijgsman et al., 1999; Hilgen and Krijgsman, 1999; 
Lugli et al., 2005). In fl uvio-deltaic deposits of CWTB, 
the evidences of base-level changes are the basis for the 
defi nition of climatically-driven sedimentary cyclici-
ty. During wetter periods, base-level rise caused the 
landward shift  and entrainment of coarse-grained del-
taic deposits in proximal portions of the basin; conse-
quently, sediment supply to the deepest portion of the 
basin was likely absent or decreased. Whereas, dur-
ing drier periods, coarse grained deposits were shift ed 
basinward in response to a base-level fall and intense, 
concentrated rainfalls.

In the CWTB, morphological evolution of the tec-
tonic structures and their feedback with climatic con-
ditions are considered important in controlling the 
sedimentation. Tectonic pulses created the structures 
and the mountain orographies which are both obsta-
cles and source for sediment transfer from mountain 
ranges to the sea; in fact, they formed closed and semi-
closed basins in which evaporates precipitated and 
coarse-grained deposits were trapped (Fig. 12). Once 
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the climatic changes started to act, alternation of dry 
and wet periods caused the progressive erosion of 
emerged structural highs and relief where fl ood-related 
hyper-concentrated fl ows were generated and formed 
fan-delta system (Fig. 12). Th ese types of deposits were 
found in the 1st and 3rd higher rank cycles of the p-ev2 
unit. At the same time, the submarine tectonic struc-
tures, located more toward the basin, were prone to be 
draped and sealed. Th is is the case of the Salsomaggio-
re and Cortemaggiore anticlines which were progres-
sively sealed by fl uvio-delatic deposits fl owing paral-
lel to their axis. Both erosion and draping of tectonic 
structures created a smoother morphology. As a con-
sequence, the sediment, still available for transpor-
tation, was transferred to the deltaic area more easi-
ly and effi  ciently. River-delta systems with prevailing 
tractive facies and progradational trend are interpret-
ed to be related to smoother basin morphologies (Fig. 
12). Th en, these river-delta systems require wetter cli-
mate conditions, as derived by the correlation of 2nd 

and 4th sedimentary cycles with the insolation curve 
(Fig. 11).

Th e accurate dating of Tortonian and Messinian 
stratotypes in the Mediterranean area, with two GSSP, 
made it possible to time constrain the tectonic and cli-
mate cyclicity in CWTB (Fig. 11). Tectonics control 
acted at low frequency, at an order of 2 Myr (2.4 Myr 
precisely). Instead, climate acted at variable higher fre-
quency, at an order of 20–100 kyr; but, 20 kyr preces-
sion cyclicity appears to better explain the higher rank 
sedimentary cycles (Fig. 11). Euxinic and evaporitic 
deposits lay on top of foredeep or shelf deposits and 
postdate the intra-Tortonian tectonic pulse (pre 7.24 
Ma possibly 8 Ma?); whilst, fl uvio-deltaic and lacus-
trine deposits postdate the intra-Messinian tectonic 
pulse (~ 5.6 Ma) and lay on top of both allochthonous 
units and mass-wasting deposits. Each tectonic pulse 
marks changes in depositional environments (Fig. 12). 
Th e tectonic phases closely precede periods character-

Fig. 12. Tectonic and climatic controls on sedimentation in the CWTB. Tectonic pulse creates the major morphological changes of 
the basin; climate both laterally distribute and vertically stack the sediment available to be transported, or precipitated in case of 
evaporitic environment. Note that the tectonic pulses are almost simultaneous or slightly precede the two major evaporative events 
that in the Mediterranean area are known as Lower and Upper Evaporites. See text for discussion
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ized by more intense evaporation and occurrence of 
drier climate.

It is already known that orogen uplift  induces cli-
mate changes but on longer time periods, in the order 
of 10 Myr (Molnar and England, 1990; Molnar et al., 
1993; Raymo and Ruddiman, 1992; Ruddiman, 1997; 
Clift  et al., 2002b). Instead, in the CWTB, the climat-
ic changes seem to be eff ective immediately or shortly 
aft er the uplift  produced by tectonic pulses and in time 
periods of few Myr or less: about 2 Myr between the 
intra-Tortonian tectonic pulse (~8 Ma?) and the incep-
tion of lower evaporites (5.96 Ma); about 100 kyr be-
tween the intra-Messinian tectonic pulse (5.6 Ma) and 
inception of upper evaporites (5.52 Ma). Th is might be 
explained by local evaporative/(micro-)climatic con-
ditions induced by the newly created reliefs as envis-
aged for the Mediterranean region (Krijgsman et al., 
1999; Roveri et al., 2001; Roveri e Manzi, 2005). In this 
respect, the almost immediate response of climate to 
tectonic processes might result from a shorter term 
and local-scale observations compared to the longer-
term and supra-regional climatic changes induced by 
the uplift  of Alpine-Himalayan orogen (Raymo and 
Ruddiman, 1992; Ruddiman, 1997; Clift  et al., 2002b). 
But, these climatic conditions are not localized to the 
CWTB only; the drier events correspond to deposition 
of lower and upper evaporites in the Mediterranean 
region (Fig. 3) and a drier period related to expand-
ing ice volumes was proposed for the early Messini-
an of the North Atlantic and Pacifi c Ocean (Zhang et 
al., 1996; Hodell et al., 2001). Th us, another explana-
tion for the evidences that tectonic pulses and climat-
ic changes acted almost simultaneously might be that 
the two cyclic processes, tectonics and climate, acted 
in-phase during the late Miocene in the CWTB. Th is 
is particularly true for the inception of upper evapo-
rites which started about 100 kyr aft er the intra-Mes-
sinian tectonic pulse.

On the other hand, tectonic and climatic cyclicities 
have similar periodicities at various orders of the time 
scale:

 
1. Global-scale astronomically-driven climatic cycles 

have been envisaged in continental/lacustrine de-
posits (Olsen, 1997; Olsen and Kent, 1999) and their 
duration strikingly coincides with the time separat-
ing the two tectonic pulses defi ned here and in oth-
er foreland basins (Johnson et al., 1986; Specht et 
al., 1991; Burbank et al., 1992); 

2. 400 kyr tectonic pulses of Cenomanian in Western 
Interior of North America (Vakarelov et al., 2006) 
have a duration strikingly similar to longer-term 
component of the Earth’s orbit eccentricity cycles 
in the Mediterranean salinity crisis event (Krijgs-
man et al., 1999); 

3. Activity and migration of mountain front and 
thrust-anticline in the order of 100 kyr (Burbank 
DW et al., 1992; Calamita et al., 1994; Artoni and 
Casero, 1997; Tozer et al., 2006) are very similar to 
obliquity and eccentricity cycles; 

4. Tectonically controlled depositional sequences have 
durations of less than 10 kyr (Ito et al., 1999), i.e., 
sub-Milankovitchtian periodicity.

5. Earthquakes’ frequency in properly oriented plate 
boundary shows a strict correspondence to Earth’s 
tides in time intervals of few tens of years (Hui and 
Xiaoming, 2001; Tanaka et al., 2006) which is also a 
sub-Milankovitchian periodicity. 

Th e above similar periodicities of tectonic and cli-
matic cycles suggest that tectonics and climate might 
really act simultaneously and in-phase; the tectonic 
pulses might enhance and amplify climatic changes 
that would have occurred independently from the tec-
tonic pulse. Similarly, climate changes might favour 
mountain uplift  which would have occurred inde-
pendently from erosive processes induced by climate 
changes. Th is should apply also to the CWTB, where 
the tectonic pulses are almost simultaneous to the cli-
matic variations that were occurring in the Mediterra-
nean, in the north Atlantic and in the Pacifi c regions 
during the late Miocene.

In addition, the almost simultaneous action of tec-
tonics and climate in short time intervals of few Myr 
might suggest that tectonics and climate were driven 
by a common mechanism, at least in the CWTB. It is 
argued that astronomic parameters are driving the al-
most symultaneous action of tectonics and climate. In 
fact, an argument for the latter is the widely accept-
ed notion that the Earth’s orbit parameters are con-
trolling the cyclicity; whilst, for tectonics, it is usually 
envisaged that plate motion and the Earth’s interi-
or dynamics is controlling the periodicity of tectonic 
pulses. Nonetheless, if it is considered that 1) the tec-
tonics and climate cycles have comparable periodicity, 
2) the moon can aff ect earthquake recurrence at plate 
boundaries (Hui and Xiaoming, 2001; Tanaka et al., 
2006) and 3) there is evidence of astronomical tuning 
of plate tectonics (Scoppola et al., 2006 and referenc-
es therein) it is reasonable to think that the position 
of the Earth with respect to the Sun and other planets 
might aff ect both the tectonic pulses and the amount 
of solar radiation at the Earth’s surface. In this case, 
the almost simultaneous action of tectonic pulses and 
climate changes in the CWTB might be the eff ect of 
these short(?)-term (~2 Myr) tectonic-climatic cycles 
which are driven by the same astronomic forces; these 
forces are able to activate the thrust fronts and, at the 
same time, to modify the insolation at the Earth’s sur-
face. Th ese astronomically-driven tectonic-climatic 
cycles might also control tectonic pulses and climate 
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changes on a much shorter time scale (10 to 100 kyr); 
however, their occurrence should be further investi-
gated in sedimentary successions of other foreland ba-
sins and other basin types, also outside the Mediter-
ranean area.

7 Conclusions

During late Miocene, the tectonic and climatic con-
trols should have acted homogeneously and synchro-
nously over the entire Northern Apennine foreland 
basin system (Roveri et al., 2001) and the whole Med-
iterranean area (Krijgsman et al., 1999), because ma-
rine, evaporitic and fl uvio-deltaic deposits show com-
mon climatic cyclicity (Krijgsman et al, 1999; 2001; 
Roveri et al., 2001) and tectonic events (Boccaletti et 
al., 1990; Patacca et al., 1990; Mantovani et al., 1997; 
Cavazza et al., 2004) . Th e same tectonic and climatic 
events shaped also the Cortemaggiore Wedge Top Ba-
sin (CWTB) which, located between emerged orogen 
and foredeep basins, is appropriate to unravel the tec-
tonic-climatic controls and interplay on sedimentary 
succession of foreland basins. In the Mediterranean 
area, the late Miocene chronostratigraphy has the 
Global Stratigraphic Sections and Points (Hilgen et al., 
2000; Van Couvering et al., 2000) which made possible 
to time-constrain and attribute numerical ages to ma-
jor and regionally extended depositional and tectonic 
events. Th ese numerical ages can be also applied to the 
late Miocene succession of CWTB.

It results that tectonic cyclicity, two tectonic puls-
es in about 2 Myr, has longer periodicity than climatic 
cyclicity. Th e climatic cyclicity, that could be analyzed 
on exposed sections of late Messinian post-evaporit-
ic units of CWTB, is in agreement with astronomical-
ly-driven climatic changes due to Earth’s orbit preces-
sion cycles (about 20 kyr) as already known in coeval 
deposits of the Apennine foreland basin (Roveri et 
al., 1998, 2001). Th ese precessional cycles are modu-
lated by astronomic parameters of longer periodicity: 
Earth’s axis tilt (40 kyr) and Earth’s orbit eccentrici-
ty (100 kyr). When obliquity’s minimum correspond 
to eccentricity’s maxima, a climate characterized by 
high-frequency and high-amplitude insolation chang-
es is associated to relatively major sea-level falls and 
coarse-grained deposits supplied to the basin. On the 
other hand, fi ne-grained deposits appear related to 
base-level rise associated to minor amplitude of the in-
solation and precession curves; in this case, obliquity 
and eccentricity minima are in phase.

Tectonics produces major and likely faster morpho-
logic changes of the basin; tectonically induced mass-
wasting deposits are a case of instantaneous morpho-
logical changes of basin topography. Orogen uplift , the 

other morphologic change guided by tectonics, strong-
ly infl uenced sedimentation. Basin confi ned by uplift -
ed thrust fronts contribute to produce euxinic envi-
ronment aft er intra-Tortonian tectonic pulse (~8 Ma?); 
aft er the intra-Messinian tectonic pulse (~5.6 Ma), the 
appearance of emerged land is immediately recorded 
by local-sourced fan-delta systems.

In the CWTB, the tectonics seems to aff ect the cli-
mate in shorter time intervals than the commonly ac-
cepted duration of tectonic uplift  that induces climate 
changes (Raymo and Ruddiman, 1992; Ruddiman, 
1997; Clift  et al., 2002b). In fact, analyzing the inter-
play between tectonics and climate, it results that tec-
tonics pulses (~8 Ma? and 5.6 Ma) closely precede or 
they are almost simultaneous to the inception of dri-
er climate testifi ed by the deposition of lower evapo-
rites (5.96–5.6 Ma) and upper evaporites (5.52–5.33 
Ma) (Fig. 12). Th is coincidence suggests that tectonic 
uplift  and thrust front activity caused basin-wide hy-
drologic and hydrogeologic changes which induced 
and enhanced the increased evaporation similar to 
that proposed for the Mediterranean area (Krijgsman 
et al., 1999; Roveri et al., 2001). But, the occurrence of 
early Messinian glacial periods also in the north At-
lantic and Pacifi c region (Zhang et al., 1996; Hodell et 
al., 2001) and the comparable periodicities of tecton-
ics and climate cycles, at diff erent order of time scales, 
would suggest that tectonic pulses and climatic chang-
es might have acted in-phase during the Messinian Sa-
linity Crisis. At least in the CWTB, two tectonic pulses 
amplifi ed the eff ects of two drier climatic events that 
are recorded also in major oceans outside the Mediter-
ranean region.

In addition, if it is considered that the comparable 
periodicities of tectonic and climatic cycles might be 
associated to astronomical tuning of plate movements 
(Scoppola et al., 2006), including earthquake recur-
rence controlled by Earth’s tides (Hui and Xiaoming, 
2001; Tanaka et al., 2006), it can be argued that the po-
sition of the Earth with respect to the Sun and other 
planets might aff ect both the tectonic pulses and the 
amount of solar radiation at the Earth’s surface. Th us, 
in the CWTB, the almost simultaneous tectonics puls-
es and climate changes are not a simple in-phase ac-
tion of two cyclic processes but it might be the eff ect of 
short(?)-term (~ 2 Myr) tectonic-climatic cycles which 
are driven by the same astronomic forces; the latter are 
able to move the thrust fronts and change the inso-
lation at the Earth’s surface. Th e occurrence of these 
short-term astronomically-driven tectonic-climatic 
cycles and their importance on shorter time scale (10 
to 100 kyr) should be verifi ed in sedimentary succes-
sions of other foreland basins and other types of basins 
with a well-defi ned chronostratigraphy and also out-
side the Mediterranean area.
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Abstract. The Altai Mountains form the northern part of the 
Cenozoic Central Asian intracontinental orogenic system that 
developed as a far-fi eld eff ect of ongoing India-Eurasia con-
vergence. Our study focuses on the southern Siberian Altai 
Mountains where basement rocks for apatite fi ssion-track 
(AFT) analysis were sampled. These rocks are mainly Paleozo-
ic granitoids that currently outcrop in several high mountain 
ranges along reactivated transpressive Paleozoic fault zones. 
These ranges are in most cases thrust systems adjacent to la-
custrine intramontane basins. We present AFT results from 
the Chuya and Kurai ranges (3 samples) that are thrust over 
Late Cenozoic sediments of the Chuya-Kurai Basin and from 
the Shapshal range (4 samples) east of the Dzhulukul Basin. In 
addition, 5 samples were collected along a transect west of 
aforementioned study areas in the low-elevation areas of the 
Siberian Altai or Gorny Altai. Apparent AFT ages were found 
to be Mesozoic (roughly ranging between 180 and 80 Ma) and 
AFT length distributions show signs of thermal track fading 
(mean track lengths vary between 11.3 and 14.1 µm). AFT age 
and length data were modelled and thermal histories for the 
diff erent sample sites reconstructed. These yield a two- to 
three-stage evolution: Late Jurassic-Cretaceous rapid base-
ment cooling, a prolonged period of Late Cretaceous to Pa-
leogene-Neogene stability, and a possible Late Cenozoic 
cooling to ambient temperatures.

Keywords. Apatite fi ssion-track thermochronology, Siberia, Al-
tai, intracontinental tectonics

1 Introduction

Th e Altai Mountains are an active intracontinental 
mountain belt located in the border zone of South Si-
beria (Russia–Gorny Altai Autonomous Republic), 
Kazakhstan, Mongolia, and China (Fig. 1). Th is pa-
per deals with the southern Siberian Altai Mountains, 
and in particular with the areas around the Chuya-
Kurai and Dzhulukul basins (Fig. 1). Th e Altai Moun-
tains are part of a vast area in Central Asia and Siberia 
that is subjected to Late Cenozoic and active, main-
ly transpressive intracontinental deformation. Th is 
area includes the Tien Shan, Altai, Sayan, and Baikal 
rift  zone as major constituents. Th ese mountain belts 

alternate with large, undeformed basins, e.g., Tarim, 
Junggar, the Mongolian depressions (Great Lakes De-
pression) (Fig. 1). We refer to this region as the Central 
Asian Deformation Zone (CADZ), the world’s largest 
intracontinental active orogenic system. Other termi-
nologies have been used to delineate this area. In Rus-
sian literature, the area is oft en called the Ural-Mon-
golian fold belt, corresponding to the Altaids defi ned 
by Şengör et al. (1993). Th e driving forces for this re-
gional deformation are generated by ongoing indenta-
tion of the Indian plate into Eurasia and possibly the 
Pacifi c Ocean subduction under eastern Asia (Molnar 
and Tapponnier, 1975; Tapponnier and Molnar, 1979; 
Avouac and Tapponnier, 1993). Strain accumulated in 
the convergence zone is partitioned to Eurasia’s con-
tinental interior along an intricate pre-existing struc-
tural network associated with Central Asian Paleozo-
ic basement and accretion tectonics. Reactivation is 
hence mostly basement controlled (Dobretsov et al., 
1995b; Allen and Vincent, 1997) and involves primar-
ily the easier to deform sutures and mobile belts be-
tween rigid units that compose the complex blocky 
tectonic CADZ collage. Th e Altai Mountains between 
the Paleozoic Altai-Mongolia (Fig. 2) and Tuva-Mon-
golia units are an example of such a reactivated belt.

Th e Altai ranges (Fig. 1) generally strike NW-SE, 
while to the north they fan out in E-W ranges in their 
western part and N-S ranges in the east. Relief and el-
evation is most outspoken in the South Siberian Altai 
with peaks exceeding 4000 m (Belukha peak, 4506 m). 
In the north the Altai border is the West Siberian Ba-
sin: the Kuznetsk (east) and Biya-Barnaul (west) sub-
basins, in particular. To the SW the Altai are separat-
ed from the Zaisan-Junggar basin by the Irtysh shear 
zone. In Mongolia, the Altai ranges taper out into the 
E-W trending Gobi Altai. East of Altai are the Say-
an Mountains and the Mongolian Great Lake depres-
sion.

Despite recent advances in our understanding of 
CADZ formation and basement evolution, geochrono-
logic and thermochronologic data is sparse, especially 
in the Altai region. Th erefore, an important rationale 
for this study is to contribute to the chronometry of re-
gional tectonics, and to the Meso-Cenozoic history of 
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the Siberian Altai. Because especially little is known 
about the Meso-Cenozoic history of the area, we opted 
to apply apatite fi ssion-track (AFT) dating and model-
ling to basement rocks in order to try to fi nd signals in 
low-temperature techniques that might help us con-
strain the chronology of the regional basement reacti-
vation. Sediments in intramontane basins fl anking our 
targeted basement-cored uplift s clearly record Meso-
Cenozoic tectonic activity; however, from a basement 
perspective these events remain undisclosed.

2 Geological and Tectonic Setting

2.1 Paleozoic Geodynamics 
 and Basement Structure

Th e Paleozoic of the Altai Mountains is dominated by 
the evolution of the Paleo-Asian Ocean (PAO) that ex-
tended south of Siberia (Buslov et al., 2001; Khain et 
al., 2003). During its fi nal stage of evolution, several 
Paleozoic tectonic units, including terrains of the pres-
ent-day Altai region, accreted to Siberia (Fig. 2), along 
an intricate network of sutures that was extensively re-
activated with Late Paleozoic and Mesozoic strike-slip 
movements (Şengör et al., 1993; Buslov et al., 2003). 
Adding to the crustal growth of Siberia and Eurasia 
was the emplacement of huge amounts of syn- and 

post-collisional plutons (Dobretsov and Vladimirov, 
2001; Fig. 2). In the Permian the PAO was consumed 
completely and subsequently, the Permo-Triassic was 
characterized by a period of tectonic quiescence, pe-
neplanation, and red bed formation.

2.2 Meso-Cenozoic Reactivation 
 and Formation of the Siberian Altai Orogen

From the Late Triassic and Jurassic on, sedimentary 
basins formed in a continental active tectonic regime 
(Dobretsov et al., 1995; 1996; Novikov, 2002). Th e Al-
tai area was adjacent to several large basins where ac-
tive subsidence and extension occurred. To the NW 
the West Siberian Basin, including the Kuznetsk and 
Biya-Barnaul sub-basins (Figs. 1, 3), was subjected to 
extension and rift ing in the Jurassic-Cretaceous and 
terrigenous (molasse) and marine sediments were de-
posited (Pinous et al, 1999; Vyssotski et al., 2006). To 
the SW the Zaisan and Junggar Basin (Fig. 3) contin-
uously subsided since the Permo-Triassic and accu-
mulated km-scale thick Mesozoic sediments while its 
basement underwent reactivation in the Jurassic (Al-
len and Vincent, 1997). East of Altai several basins 
formed in the Great Lake Depression (GLD) of Mon-
golia and the Gobi (Fig. 3) where Mesozoic extension 
is widely documented and Jurassic-Cretaceous terri-

Fig. 1. Map of the Altai region in Central Asia. Sample locations are indicated by numbered boxes: (1) Chuya-Kurai Basin area, (2) 
Dzhulukul Basin area, and (3) western Gorny Altai transect (a = sample No-1; b = samples Be-1 and GA 01; c = GA 24; d = GA 03). 
IRF = Irtysh fault, SF = Sayan Fault, Sh = Shapshal Fault, WS = West Sayan fault. BB = Biya-Barnaul Basin, GLD = Great Lakes De-
pression in Mongolia, KA = Kuznetsk-Alatau Ridge, KB = Kuznetsk Basin
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Fig. 2. a Simplifi ed geological map of the Siberian Altai Mountains, b Schematic map of Paleozoic basement blocks in the Siberian 
Altai region
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geneous sediments accumulated (Graham et al., 2001; 
Johnson, 2004). North and east of the GLD, the Mon-
gol-Okhotsk Ocean between Siberia and North Chi-
na–Mongolia (Amuria) closed. Collision of these con-
tinents induced the Mongol-Okhotsk orogeny that 
aff ected a broad region in Mongolia, North China, and 
Siberia (Delvaux et al., 1995a; Zorin, 1999; Kravchin-
sky et al., 2002; Tomurtogoo et al., 2005). Th e colli-
sion was diachronous: the suture is younger from west 
(Permo-Triassic) to east (Early Cretaceous).

Tectonic forces from the adjacent Mesozoic active 
provinces aff ected the Altai basement in the Late Ju-
rassic-Cretaceous. In the Siberian Altai Jurassic fault-
controlled basins developed along the Shapshal fault 
zone and accumulated continental molasse and oth-
er coarse Jurassic sediments (Dobretsov et al., 1996; 
Novikov, 2002; Fig. 2). Th is implies a Jurassic denu-
dation-sedimentation event in the Siberian Altai, co-
eval with sedimentation in the larger adjacent basins 
mentioned. Tectonic activity was accompanied by em-
placement of Triassic-Jurassic plutons (Dobretsov and 
Vladimirov, 2001). In the Cretaceous-Paleogene, tec-
tonic activity subsided and the area experienced pene-
planation (Delvaux et al., 1995a and 1995b; Nikolaeva 
and Shuvalov, 1995; Dehandschutter et al., 2002). Sim-
ilar Mesozoic tectonic signatures were observed for 
the Mongolian Altai (Howard et al., 2003).

Aft er Early Cenozoic quiescence, Late Cenozoic 
and active tectonism related to ongoing indentation 
of India into Eurasia developed a series of active in-
tracontinental mountain belts through Central Asia. 
Th e distant tectonic eff ects of India-Eurasia conver-
gence have reactivated some of the major Paleozoic 
structures within the Siberian Altai basement and are 
responsible for the Late Cenozoic building and mor-
phology of the modern Altai orogen.

Th e Cenozoic history of the Siberian Altai can be 
described based on the evolution of the Chuya basin 
(Fig. 4). A complete ~1.5-km-thick Late Cretaceous to 
recent stratigraphic section is preserved (Delvaux et al., 
1995b; Zykin and Kazansky, 1995; Buslov et al., 1999). 
Th e basin is situated in the Gorny Altai tectonic unit 
(Fig. 2) and its basement is composed of Ediacaran-
Cambrian volcanic arc and accretionary prism rocks 
and Devonian active margin deposits (Buslov and 
Watanabe, 1996). Remnants of the Cretaceous–Paleo-
gene peneplain are preserved on top of some basement 
blocks adjacent to the basin (Novikov et al., 1998). Late 
Cretaceous sediments found in small, remnant basins 
in the Charysh-Terekta strike-slip fault zone, just west 
of the Chuya basin (Fig. 4), contain marine radiolaria 
and foraminifers and represent a transgression from a 
Cretaceous seaway to the West Siberian Basin (Zykin 
et al., 1999). Currently these marine sediments are at 

Fig. 3. Meso-Cenozoic basins in 
the Altai region (aft er 
Dobretsov et al., 1996). Basins: 
AN = Achit Nuur, Ba = Barlik, 
BB = Biya-Barnaul,
Bk = Baikhak, CB = Chagyshai 
Basin, CK = Chuya-Kurai, 
DB =  Dzhulukul Basin, 
IB = Initial Basin, 
KA = Kuznetsk-Alatau thrust, 
KB = Kuznetsk Basin, 
Su = Sutkol, TB = Teletskoye 
Basin, UB = Uluchkhem Basin, 
UbN = Ubsu-Nuur, 
UrN = Ureg-Nuur, ZB = Zaisan 
Basin. Faults: I = Shapshal; 
II = Charysh-Terekta, 
III = West Sayan, 
IV = Kuznetsk-Alatau, 
V = Chulyshman, VI = Kurai, 
VII = Irtysh
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an elevation of over 1500 m. Reworked material from 
these sediments and the Late Cretaceous–Paleogene 
peneplain are found in the basal Karachum Forma-
tion of the Chuya Basin. In these incipient stages, the 
basin developed as a strike-slip basin (Delvaux et al., 
1995b). Th e basal section is dated to the Late Paleo-
cene–Eocene (perhaps Early Oligocene) based on plant 
and pollen fossils (Zykin and Kazansky, 1995; Buslov 
et al., 1999). Oligocene lacustrine sediments are fi ne 
(clays, marls, fi ne sands) and contain pollen fossils 
that point towards a shallow, low-elevation lake ba-
sin, representing an embryonic stage of renewed tecto-
nism. Similar observations were made in the adjacent 
Mongolian Altai area (Howard et al., 2003). Th is situ-
ation persisted in the Miocene and is encountered in 
other Siberian Altai locations (e.g. Dzhulukul Basin) 
(Dobretsov et al., 1996; Novikov, 2002). Towards the 
Late Miocene–Early Pliocene coarse sands appear and 
by the Late Pliocene (~3 Ma ago; Buslov et al., 1999), 

coarse sands, breccias, and conglomerates dominate 
and demonstrate basin inversion and growth of the 
bordering Chuya and Kurai ranges that today house 
some of the highest Altai peaks (>4000 m). Th e Late 
Pliocene is therefore thought to be the time of onset 
of regional reactivation of the Gorny Altai unit. Th is 
reactivation is mainly transpressive with counter-
clockwise rotation (Th omas et al., 2002) and signifi -
cant strike-slip. Th rust or reverse faulting positioned 
hanging wall Paleozoic basement blocks on Plio-Pleis-
tocene glacial sediments during the Late Pleistocene-
Quaternary as the Chuya basin evolved to a half- and 
full-ramp basin (Delvaux et al., 1995b; Buslov et al., 
1999). Th e neotectonic evolution is dominated by re-
activation of Paleozoic faults (Kurai and Charysh-Ter-
ekta; Fig. 4). A recent (27 Sept. 2003) strong (M = 7.3) 
earthquake induced by strike-slip along Charysh-Ter-
ekta shows its continued activity. Building of the Sibe-
rian Altai mountain ranges largely occurred since the 

Fig. 4. Structural and geological sketch map and cross-section (AB) of the Chuya-Kurai Basin and Ranges (southern Siberian Al-
tai). Sample locations are indicated by black dots. AFT age and length data are shown: t = AFT age, n = number of measured con-
fi ned tracks, l = mean track length, σ = standard deviation of track length distribution. Th ermal history models for these samples 
are also indicated. Modelling was performed using Laslett et al. (1987) annealing equations and the AFTSolve soft ware by Ket-
cham et al. (2000). APAZ = Apatite Partial Annealing Zone; t (m) = modeled AFT age, t = observed AFT age, l (m) = modeled mean 
track length, l = observed mean track length; GOF = Goodness of fi t. Th e best statistical tT-path is represented by a line within a 
statistical good fi ts envelope (shaded). See text for description and interpretation. For sample details see table 1. Pz1 = undivided 
Lower Paleozoic units, E-C = Ediacaran-Cambrian island arc rocks, D = Devonian active margin units, N-Q = Neogene-Quater-
nary sediments, Q = Quaternary sediments
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Late Pliocene. Th is young tectonic activity is mainly 
manifested along reactivated Paleozoic structures (e.g. 
Dehandschutter et al., 2002).

Similar Late Cenozoic and active transpressive in-
tracontinental tectonics and orogenic development 
of the Mongolian and Chinese Altai have been doc-
umented by structural (Cunningham et al., 1996), 
(paleo)seismic (Pollitz et al., 2003; Vergnolle et al., 
2003), geomorphologic, remote sensing (Philip and 
Ritz, 1999) and geodetic methods (Calais et al., 2003). 
However, in contrast to the Siberian Altai, earlier signs 
of coarse-clastic erosion and uplift  (Miocene and Late 
Oligocene) are recorded, while the Pliocene is also 
characterized by the deposition of molasse-type sed-
iments in intramontane basins (Howard et al., 2003). 
Th is implies that since the Pliocene an orogen-wide 
tectonic pulse aff ected and shaped the Altai as a whole, 
while earlier (Miocene) signs are recorded in the Mon-
golian Altai.

3 Samples, Sample Areas, 
 and Analytical Procedures

Sample localities in the Siberian Altai Mountains are 
grouped in three distinct areas:

1. Th e Chuya-Kurai Basin and Ranges, 
2. Th e Shapshal Range and Dzhulukul Basin
3. Th e western Altai transect (Gorny Altai). 

All samples (Table. 1) are from Paleozoic basement 
involved in Late Cenozoic reactivation and charac-
terized by nearby deposition of related Late Cenozo-
ic clastic sediments. Th e sample sites, especially the 
Chuya-Kurai and Dzhulukul Basins, are typifi ed by 
reverse or thrust faults connected to adjacent intra-
montane basins.

3.1 The Chuya-Kurai Basin
 and the Chuya and Kurai Ranges

Th e Chuya-Kurai Basin is located at the junction zone 
of the Gorny Altai, West Sayan, and Altai-Mongolia 
tectonic units (Fig. 2). Once a continuous Cenozoic 
depression, the Chuya and Kurai basins are present-
ly separated by the Chagan-Uzun horst (Fig. 4). Th eir 
sediments span the entire Cenozoic as discussed in de-
tail earlier. Cenozoic movements of the Paleozoic rocks 
from the bordering Kurai and Chuya ranges have de-
formed the sediments. Fault movements were lateral 
(strike-slip) with a clear vertical component of either 
reverse faulting (steep fault plane) or thrusting (low 
angle fault). Th e basin is hence bordered by positive, 
left  lateral fl ower systems, giving the basin a ramp-like 
morphology (Delvaux et al., 1995b; Buslov et al., 1999). 
We analyzed two samples (AL 239-240, Table. 1, Fig. 4) 
from the Kurai Range and a granodiorite sample from 
the South Chuya Range (AL 235).

Sample Latitude Longitude Altitude Locality Lithology

1. Chuya-Kurai Basin

AL 235 49°44’06”N 88°05’50”E  3490 m Dzankiol pass pegmatite

AL 239 50°16’31”N 88°04’25”E  2720 m Ildugemsky pass mylonite

AL 240 50°16’00”N 88°04’00”E  2440 m Ildugemsky pass granodiorite

2. Dzhulukul Basin

GA 09 50°43’00”N 89°15’17”E  2240 m Mayrikbazhi massif gneiss

GA 12 50°45’50”N 89°18’10”E  2785 m Trechglavaya massif granodiorite

GA 13 50°45’11”N 89°19’28”E  2500 m Trechglavaya massif granodiorite

GA 20 50°37’54”N 89°14’18”E  2015 m Uzun Uyok river granitic aplite

3. Western Gorny Altai 

Be 1 51°56’24”N 84°45’24”E  290 m Belokuriha massif granite

GA 01 51°55’16”N 85°51’15”E  295 m Rybalka massif (Sausga ) granodiorite

GA 03 50°38’59”N 86°17’54”E  1100 m Chiquetaman pass granodiorite

GA 24 51°19’48”N 85°40’14”E  840 m Shebalino village rhyolite

4. Novosibirsk

No 1 54°59’15”N 82°59’12”E  90 m Borok quarry, Priobsky complex monzodiorite

Table 1. Location and description of AFT samples from the Siberian Altai Mountains
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3.2 The Dzhulukul Basin 
 and the Shapshal Range

Th e Cenozoic Dzhulukul Basin developed along the 
transpressive reactivated Shapshal fault as a full ramp 
basin (Figs. 2, 5). Its basement consists of Late Pre-
cambrian-Early Paleozoic greenschist and gneiss. At 
present the Dzhulukul basin resides at an elevation 
of ~2000 m. Its morphology and sediments are clear-
ly infl uenced by glacial activity and erosion. Th e ba-
sin is mainly fi lled with Cenozoic glacial deposits and 
moraines, intercalated with peat horizons. Novikov 
(2002) observed that the basin contains small pock-

ets of Jurassic basal units on which the Cenozoic sedi-
ments rest unconformably as is the case in many adja-
cent basins in western Mongolia. To the east the basin 
is fl anked by the Ordovician granitoids of the Shap-
shal range with Ediacaran basalts at its base. Th e range 
is obliquely thrust on Dzhulukul sediments along the 
Shapshal fault as a result of Late Cenozoic transpres-
sive reactivation. Active tectonic movements along the 
fault and related structures in Mongolia have resulted 
in strong historic earthquakes and foreberg formation 
(Bayasgalan et al., 1999). One Dzhulukul basement 
gneiss (GA 20) and three Shapshal granitoid samples 
(GA 09, GA 12, and GA 13) (Table.1, Fig. 5) were ob-
tained.

Fig. 5. Structural and geologi-
cal sketch map and cross-
section (AB) of the Dzhulukul 
Basin (eastern Siberian Altai). 
Sample locations are indicated 
by black dots. AFT age and 
length data are shown: 
abbreviations and symbols are 
identical as in Fig. 4. See text 
for description and interpreta-
tion. For sample details see 
Table 1
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3.3 The Western Gorny Altai Transect

Also samples in Gorny Altai were collected (gener-
al location: Fig. 1) along the main road from the city 
of Gornyaltaisk to Tashanta at the Mongolian bor-
der. Th is road transects the western Chulyshman and 
Kurai areas and the lower, hilly foreland areas of NW 
Gorny Altai. Samples from this area, the ‘Western 
Gorny Altai Transect’ come from several Paleozoic 
plutons and igneous complexes: (1) the Permo-Triassic 
Belokurikhinsky lacolith (sample Be-1) at the junction 
between the reactivated modern orogen and the stable 
Biya-Barnaul Basin, (2) the Devonian Rybalka gran-
itoid-gabbroid massif (GA-01), (3) the Late Devonian 
Chiquetaman granitoid massif (GA-03), and (4) the 
Devonian Shebalino rhyolite (GA-24) (active margin 
sequence). An additional sample (No-1, monzodio-
rite) was collected near Novosibirsk city (Borok quar-
ry, Permo-Triassic Priobsky batholith), in the eastern 
part of the fl at and stable platform of the West Siberian 
Basin. No Cenozoic tectonic reactivation is seen here.

3.4 Analytical Procedures

Th e apatite from aforementioned samples was separat-
ed using conventional heavy liquid and magnetic tech-
niques, embedded in epoxy, polished, and dated with 
the external detector (ED) method. Muscovite mica 
(Goodfellow clear ruby) was used as an ED. Sponta-
neous tracks in the apatite were etched with a 2.5% 
HNO3 solution for 70 s at 22°C. Induced tracks in the 
ED were etched with a 40% HF solution for 40 minutes 
at 22°C. Apatite-ED wafers were irradiated in several 
batches in the well-thermalized channels of the Th etis 
research reactor facility at the University of Gent. De-
pending on the irradiation, thermal neutron fl uence 
values of around 2 × 1015 cm-2 were achieved. Th e ther-
mal neutron fl uence was monitored using metal acti-
vation monitors, i.e., diluted Au-Al and Co-Al alloys 
(e.g., Van den haute et al., 1998).

Track counting and length measurements were 
done using an Olympus BH-2 optical microscope with 
a 1250× magnifi cation (10× eyepieces with count-
ing grid, 100× dry objective, 1.25× drawing tube at-
tachment) equipped with transmitted and refl ected 
light. At least 1000 spontaneous tracks were counted 
per sample, spread over minimum 20 separate grains; 
where possible 100 confi ned tracks were measured to 
construct an AFT length-frequency distribution and 
a mean track length (MTL) was calculated. AFT age 
and length data were modeled using the Laslett et al. 
(1987) annealing equations and the AFTSolve model-
ling soft ware by Ketcham et al. (2000).

Th e apatites were dated using both an absolute ap-
proach based on the procedure factor (Q) and using a 
fi ssion decay constant (λf) of 8.46 × 10-17 a-1 (e.g. Wag-
ner, and Van den haute, 1992; Jonckheere, 2003) and 
the conventional zeta (ζ) method (Hurford and Green, 
1983; Hurford, 1990). An overall weighted mean zeta 
(OWMZ) was calculated on the basis of 32 apatite 
age standard mounts of Durango and Fish Canyon 
Tuff  apatite (Hurford and Green, 1983). Th e IRMM-
540 dosimeter glass (De Corte et al., 1998) was used 
and our OWMZ calibration factor was determined 
as 253.1 ± 2.4. Only conventional mean ζ-ages were 
used for the thermal history modelling. In all our ir-
radiation packages, apatite age standards co-embed-
ded with dosimeter glass shards, as well as foils of di-
luted Co-Al and Au-Al metal activation monitors, 
were included. Th ese were spaced with regular inter-
vals throughout the sample package in order to detect 
and correct for a possible axial thermal neutron fl u-
ence gradient. It also allowed for the interpolation of 
fl uence values (absolute calibration) and induced glass 
dosimeter track densities (ρd for ζ calibration) for each 
sample individually.

4 AFT Results and Thermal History Modelling

AFT age and length data (Table. 2) is indicated on the 
sample area maps: Chuya-Kurai basin (Fig. 4), Dzhu-
lukul basin and Shapshal Range (Fig. 5), and the west-
ern Gorny Altai transect and Novosibirsk sample (Fig. 
6). AFT ages are conventional ζ-ages (Hurford, 1990). 
Track lengths were measured on natural horizon-
tal confi ned tracks. Not all samples yielded suffi  cient 
confi ned tracks and hence no length data is reported 
for those samples. AFT age and length data were mod-
elled using the Laslett et al. (1987) annealing mod-
el (with initial track length parameter lo = 16.3 µm) 
and the AFTSolve thermal history modelling soft ware 
(Ketcham et al., 2000). Th ermal history models and 
length distributions are shown (Figs. 4, 5, 6). Statisti-
cal good fi ts (Ketcham et al. 2000) are shown as a shad-
ed tT-envelope. Interpretation and discussion is based 
on the general model trends (good fi ts envelope). In a 
fi rst run a model was only constrained by two tT con-
straints: a low-T (~10°C) benchmark refl ecting current 
ambient temperatures, and a high-T bar-constraint 
well above 120°C (AFT accumulation threshold) far 
enough back in time, i.e., signifi cantly predating ap-
parent AFT ages. An age of ~260 Ma was chosen based 
on Permian amphibole 40Ar/39Ar ages (regional Perm-
ian strike-slip deformation) from the Teletskoye area 
in the northern Siberian Altai (Dehandschutter et al., 
1997). Aft er an initial run, additional constraints were 
placed reiteratively along the general thermal history 



Chapter 24  ·  Meso-Cenozoic Evolution of Mountain Range -Intramontane Basin Systemsin the Southern Siberian Altai Mountains 465

Sample Grains ρs (± 1σ) Ns ρi (± 1σ) Ni ρd (± 1σ) Nd P(χ2) t(ζ) in Ma lm 
(µm)

n σ 
(µm)

1. Chuya-Kurai Basin

AL 235 30 2.175 (0.055) 1580 1.263 (0.042) 912 4.113 (0.080) 2633 0.36  99.6 ± 4.7 13.8 100 1.7

AL 239 50 1.219 (0.032) 1486 0.683 (0.024) 832 3.315 (0.083) 1614 1.00  77.9 ± 4.0 11.2 51 2.2

AL 240 30 1.657 (0.026) 3937 0.950 (0.020) 2257 3.934 (0.111) 1259 1.00  87.9 ± 3.5 13.5 100 1.3

2. Dzhulukul Basin

GA 09 30 2.009 (0.068) 862 0.992 (0.046) 457 4.054 (0.080) 2595 0.99  97.5 ± 6.0 --- --- ---

GA 12 30 3.433 (0.100) 1188 1.407 (0.063) 503 4.049 (0.079) 2592 0.30  132.6 ± 7.6 --- --- ---

GA 13 30 2.846 (0.078) 1332 0.872 (0.043) 408 3.851 (0.083) 2169 0.99  157.2 ± 9.6 13.4 100 1.4

GA 20 20 1.197 (0.031) 1532 0.588 (0.021) 753 4.024 (0.079) 2576 0.76  105.6 ± 5.2 14.1 100 1.4

3. Western Gorny Altai and Novosibirsk

Be 1 30 0.951 (0.030) 979 0.525 (0.022) 551 4.108 (0.080) 2629 0.99  99.1 ± 5.7 13.7 32 1.6

No 1 50 4.246 (0.082) 2682 1.296 (0.046) 788 4.078 (0.080) 2610 0.54  178.6 ± 8.2 --- --- ---

GA 01 50 1.739 (0.051) 1144 0.777 (0.034) 510 4.073 (0.080) 2607 1.00  120.4 ± 6.9 13.3 60 2.0

GA 03 40 0.899 0.032) 809 0.447 (0.022) 402 3.858 (0.083) 2173 1.00  98.8 ± 6.5 13.6 58 1.9

GA 24 17 3.551 (0.110) 1044 1.131 (0.062) 338 4.014 (0.079) 2569 0.81  165.5 ± 11.0 --- --- ---

Table 2. AFT age and length data for the Siberian Altai samples. ρs, ρi, and ρd are respectively, the density of spontaneous, induced 
tracks and induced tracks in an ED irradiated against a dosimeter glass. Th e ρd-values are interpolated values obtained from reg-
ularly spaced glass dosimeters in each of the irradiation packages, expressed as 105 tracks/cm2. Values for ρs and ρi are expressed 
as 106 tracks/cm2. Ns, Ni, and Nd are respectively, the number of counted spontaneous, induced tracks and induced tracks in an ED 
irradiated against a dosimeter glass. Nd is also an interpolated value. P(χ2) is the chi-squared probability that the dated grains have 
a constant ρs/ρi-ratio, it is given on a 0 to 1 scale. An OWMZ value of 253.1±2.4 a·cm2 (Durango and Fish Canyon Tuff  apatite age 
standards and the IRMM-540 dosimeter glass) was used for the calculation of t(ζ). AFT length data are reported as a mean track 
length (lm) with standard deviation, σ, obtained from the measurement of a number (n) of natural, horizontal confi ned tracks

Fig. 6. AFT age and length data 
from the Western Gorny Altai 
Transect samples: AFT age and 
length data are shown: 
abbreviations and symbols are 
identical as in Fig. 4. See text 
for description and interpreta-
tion. For sample details see 
Table 1 and Fig. 1
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trend to refi ne the model. Care was taken to place as 
few constraints as possible, and to let the T-interval be 
as wide as possible (i.e., wider than the statistically ac-
ceptable tT-paths envelope; Ketcham et al., 2000).

No reset Cenozoic AFT ages were found. Appar-
ent AFT ages are Late Jurassic-Cretaceous and range 
between 80 and 160 Ma, except the Early Jurassic age 
(179 Ma) for the Novosibirsk sample (No-1, Table. 
2). In particular, we obtained the following ages: (1) 
Chuya-Kurai area: 80–100 Ma (elevations ~2500–3500 
m), (2) Dzhulukul: 100–160 Ma (elevations ~2000–
2800 m), and (3) western transect: 100–165 Ma (ele-
vations ~300–1000 m). No clear regional trend can be 
detected, except that lower ages are found in the high 
elevation area of Chuya-Kurai, higher ages in the low-
er foreland and intermediate ages in the Dzhulukul 
area. In general, higher elevation samples from a sin-
gle area yield higher ages. Mean track lengths (MTL) 
and length distributions show clear signs of thermal 
track shortening, suggesting a prolonged stay at APAZ 
temperatures (120–60°C) (Wagner and Van den haute, 
1992). MTL values vary between 11–14 µm (with most 
around 13 µm), distributions are generally broad 
(1.3 < σ < 2.2 µm), asymmetric, and negatively skewed 
(Figs. 4, 5, 6).

Th e AFT age and length data was modelled accord-
ing to the principles mentioned earlier and a two- and 
possibly three-stage thermal history model was recon-
structed: (1) Cretaceous rapid cooling, (2) Late Cre-
taceous-Paleogene stability with only slow cooling, 
and a possible (3) Late Neogene-Quaternary cooling 
(Figs. 4, 5, 6). Th e latter event is only clearly registered 
in sample AL239, while it is only suggested (outside 
the 120–60°C T-interval) in the other samples. How-
ever, the models calculated here are in good agreement 
with these from samples in the northern Siberian Al-
tai where the younger stage (3) is more outspoken (De 
Grave and Van den haute, 2002) and the Chinese Altai 
(Yuan et al., 2006). Sample GA-13, collected east of the 
Shapshal fault (Fig. 5) shows an earlier onset of Meso-
zoic cooling, while all other samples show a later on-
set. Th ese all originate from areas west of the Shapshal 
fault. Th is might suggest that cooling of the Altai base-
ment was diachronous, possible related to diff erential 
block movements along the Shapshal fault zone in a 
Mesozoic phase of reactivation.

Th e Cretaceous event cooled the investigated apa-
tites below the 120°C threshold roughly ~120 Ma ago. 
Considering a normal geothermal gradient of 25–30 
°C/km, this implies that most of our apatite bearing 
rock samples were brought to depths shallower than 
~4 km in the crust. According to the general trend 
in our thermal history models, the Cretaceous cool-
ing lasted until ~80–90 Ma ago. At the cessation of 
this cooling, the sampled rocks were at upper APAZ 
to lower AFT retention temperatures (~80–50°C), cor-

responding to a depth of 3–2 km considering a geo-
thermal gradient of 25–30 °C/km. At these conditions 
partial AFT annealing persisted and tracks shortened. 
Variations of these modelled values is predominantly 
due to their present outcrop altitude, and hence their 
associated paleo-depth. Additional scatter (e.g., be-
tween samples AL239 and 240) might be due to chem-
ical composition diff erences between individual apa-
tites (Green et al., 1986).

Aft er Cretaceous cooling near-horizontal tT-paths 
endured from the Late Cretaceous, throughout the Pa-
leogene, until the Late Miocene. Th is stage in the gen-
eral thermal history marks a period of stability or slow 
cooling during which the sampled rocks stayed at up-
per APAZ/lower retention temperatures. Th e near-
horizontal tT-paths are disturbed by rapid Pliocene to 
Recent cooling, starting about 15–5 Ma ago. Th is is ev-
ident from sample AL 239, while this event in our mod-
els for the other samples falls below the 60°C isotherm. 
Th is young rapid cooling eventually brought the sam-
ples to ambient surface temperatures and is associat-
ed with the exhumation of the apatite bearing rocks 
to their present outcrop positions. Th e long APAZ res-
idence time (Late Mesozoic to Late Cenozoic) and as-
sociated track annealing and shortening explains the 
low MTL values and broad, negatively skewed track 
length distributions (Figs. 4, 5, 6).

A note of caution concerning the Late Cenozo-
ic cooling event should be conveyed here. It has been 
shown that there exists a potential in AFT thermal 
history models using specifi c model parameter val-
ues (lo parameter) to produce Late Cenozoic cooling 
merely as an artefact. Th is artefact, the ‘worldwide re-
cent cooling’ (Ketcham et al., 1999; 2000) can further 
be enhanced by track annealing at ambient tempera-
tures. It is therefore hazardous to interpret Late Ce-
nozoic cooling merely based on AFT thermal history 
models. It should be meticulously tested against inde-
pendent geological evidence, as we have attempted to 
do in this work.

5 Discussion, Tectonic Implications
 and Conclusions

5.1 The Cretaceous Cooling Event

Cretaceous cooling of the Siberian Altai basement 
is contemporaneous with an important denudation 
event in the Jurassic-Cretaceous as recorded in the 
sediments of intramontane Altai basins and larger 
orogen-adjacent basins (Figs. 2, 3). We therefore inter-
pret the Mesozoic AFT ages (Table. 2) and the Creta-
ceous cooling observed in the thermal history models 
as Siberian Altai basement denudation. Considering a 
geothermal gradient of 25–30°C/km, the Siberian Al-
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tai experienced at least 1 to 3 km of Late Jurassic-Cre-
taceous denudation recorded by the AFT system.

Th e derived sediments were mainly fl uvially trans-
ported to large adjacent basins (GLD, West Siberian 
Basin, Junggar-Zaisan Basin), and to smaller fault-
controlled, intramontane depressions (Dobretsov et 
al., 1996; Pinous et al., 1999; Howard et al., 2003; Vys-
sotski et al., 2006). Mesozoic sediments, mainly Ju-
rassic and Early Cretaceous deposits, unconformably 
overlie the Paleozoic basement of these basins. Me-
sozoic sediment thickness reaches several kilometers 
in the large adjacent basins, and in the smaller intra-
montane basins it locally reaches over 2 km. In these 
intramontane basins, Mesozoic sediments are oft en 
molassic type deposits. Th e facts that the Altai base-
ment is subjected to signifi cant cooling as seen in the 
AFT data, that derived sediments are coarse-grained 
and deposited in thick sequences in large adjacent ba-
sins and in fault-controlled basins in the Altai oro-
gen itself, point to denudation of a reactivated orogen. 
Th is hypothesis is further underscored by the occur-
rence of the Late Mesozoic Kuznetsk-Alatau thrust 
system and related basins at the northern edge (Salair 
Ridge) of the present-day Altai orogen (Fig. 3), at the 
Kuznetsk Basin interface (Novikov, 2002; Buslov et al., 
2003). Th e kinematics, and tectonic-geodynamic im-
plications of this thrust system are poorly understood 
and form the subject of ongoing research. It however 
clearly indicates Jurassic-Cretaceous tectonic activity 
in the Siberian Altai.

Accommodation of thick Mesozoic deposits and 
evidence from geophysical exploration in the large ad-
jacent basins also indicates active extension, and sub-
sidence within these basins: the West Siberian Basin 
(Pinous et al., 1999; Vyssotski et al., 2006), the Mon-
golian-Baikal and Junggar basins (Graham et al., 2001; 
Johnson, 2004). Th erefore, denudation and subsequent 
cooling of the basement as observed in our models, 
was most likely a complex interaction of extension in 
large adjoining basins creating accommodation space 
for Altai deposits on one hand, and tectonic reactiva-
tion of the Altai orogen on the other.

Mesozoic tectonic reactivation of the Altai Moun-
tains is coeval with the fi nal stages of closure of the 
Mongol-Okhotsk (MO) Ocean, and the ensuing MO 
orogeny. Convergence and ultimate collision of the Si-
berian and North Chinese-Mongolian continent or 
Amurian plate, resulted in the development of the MO 
orogenic belt in the Late Jurassic-Early Cretaceous 
(Zorin, 1999; Kravchinsky et al., 2002; Tomurtogoo et 
al., 2005). Incipient collision occurred in the western 
part of the MO belt (South Baikal - East Sayan - Mon-
golia area) around the Lias-Dogger transition (170–
180 Ma ago). Oblique collision and associated diachro-
nous compressive tectonics lasted until fi nal closure 
of the MO Ocean in the east during the Early Creta-

ceous (110–140 Ma ago). Deformation was not sole-
ly confi ned to the collision zone proper, but migrat-
ed through the hinterland and aff ected the Mongolian 
Altai (Dobretsov et al., 1996), the Baikal area (Van der 
Beek et al., 1996) and reached the Siberian cratonic 
rim (Zorin, 1999). Our AFT data imply that the Siberi-
an Altai region also experienced far-fi eld eff ects of the 
MO orogeny. Th is induced reactivation and deforma-
tion of the ancestral Altai, and to an important phase 
of denudation as discerned from the Mesozoic tT-cool-
ing paths in our thermal history models. Van der Beek 
et al. (1996) interpret AFT results of Mesozoic denuda-
tion in the Baikal area also in terms of distant eff ects 
of the MO orogeny. Th eir AFT ages and thermal his-
tory models show a Late Cretaceous cooling, which is 
somewhat younger than our results. Th is is in agree-
ment however with the oblique collision model as out-
lined above, where initial collision and orogeny aff ect-
ed the western area (Altai) earlier with respect to the 
central (Baikal) and eastern parts of the MO belt. A 
similar pattern in pluton emplacement ages along the 
collision zone corroborates this model (Tomurtogoo 
et al., 2005). Yuan et al. (2006) however interpret Cre-
taceous apparent AFT ages and a Cretaceous cooling 
obtained from thermal history models from the Chi-
nese Altai as a possible consequence of the collision of 
Eurasia with the Lhasa block (Tibet) and the related 
Cimmerian orogeny. However, Cimmerian eff ects in 
Central Asia are generally older and of Late Jurassic-
Early Cretaceous age (e.g. Sobel and Dumitru, 1997; 
Bullen et al., 2001; De Grave et al., accepted).

5.2 The Period of Late
 Cretaceous-Paleogene stability

Near horizontal tT-paths at lower APAZ to upper AFT 
retention temperatures (50–80°C) in the Late Creta-
ceous-Paleogene refl ect a period of prolonged stabil-
ity in the Siberian Altai. While some samples clearly 
show a horizontal tT trend (e.g. AL239 or 240), others 
exhibit a continuous slow cooling (e.g. GA 03). Dur-
ing this period intracontinental Siberia and Central 
Asia experienced tectonic quiescence and the Mesozo-
ic orogen was subjected to peneplanation. Rocks con-
sequently remained approximately at the position and 
depth in the crust they reached aft er the Mesozoic de-
nudation phase. Th is implies that relaxation of the iso-
therms occurred and that these rocks stayed at more 
or less constant temperatures as refl ected by the near-
horizontal tT-paths in our thermal history models. 
In Siberia and Central Asia a vast lateritic peneplain 
with typical red beds developed (Delvaux et al., 1995a 
and 1995b; Nikolaeva and Shuvalov, 1995; Dobretsov 
et al., 1996). Remnants of this peneplain are found in 
many parts of the region, and also in the Siberian Altai 
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(Novikov, 2002; Dehandschutter et al., 2002). At pres-
ent the surface is extensively deformed as a result of 
Late Cenozoic tectonic activity. Remnants are mainly 
found on plateau-like uplift s, or as basal sequences in 
Cenozoic intramontane basins (Chuya-Kurai Basin), 
and are vertically off set by hundreds of meters. Th is 
interpretation agrees with observations and interpre-
tations of AFT cooling curves for the adjoining Baikal 
region (Van der Beek et al., 1996).

5.3 The Late Cenozoic Cooling Event

Th e Late Cenozoic cooling phase in our thermal histo-
ry models for the Chuya-Kurai area is associated with 
the tectonic reactivation of the region and the build-
ing and denudation of the modern Altai. Th e reacti-
vation is thought to be a far-fi eld eff ect of the India-
Eurasia collision and the ongoing indentation of the 
Indian plate into the Eurasian continent. According to 
the AL239 model, cooling commenced between 15-5 
Ma ago and continues until the present. Th is corre-
sponds with other indicators that point towards ini-
tiation of reactivation in the Late Neogene and clear 
intensifi cation of transpressive tectonic movements 
in the Plio-Pleistocene (Cunningham et al., 1996; Do-
bretsov et al., 1996; Buslov et al., 1999; Dehandschut-
ter, 2002; Novikov, 2002; Howard et al., 2003). Th is 
event is more outspoken in earlier AFT studies in the 
northern part of the Siberian Altai, e.g., in the Telets-
koye area (Fig. 1) (De Grave and Van den haute, 2002). 
Sediments produced by the denudation of the modern 
Altai orogen are deposited in the large adjacent basins 
(West Siberian Basin, Mongolian GLD, Junggar-Zai-
san Basin) in a similar setting as during the Mesozoic 
denudation (Fig. 3). Also reminiscent of the Mesozo-
ic denudation, formation of Cenozoic, fault-controlled 
intramontane basins accommodate part of the Late 
Cenozoic sediments derived from the growing oro-
gen. Th e Dzhulukul and Chuya-Kurai Basins are im-
portant examples. In these basins, several horizons of 
coarse Late Neogene to Quaternary sediments are ob-
served (Delvaux et al., 1995b; Buslov et al., 1999; De-
handschutter et al., 2002).

Late Cenozoic reactivation of the Siberian Al-
tai Mountains is substantiated by deformation of the 
Late Cretaceous-Paleogene peneplain. In comparison 
to the low-lying inactive hinterland, peneplain rem-
nants are vertically displaced by 2 km or more (De-
handschutter et al., 2002), while in mountain ranges 
and plateau-like uplift s, adjacent blocks capped with 
remnants of the lateritic peneplain show vertical off -
sets of hundreds of meters relative to each other. Pres-
ervation of the peneplanation surface however puts an 
upper limit on the extent of post-Paleogene denuda-
tion and on the magnitude of concomitant cooling ob-

served in our AL239 thermal history model. Preser-
vation is local, not regional, indicating that some of 
the blocks were indeed subjected to considerable de-
nudation. In addition, all samples were collected at the 
surface and along vertical profi les situated well below 
the estimated position of the peneplain. In summary, 
while tectonic and sedimentary evidence indicates a 
Late Neogene-Quaternary episode of intense tecton-
ic activity with rapid uplift  and sedimentation in the 
Siberian Altai, the AFT models only record the event 
clearly for sample AL239 in the Chuya region, while 
other samples suggest this trend, but do not unambig-
uously record it.

Although to some extent AFT thermal history 
modelling may overestimate the amount of denuda-
tion associated with the Neogene-Quaternary event 
(Late Cenozoic artefactual cooling discussed earli-
er) the recent cooling of the Chuya-Kurai basement 
itself and its timing are accurately refl ected. Ample 
independent geological and tectonic evidence, sum-
marized in previous sections, underscores our obser-
vations. We interpret the young cooling event to be re-
lated to Late Neogene to recent denudation in a still 
active transpressive tectonic regime in the area. We 
conclude that reactivation and building of the modern 
Altai orogenic edifi ce is largely constrained to the last 
15-5 Ma, or even younger as it is not completely regis-
tered in the AFT system.

Late Cenozoic cooling and denudation of Central 
Asia with respect to reactivation in the framework of 
ongoing India-Eurasia convergence was reported in 
AFT studies, in particular of the Tien Shan area (Hen-
drix et al., 1994; Sobel and Dumitru, 1997; Bullen et 
al. 2001). Also, closer to the collision zone, in the Al-
tyn Tagh and the northern Tibetan Plateau, this is ob-
served as well (e.g. Jolivet et al., 2001).
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Slab Retreat and Active Shortening 
along the Central-Northern Apennines

Davide Scrocca · Eugenio Carminati · Carlo Doglioni · Daiana Marcantoni 

Abstract The Quaternary geodynamic evolution and the tec-
tonic processes active along the Central and Northern Apen-
nines thrust fronts and in the adjacent Padane-Adriatic fore-
deep domains are analysed and discussed.

A reinterpretation of the available geophysical and geo-
logical data reveals that the south-eastward prolongation of 
the Apennines thrust front in the Adriatic Sea is most likely lo-
cated along the north-eastern side of the Adriatic ridge, i.e., in 
a more external position with respect to traditional interpre-
tations. Further south, the Apennine thrust front is segment-
ed in correspondence with the Tremiti lithospheric right-lat-
eral transfer zone. 

This new interpretation of the Apennine thrust front bears 
some relevant implications since it rejuvenates to Late Qua-
ternary the most recent contractional deformations in its 
Adriatic portion. This is consistent with the Late Quaternary 
activity of the buried thrust-related folds associated with the 
Apennine front along the Marche coastal belt and in the Po 
Plain documented by geomorphological analysis and by seis-
mic refl ection profi les. Moreover, active shortening associat-
ed with the Apennines accretionary prism in the Po Plain and 
in the central and northern Adriatic Sea is documented by GPS 
data and by historical and instrumental seismicity.

The Quaternary evolution of one of the active thrust-relat-
ed folds recognised in the Po Plain subsurface (the Mirandola 
anticline) has been investigated in detail by backstripping 
high-resolution stratigraphic data. Our results show decreas-
ing relative uplift rates during the Quaternary. However, tec-
tonic relative uplift rate of about 0.16 mm/a can still be recog-
nised during the last 125 ka. Horizontal shortening faster than 
1 mm/a should be expected in agreement with available GPS 
data.

Furthermore, the SW-ward (or W-ward) increasing dip of 
the foreland monocline in the Po Plain and in the central-
northern Adriatic and the asymmetric distribution of the Qua-
ternary to Recent subsidence indicate a still active fl exural re-
treat of the subducting lithosphere in these domains. 

The Quaternary to Recent fl exural retreat of the subduct-
ing Adriatic lithosphere and the related frontal accretion of 
the Apennines prism are framed in a coherent geodynamic 
scenario characterized by a retreating west-directed subduc-
tion zone, which is the natural evolution of the Neogene geo-
dynamic history.

1 Introduction 

Th e central and northern segments of the Apennines 
accretionary prism - foredeep system are among the 
most studied thrust belts worldwide. Th e buried ge-
ometries of the Northern Apennines frontal thrust 
system were already nicely imaged below the Po Plain 
by seismic refl ection data at the beginning of the ‘80s 
(e.g., Pieri and Groppi, 1981; Pieri 1983). Since then, 
this structural confi guration has served as a classic 
example for thrust tectonics and growth strata stud-
ies (among many others:  Doglioni, 1993; Zoetemei-
jer et al. 1993, Doglioni and Prosser, 1997; Hardy et al., 
1996; Ford, 2004). Moreover, by analyzing the Adriat-
ic foredeep domain, fundamental concepts have been 
developed on the relationships between thrusting and 
sedimentation as, for instance, the defi nition of piggy-
back basin (Ori and Friend, 1984). 

Th e basic tectonic evolution of the Apennines thrust 
belt-foredeep system may be considered the result of 
the late-Oligocene to Present NE-ward rollback of a 
W-directed slab (among many others: Malinverno and 
Ryan, 1986; Royden et al., 1987; Doglioni, 1991; Patac-
ca et al., 1990; Faccenna et al., 2003). Th e subduction 
depth decreases moving from Calabria to the north-
ern Apennines. Moving along strike, the accretionary 
prism shows variable depth (3-10 km) of the frontal 
basal décollement plane (Bigi et al., 2003; Lenci et al., 
2004), and variable dip of the foreland regional mono-
cline (Mariotti and Doglioni, 2000). Th ese structural 
undulations are related either to lateral stratigraphic 
variations or to inherited Permo-Mesozoic structures 
(i.e., horst and grabens). Th e Quaternary geodynamic 
evolution and the active tectonic processes are, howev-
er, still a matter of debate. Th is scientifi c controversy 
provides an interesting opportunity to review and dis-
cuss some general issues related to the tectonic evolu-
tion of thrust belt-foredeep systems.

Regarding the Central and Northern Apennines 
thrust front and adjacent Adriatic foredeep domains, 
the main controversies regard the following points:
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 the actual position of the south-eastward prolonga-
tion of the Apennine thrust front in central Adriat-
ic domain;

 the age of the most recent tectonic activity along the 
Apennine thrust front and its present-day seis-
motectonic behaviour;

 the geodynamic processes responsible for the Qua-
ternary subsidence of the Padane-Adriatic domain.

In this paper, a review of the above issues is carried 
out. Based on the interpretation of both recently ac-
quired and already available seismic refl ection profi les 
and well data, a new defi nition of the Apennine thrust 
front is proposed together with an assessment of the 
natural subsidence of the Padane-Adriatic region. 

Th e Late Quaternary to Recent tectonic vitality of 
the Central and Northern Apennine thrust front is dis-
cussed by comparing geological and geophysical data 

in the Adriatic domain and in the Po Plain. Moreover, 
the Quaternary evolution of one of the active thrust-
related folds recognised in the Po Plain subsurface (the 
Mirandola anticline) is investigated in detail by back-
stripping high-resolution stratigraphic data. 

Th e proposed structural interpretation of the Apen-
nine thrust front, its recent activity and seismotecton-
ic behaviour, and the Quaternary natural subsidence 
of the Padane-Adriatic domain are fi nally framed in a 
coherent geodynamic scenario.

2 Geological and Geodynamic Setting 

Th e Apennines thrust belt (Fig. 1) developed in Neo-
gene and Quaternary times in the hangingwall of a 
west-directed subduction zone, as documented by sub-
crustal seismicity and seismic tomography (e.g., Spak-

Fig. 1 Main structural features 
of Italy (modifi ed from 
Consiglio Nazionale delle 
Ricerche, 1992).  Foredeep 
deposits are delimited by the -
1000 m isobath. 
MA = Monferrato Arc; 
EA = Emilia Arc; 
FRA = Ferrara Romagna Arc; 
AF = Adriatic Folds; 
AR = Adriatic ridge; 
PB = Pescara Basin; 
TF = Tremiti Fault; 
MF = Mattinata Fault
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man, 1990; Amato et al., 1993; Lucente et al., 1999; 
Chiarabba et al., 2005). Th e eastward retreat of the 
subduction is the most plausible explanation for the 
progressive eastward migration of the thrust fronts, 
the foreland fl exure (and consequent shift  of the fore-
deep basins) as well as the extensional processes along 
the internal Tyrrhenian back-arc basins (e.g., Malin-
verno and Ryan, 1986; Royden et al., 1987; Patacca et 
al., 1990; Doglioni, 1991; Doglioni et al., 1999a; Fac-
cenna et al., 2003).

Off -scraping and incorporation at the subduction 
zone of the Meso-Cenozoic passive margin sedimen-
tary covers that overlay the subducted Apulo-Adriatic 
plate drove to the development of the Apennines accre-
tionary prism. In the Padane-Adriatic domain, these 
units are made up of clastics, evaporites, and shallow 
to deep water carbonates sedimentary sequences (Bal-
ly et al., 1986; Zappaterra, 1990; Grandić et al., 2002 
and references therein).

In the external part of the Apennines, the interac-
tion between the fl exural bending of the underthrust-
ing Adriatic plate and the foreland-ward propagation 
of the contractional deformations produce a zone of 
active sedimentation above the deforming accretion-
ary wedge (Fig. 2). Th is “depositional wedge top” (De 
Celles and Giles, 1996; Ford, 2004) is commonly ob-
served in orogens related to west-directed subduction 
zones where the fastest subsidence rates occur (Doglio-
ni, 1994). In regions where the depositional wedge top 
is well developed due to the presence of an eff ective 
décollement level, the foredeep sensu stricto (i.e., the 
area where foredeep deposits overlie undeformed pas-
sive margin sedimentary cover) may be restricted to a 
very narrow band.

Following the pioneering study of Royden et al. 
(1987) and Royden (1988), who fi rst recognised the 
segmentation of the subducting Apulo-Adriatic lith-
osphere, the position of the main lithospheric discon-
tinuities occurring in the Adriatic Sea has been bet-

ter defi ned by analyzing the tectonic evolution of the 
Apulo-Adriatic areas. During Pliocene to Pleisto-
cene times, the Central Adriatic underwent high sub-
sidence rates due to eastward rollback of the hinge of 
the Apennine subduction while the Apulian region 
experienced uplift  since the middle Pleistocene (e.g., 
Doglioni et al., 1994; 1996). Th e W-E trending Tremiti 
lineament has been interpreted as the main right-lat-
eral transfer zone between the two sectors of the sub-
ducting Adriatic lithosphere characterized by diff er-
ent amounts of fl exural retreat (Milano et al., 2005). 
Th e genesis of this transfer zone, occurred main-
ly during the Pleistocene, has been attributed to the 
encroachment of the Apulian thick continental lith-
osphere in the subduction zone (Doglioni et al., 1994; 
1996; Gambini and Tozzi, 1996) that has hindered the 
rollback of the subducting plate in the Apulian region 
(Figs. 1 and 3).

3 Apennine Thrust Front 

Th e subsurface location of the front of the Northern 
Apennines accretionary prism below the Po plain is 
very well defi ned by seismic and well data (e.g., Pieri 
and Groppi, 1981; Pieri, 1983; Consiglio Nazionale 
delle Ricerche, 1992), that constrain a geometry con-
sisting of three arcuate thrusts systems. Th ese three 
buried arcs, from west to east, are i) the Monferra-
to, ii) the Emilia, and iii) the Ferrara-Romagna arcs. 
Th ese arcs are delimited externally by thrust faults 
which separate them from the Pedalpine monocline. 
Th e structure of Ferrara-Romagna arc can be subdi-
vided into three second-order features: the i) Ferrara, 
ii) Romagna and, more to the east, iii) Adriatic folds 
(Fig. 3). Moving south-eastward, the prolongation of 
the Apennine thrust front in the central Adriatic Sea 
is less evident. 

Fig. 2 Schematic cross-section 
of an orogen due to a W-
directed retreating subduction 
zone (modifi ed aft er Doglioni 
et al., 1999a). Th e shear 
between the down-going and 
retreating lithosphere and the 
eastward compensating mantle 
is transferred upward, 
generating the shortening 
within the accretionary wedge
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In the Adriatic domain, the external front of the 
Apennine accretionary prism is traditionally traced a 
few kilometres off -shore between the towns of Ancona 
and Pescara (among many others, Patacca et al., 1990; 
Doglioni, 1991; Consiglio Nazionale delle Ricerche, 
1992; Argnani & Frugoni, 1997; Artoni & Casero,1997; 
Calamita et al., 2003; Casero, 2004; Lavecchia et al., 
2004; Montone et al., 2004). However, as discussed in 
detail by Scrocca (2006), several lines of evidence sug-
gest a diff erent localization of the Apennine thrust 
front with respect to the commonly accepted interpre-
tation (Fig. 4a).

It should be noted that the Central Adriatic Sea is 
characterized by the presence of a ridge, the so-called 
“Mid-Adriatic Ridge” (Finetti, 1982) also known as 
“Central Adriatic Deformation Belt” (Argnani & 
Gamberi, 1995; Argnani & Frugoni, 1997), made up of 
structural highs, distributed along a dominant NW-SE 
to WNW-ESE trend. Th is Adriatic ridge, well defi ned 
by the isobaths of the base of the Plio-Pleistocene de-
posits (e.g., Consiglio Nazionale delle Ricerche, 1992), 
extends south-eastward from the town of Ancona for 
at least 150 km in the central Adriatic Sea (Fig. 4).

Th e majority of these highs have been interpreted 
as thrust-related folds although evidence of salt dia-

pirism has been also recognised (e.g., Bally et al., 1986; 
Ori et al., 1986; De Alteriis, 1995; Argnani & Frugo-
ni, 1997; Calamita et al., 2003; Scrocca, 2006). Some 
structures combine both compressional and salt tec-
tonics (e.g., Bally et al., 1986).

Th e interpretation of the CROP M-15 seismic re-
fl ection data (Fig. 5), acquired within the framework 
of the Italian deep crust exploration project (CROP 
Project; Scrocca et al., 2003), integrated with a review 
of the multichannel seismic refl ection profi les and well 
data available at the Italian Ministry of Industry, pro-
vides a valuable contribution to improve the structur-
al description of the Adriatic ridge.

Some of the Adriatic ridge’s folds developed on pre-
existing Mesozoic horsts and show seismic and well 
evidence of tectonic inversion along pre-existing Me-
sozoic extensional faults at the end of the Lower Cre-
taceous and in Tertiary times. Th e origin of the Cre-
taceous events has been related to the onset of the 
convergence between Europe and Africa while the Ter-
tiary tectonic inversions have been attributed to far-
fi eld eff ects of the Apenninic and Dinaric compression 
or to diapirism (e.g., Argnani et al., 1993; De Alteriis, 
1995; Gambini et al., 1997; Bertotti et al., 2001). 

Fig. 3 Epicentral map of the 
instrumental seismicity 
recorded between 1985 and 
2000 (data aft er Chiarabba et 
al., 2005) and representative 
focal mechanism along the 
Apennine front (solutions aft er 
Harward CMT Catalogue; 
MedNet regional CMT; 
Gasparini et al., 1985; Riguzzi 
et al., 1989; Vannucci et al., 
2004). Th e simplifi ed isobaths 
of the base of the Quaternary 
deposits are traced according to 
Dondi et al. (1985) and 
Bartolini et al. (1996)
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A main tectonic phase aff ected the Adriatic ridge 
in middle/late Pliocene-Quaternary, as clearly dem-
onstrated by the widespread occurrence of folded de-
posits and growth strata. Also this last event has been 
interpreted by some authors as the result of a thick-
skinned tectonic inversion of pre-existing extension-
al features induced by the Apennine compression 
(e.g., Argnani and Frugoni, 1997; Bertotti et al., 2001; 
Calamita et al., 2003). In this thick-skinned tectonic 
scenario, the reverse faults in the Meso-Cenozoic sed-
imentary cover do not connect with the thin-skinned 
Apennine thrust front, which is located farther west, 
but instead constitute local accommodation features 
(fi sh tails) above reactivated high-angle normal faults 
involving the basement. If the basal detachments ac-
counting for the Adriatic ridge’s inversion features 
and for the western thin-skinned front were connect-
ed farther west in the lower crust, the outermost re-
activated and/or inverted structures might be consid-

ered an example of the “reactivation front” as defi ned 
by Lacombe and Mouthereau (1999).

However, the crustal structure of the Apennine ac-
cretionary wedge is still a debated issue (see Scrocca et 
al., 2005 for a discussion) and, in fact, the geodynamic 
setting of the Apennine orogen as a whole, when com-
pared with other orogens world-wide, suggests that 
the accretionary prism should be mainly formed by 
the tectonic stacking of the sedimentary cover (e.g., 
Doglioni et al., 1999a, 1999b). Although the quality of 
the available seismic data in not resolutive, we do be-
lieve that an alternative thin-skinned interpretation 
can be put forward in the central Adriatic domain. 
In the proposed interpretation (Fig. 5), the main de-
tachment of the last middle/late Pliocene-Quaternary 
contractional deformations can be traced at the base 
of the Mesozoic sedimentary cover (likely within the 
Upper Triassic evaporites). Th ese late-stage contrac-
tional deformations are thus superimposed on the old-
er Cretaceous and Tertiary inversions of basement-in-

Fig. 4. aStructural map of the central Adriatic. Th e grey-dashed line highlights the commonly accepted position of the external 
front of the Apennine accretionary prism according to the Structural-Kinematic Map of Italy (Consiglio Nazionale delle Ricerche, 
1992). Th e thick line identifi es the regional cross section shown in Fig. 4b. Th e box indicates the CROP M-15 seismic profi le shown 
in Figs. 5. b) Geological section across the Apennine thrust front and the Adriatic ridge. Th e main detachment of the middle/late 
Pliocene-Quaternary contractional deformations aff ecting the Adriatic ridge (likely located within the Upper Triassic evaporites) 
is correlated with the regional detachment of the Apennine accretionary prism
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volving normal faults. Moreover, in our opinion, this 
detachment can be followed westward and correlated 
with the regional detachment of the Apennine accre-
tionary prism (Fig. 4), as also already proposed by Bal-
ly et al. (1986). 

Th ese considerations suggest that the actual Apen-
nines external thrust front should be located on the 
north-eastern side of the Adriatic compressive belt 
that, accordingly, should be formally included in the 
Apennine accretionary wedge. In the proposed inter-
pretation, the Apennine thrust front should not to be 
regarded as a continuous feature but rather as the en-
velopment of discrete thrust structures.

Further southward, the Apennines thrust front is 
segmented in correspondence with the Tremiti litho-

spheric transfer zone (Fig. 3), which separates two sec-
tors of the subducting Adriatic plate characterized by 
diff erent amounts of fl exural retreat (Doglioni et al., 
1994) and by diff erent amounts of thrust front ad-
vance (Scrocca, 2006).

4 Quaternary Tectonic Activity
 Along the Central and Northern 
 Apennines Thrust Front

Along the Central and Northern Apennines thrust 
front the last main events of thrust accretion oc-
curred between Pliocene and Early Pleistocene times 
(e.g., Castellarin et al. 1985; Bally et al., 1986; Ori et 

Fig. 5. CROP M-15 seismic profi le (location in Fig. 4). Interpreted horizons are solid where well constrained, dashed where approx-
imate, and dotted where speculative. Four structural highs are recognisable on this profi le (labelled from A to D); two of them (A 
and C) can be interpreted as thrust related folds with the main detachment likely located within the Upper Triassic evaporites. A 
diapir (D) is also recognisable. Th e last phase of tectonic activity of the Adriatic ridge (late Pliocene-late Quaternary) can be relat-
ed to the forelandward propagation of the Apennines detachment. Th e associated shortening could have enhanced the diapir ac-
tivity
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al., 1986), these processes being related to the eastward 
fl exure-hinge retreat of the subducting Adriatic litho-
sphere. 

According to a fi rst group of researchers, follow-
ing a major geodynamic change, thrusting and relat-
ed folding at the front of the Apennines ceased in Ear-
ly Pleistocene times both in the Po Plain and in the 
adjacent sector of the Adriatic Sea (e.g., Argnani et al., 
1997; Bertotti et al., 1997; Di Bucci & Mazzoli, 2002; 
Argnani et al., 2003 and reference therein). Th is con-
clusion is derived from both fi eld studies and seismic 
refl ection lines that, in the interpretation of these au-
thors, show thrusts sealed by Middle Pleistocene to re-
cent deposits. 

An alternative scenario has been proposed. Geo-
morphological analyses, subsurface geology, seismici-
ty and present-day stress fi eld, suggest that the tectonic 
activity of the frontal part of the Northern Apennine 
accretionary wedge is still going on (e.g., Meletti et al., 
2000; Valensise & Pantosti, 2001; Burrato et al., 2003; 
Boccaletti et al., 2004 and references therein). 

In the following the two confl icting interpretations 
will be briefl y reviewed and compared with the results 
of our analysis. 

4.1 Central-Southern Po Plain

Along the southern edge of the Po Plain, at the mor-
phological boundary with the Apennines, clear evi-
dence of tilted and off set late Quaternary deposits has 
been described (Boccaletti et al., 1985; Castellarin et 
al., 1985; Amorosi et al., 1996). Although these fea-
tures have been also explained with the onset of exten-
sional deformation along SW dipping faults and con-
sequent fl exural unloading of their footwall (Bertotti 
et al., 1997), they are commonly attributed to the ac-
tivity of a regional thrust (e.g., Castellarin et al., 1985; 
Amorosi et al., 1996; Benedetti et al., 2003; Boccaletti 
et al., 2004). Th is thrust is generally known as the 
Pede-Apenninic Th rust Front (Boccaletti et al., 1985) 
or as the Pedeappenine Lineament (Castellarin et al., 
1985). 

In the area located between the Pede-Apennin-
ic thrust and the external fronts (Emilia and Ferr-
ara arcs), an active compressional tectonic regime is 
documented by borehole breakout data (Mariucci et 
al, 1999; Montone & Mariucci, 1999; Montone et al., 
2004), showing a roughly N-S maximum horizon-
tal stress, focal mechanism (e.g. Gasperini et al 1985; 
Boccaletti et al., 2004; Eva et al., 2005), and seismolog-
ical data (e.g., Frepoli & Amato, 1997; Selvaggi et al., 
2001). Furthermore, recent geodetic velocity solutions 
for Italy and the surrounding areas, obtained from 
an analysis of continuous and survey-mode Glob-
al Positioning System observations (e.g., Battaglia at 

al., 2004; Serpelloni at al., 2005; Zerbini et al., 2006), 
show a shortening of a few mm/a between the Medici-
na site, positioned above the Apennines buried accre-
tionary prism, and the Padova station, located above 
the Adriatic foreland away from zone of active defor-
mation (Fig. 3).

All the described observations, as well as the results 
of geomorphological analyses, suggest the presence of 
growing anticlines driven by active blind thrust faults 
(e.g., Burrato et al., 2003; Benedetti et al., 2003; Boc-
caletti et al., 2004; DISS Working Group, 2005). Th e 
same conclusion arises from the interpretation of seis-
mic refl ection profi les, as discussed by Boccaletti et 
al. (2004). Th e active thrust-related folds are spatial-
ly arranged along seismogenic belts (Boccaletti et al., 
2004; DISS Working Group, 2005) that are nearly co-
incident with the buried Monferrato, Emilia and Fer-
rara-Romagna arcs. Some deep faults considered able 
to produce earthquakes larger than M 5.5 have been 
already identifi ed along these belts (Valensise & Pan-
tosti, 2001). 

In Fig. 7 the relationships between subsurface struc-
ture (aft er Pieri, 1983), seismicity (aft er Chiarabba et 
al., 2005) and the interpreted geodynamic setting are 
shown. According to Eva et al. (2005), in the south-
western half of this section the shallow seismicity (0–
10 km of depth) is mainly transtensive, while just be-
low about 10 km in depth, the stress regime converts 
to transpressional  and then to compressive. In our in-
terpretation, the deep compressional events (between 
20 and 30 km) are related to the south-western prolon-
gation of the active thrust, developed along the mor-
phological boundary between the Apennines and the 
Po Plain.

4.2 Central and Northern Adriatic Sea

Moving southwards, along the northern Marche 
coastal belt, several geomorphic features and the oc-
currence of several historical and instrumental earth-
quakes suggest the presence of active and seismogenic 
thrust-related folds (Vannoli et al., 2004; DISS Work-
ing Group, 2005). Th e lack of contractional deforma-
tions in middle Pleistocene to recent deposits in the ad-
jacent Adriatic off shore area, pointed out by Di Bucci 
& Mazzoli (2002), is reconciled with the geomorpho-
logic and seismologic evidence of tectonic activity by 
observing that the most external position reached by 
the Apennine thrust front in Early Pleistocene times 
does not necessarily coincide with the north-eastern 
edge of the belt aff ected by Late Quaternary to recent 
contractional deformations, which can actually be lo-
cated in a more internal position  (e.g., Vai, 1987).

In the central Adriatic Sea, a very recent activity of 
the Adriatic ridge’s folds is supported by contractional 
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deformation aff ecting late Quaternary strata, induced 
by buried blind thrusts (Fig. 5), which sometimes have 
a morphological expression at sea-fl oor (e.g., Argnani 
& Frugoni, 1997; Calamita et al., 2003; Scrocca, 2006). 
Th is indication is also in good agreement with the dis-
tribution of the present-day seismicity (e.g., Chiarab-
ba et al., 2005 and references therein) and with the few 

available focal mechanisms (Fig. 3), which indicate a 
compressional stress fi eld with minor strike-slip com-
ponent (e.g., Riguzzi et al., 1989; Mariucci et al., 1999; 
Lavecchia et al., 2004). 

Based on the geographic distribution of stress indi-
cators, e.g. borehole break-out and seismological data 
(e.g., Mariucci et al., 1999; Montone et al., 2004), it be-

Fig. 6 Tectonic scheme of the 
Adriatic domain and cartoon 
showing the 3D slab geometry 
of the subducting Apulo-
Adriatic plate (inset, modifi ed 
aft er Doglioni et al., 1994). Th e 
Apennine thrust front is 
located on the NE side of the 
Adriatic ridge. Th e diff erential 
slab retreat between the central 
and southern sectors of the sub-
ducting Adriatic plate has been 
accompanied by a diff erent 
tectonic evolution of the related 
segments of the accretionary 
prism that ended up with a 
segmentation of the Apennine 
thrust front

Fig. 7 Simplifi ed geological cross-section showing the relationships between subsurface struc-
ture (aft er Pieri, 1983), interpreted geodynamic setting (aft er Carminati et al., 2003) and the 
seismicity (aft er Chiarabba et al., 2005). Location in Fig. 3. Note that the deep seismicity be-
tween 20 and 30 km is mainly represented by compressional events (Boccaletti et al., 2004; Eva 
et al., 2005) and may be related to the south-western prolongation of the active thrust, devel-
oped along the morphological boundary between the Apennines and the Po Plain. Th e area 
above is mainly aff ected by extensional seismicity
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comes possible to defi ne a NW-SE oriented belt, that 
extends south-eastward from the town of Ancona in 
the central Adriatic Sea for at least 150 km, character-
ized by  a present-day compressional stress fi eld and 
active contractional structures (Fig. 6). 

It should be noted that in the proposed interpre-
tation of the Apennine thrust front, the last phase of 
tectonic activity of the Adriatic ridge (Late Pliocene-
Late Quaternary) relates to the forelandward propaga-
tion of the Apennines detachment. Th erefore, the late 
Quaternary to Recent deformations along the Adriat-
ic ridge provide an indication of the most recent tec-
tonic activity of the Apennine thrust front in the Adri-
atic domain. 

4.3 Mirandola Anticline: Relative Uplift Rates

One of the recognised seismogenic sources buried 
below the Po Plain sediments is the Mirandola anti-
cline, which is located at the western edge of a group of 
thrust-related folds belonging to the Ferrara arc. Th is 
arc represents one of the most external structures of 
the Northern Apennines thrust front, certainly active 
during late Pliocene - early Pleistocene times. 

Since the Mirandola structure is considered an ac-
tive seismogenic fault (e.g., Burrato et al., 2003; Boc-

caletti et al., 2004; DISS Working Group, 2005), we 
have studied in detail its Quaternary evolution by in-
tegrating high resolution stratigraphic data (RER & 
ENI-AGIP, 1998), that provide an accurate descrip-
tion of the tectono-stratigraphic setting relative to the 
last 0.65 Ma, with other constraints about the overall 
stratigraphic and structural architecture (AGIP, 1959, 
1977; Pieri and Groppi, 1981; Nardon et al., 1990; Con-
siglio Nazionale delle Ricerche, 1992). 

Th e structural and stratigraphic setting of the Mi-
randola thrust-related fold (Fig. 8) strongly suggests 
a syn-sedimentary growth with clear overlapping ge-
ometries (i.e., sedimentation rates higher than uplift  
rates) also in middle to late Pleistocene times.

Since the geometry of the middle to late Pleistocene 
growth strata is certainly due to a combination of re-
gional subsidence, sedimentation rates, eustatic his-
tory, tectonic uplift  and compaction eff ects, we have 
analyzed and corrected for compaction the available 
stratigraphic data. As shown in Fig. 9 we have com-
pared the depth of the basement at the crest of the an-
ticline and in the adjacent syncline at diff erent time 
steps. In this way, although this domain is aff ected 
by an overall subsidence, we have estimated a tecton-
ic “relative uplift  rates” between the fold crest and the 
adjacent syncline due to the activity of this thrust-re-
lated fold. 

Fig. 8 Data used in the 
decompaction procedure to 
estimate uplift  rates of the 
Mirandola thrust-related fold. 
Location in Fig. 3. a simplifi ed 
geological cross-section (drawn 
aft er Pieri and Groppi, 1981 
and Consiglio Nazionale delle 
Ricerche, 1992). b stratigraphic 
setting of the Middle Pleisto-
cene to Recent section based on 
high-resolution stratigraphic 
data (modifi ed aft er RER & 
ENI-AGIP, 1998) b

a
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Th e procedure that we used to decompact sediments 
follows the backstripping method (Sleep, 1971; Sclater 
& Christie, 1980). Th is method allows the restoration 
of the original (uncompacted) thickness of sediment 
formations or members starting from the lowest unit 
in a stratigraphic section and considering in the fol-
lowing steps the younger units. Th e method assumes 
that, during progressive burial of sediments in a sub-
siding basin, the compaction process is mainly depth 
dependent rather than time dependent (Schmoker & 
Halley, 1982). Th e decompaction procedure assumes 
the exponential porosity-depth relation 

ϕ = ϕ0 exp–cy,

where ϕ is the porosity at depth y, ϕ0 is the original po-
rosity of sediments, and c is an experimentally derived 
coeffi  cient. The original porosities and the decompac-
tion coeffi cients adopted for the calculations are shown 
in Table 1. 

In our calculation we have performed both back-
stripping to 1D sedimentary columns, a technique 
widely adopted in literature (e.g., Scheck & Bay-
er, 1999) and 2D section by mean of LithoTect soft -
ware. At each decompaction time-step the depth of the 
basement and of the overlying sediments is calculated 
summing the thicknesses of deposited sediments and 
adopting corrections for paleobathymetry and eusta-
sy. Th eoretically, the corrected depth of a layer (Dlc) is 
calculated following the relation 

Dlc = Dl + Dw – E,

where Dl is the uncorrected layer depth (derived only 
from the thickness of deposited sediments), Dw is the 
paleobathymetry and E is the relative eustatic change 
of sea level. 

In our calculations paleobathymetries and eustat-
ic sea-level changes are assumed to be equal to zero, 
since the entire sequence was deposited in shallow ma-
rine to continental environments (AGIP, 1959). In oth-
er words, aft er decompaction the tops of the calculated 
sedimentary columns are located at the zero reference 
level, i.e., at the average sea level, throughout the entire 

analyzed structure. However, the occurrence of a thick 
(up to 500 m) tabular unit with prograding clinoforms 
in the shallow part of the considered succession (Pieri, 
1983) implies that processes of basin fi lling (i.e., the 
occurrence of moderate paleobathymetries) must also 
be considered.

Th e assumption of zero water depth is granted for 
the middle Pleistocene (ca. 600,000 yr ago) to Present 
sediments, which were deposited in continental envi-
ronments. Th e error on subsidence rates calculated for 
this period due to assumed paleo-water depth is nec-
essarily equal to zero. For the lower Pleistocene sed-
iments, deposited in shallow water, the zero paleo-
bathymetry assumption bears consequences on the 
calculated subsidence rates, i.e., on the depth of the 
basement at a certain stage. However, as sketched in 
Fig. 9, when calculating the relative uplift  along the Mi-
randola anticline, we compare the depth of the base-
ment at the crest of the anticline and in the adjacent 
syncline. Since the basement position at the two loca-
tions would be aff ected exactly by the same error in-
duced by our paleobathymetric assumption, it is clear 
that the resulting relative uplift  is by no means aff ect-
ed by imposed paleobathymetry. 

Profi le c ф ρ Reference

Sand 0.27 0.49 2650 Sclater and 
Christie (1980)

Shale 0.51 0.63 2720 Sclater and 
Christie (1980)

Shaley sand 0.39 0.56 2680 Sclater and 
Christie (1980)

Table 1. Decompaction coeffi  cients, porosities, and densities ad-
opted for the calculations  

Fig. 9 Decompaction procedure adopted to estimate a tectonic 
“relative uplift  rates” (ΔZTECT) between the fold crest (X2) and 
the adjacent syncline (X1) at diff erent time steps (t0, t1, t2, etc.)
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Sensitivity analysis has been carried out varying 
the lithological composition, although the available 
geological data indicates an overall 50% shale and 50% 
sand ratio. 

Moreover, the eff ects of the original porosities ϕ0 
were evaluated. A change of 10% of ϕ0 determines a 
change of 2.5% of the calculated uplift  rates. 

Th e resulting rates of tectonic uplift  decrease dur-
ing the last 1.4 Ma from values of 0.53 mm/a to values 
of 0.16 mm/a (Fig. 10a). Th is means that the Mirando-
la anticline is still active today, although it moves more 
slowly than in Pliocene. Anyway, these tectonic uplift  
rates must be added to a regional subsidence rate of 
about 1 mm/a, or more (discussed in the following sec-
tion), resulting in an overall subsidence.

Quaternary sedimentation rates corrected for com-
paction have been also assessed (Fig. 10b) by simply 
dividing the decompacted thickness of sediments for 
the corresponding time interval in the syncline adja-
cent to the Mirandola anticline.

5 Adriatic Flexural Retreat 

Th e evolution through time and space of Plio-Pleisto-
cene foredeep domain in the Po Plain and in the Adri-
atic domain has been already analyzed in several stud-
ies (among many others, Dondi et al., 1985; Ori et al 
1986; Vai, 1987; Royden, 1988; Zoetemeijer et al., 1993; 
Kruse & Royden, 1994). Below the Apennines fore-
deep, the regional monocline gradually becomes steep-
er moving from the foreland domain towards the belt 
with documented dips of about 20° below the Po Plain 
(e.g., Pieri, 1983; Mariotti and Doglioni, 2000). Conse-
quently, the thickness of the Plio-Pleistocene foredeep 
deposits can be as high as 7000 m in the deepest de-

pocenters (Pieri & Groppi, 1975; Consiglio Nazionale 
delle Ricerche, 1992). 

Th e development of the Plio-Pleistocene Apennine 
foredeep is usually related to the eastward rollback 
of the subducting Adriatic plate (among many oth-
ers, Malinverno and Ryan, 1986; Royden et al., 1987; 
Patacca et al., 1990; Doglioni, 1993), since it has been 
shown that the fl exural bending of the Adriatic plate 
cannot be explained by the load of the Apennine oro-
genic belt (e.g., Royden, 1988).

Other geodynamic processes have been also in-
voked to explain the evolution of the Apennine fore-
deep. According to van der Meulen et al. (1998), a lat-
eral shift  of foredeep depocenters along the Apennine 
chain may have been induced by the SE migration of 
a lithospheric tear which drove to a detachment of the 
Adriatic slab (Wortel and Spakman, 1992). However, 
the tomographic analyses that were at the base of this 
slab detachment model have not been confi rmed by 
other more recent tomographic studies (e.g., Lucente 
et al., 1999; De Gori et al., 2001) which have pointed 
out the presence of an almost continuous sub-vertical 
high velocity body, while also the lateral depocenters 
migration has been questioned (e.g., Bertotti et al., 
2001).

Alternatively, the Quaternary subsidence in the 
Adriatic Sea has been interpreted as the result of  
crustal/lithospheric buckling of the Apulo-Adriatic 
plate with subsidence concentrated in the central part 
of the main crustal scale synclines (e.g., Bertotti et al., 
2001; Calamita et al., 2003).

However, the distribution of the Pleistocene to Re-
cent subsidence rates both in the Po Plain and in the 
Northern Adriatic domain (Carminati & Di Donato, 
1999; Carminati et al., 2003) show a clear subsidence 
increase moving from the foreland towards the buried 

Fig. 10 Mirandola anticline: a) uplift  rates corrected and uncorrected for compaction during the last 1.4 Ma and b)corrected sedi-
mentation rates. Based on the cross-section of Fig. 8, uplift  rates have been evaluated on the anticline crest while sedimentation 
rates have been estimated in the adjacent syncline. Compactable layers include Miocene units while, according to available geolog-
ical data, lithology is assumed to be 50% shale and 50 % shale

a b
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thrust front (Fig. 11). Recent and asymmetric (faster 
to the southwest) subsidence is also testifi ed by strati-
graphic and geodetic measurements in the whole Po 
Basin, which is at places below sea-level (Carmina-
ti and Martinelli, 2002). Quaternary sedimentation 
rates in the Po plain can be reasonably assumed to be 
equal to subsidence rates, since the entire sequence 
was deposited in shallow marine to continental en-
vironments. Th e obtained subsidence rates range be-
tween 0 and 2.5 mm/a, with the largest rates (greater 
than 1 mm/a) occurring in the southern part of the Po 
Plain and in the Po Delta. As an example, a signifi cant 
part of the long-term natural component of the sub-
sidence of Venice (about 0.7–1.0 mm/a) has been relat-
ed to the north-eastward retreat of the Adriatic sub-
duction (Carminati et al., 2003).

Mean Pleistocene subsidence rates in the Po Basin 
are comparable to those of other parts of the Apen-
nines foredeep (e.g., the Pescara Basin to the south 
along the Adriatic coast; Colantoni et al., 1989) where 
large deltas do not occur. 

Moreover, the late Pliocene-Quaternary propa-
gation of the Apennine thrust front in the central 
Adriatic, and the related development of the Adriat-
ic ridge’s folds, strongly infl uenced the distribution 
of the Quaternary deposits (post 1.4 Ma), which show 
two main depocenters (Fig. 3; Dondi et al., 1985; Bar-
tolini et al., 1996). Th e fi rst sub-basin, at the eastern 
edge of the Peascara Basin, mainly developed during 
the Early Pleistocene while the second one, located at 
the SE edge of the Po Plain basin (i.e., NE with respect 
to the Adriatic ridge), is characterized by a subsidence 
maximum in Late Quaternary time (e.g., Calamita et 
al., 2003). 

Th e asymmetric distribution of the Quaternary 
subsidence in the Po Plain and in the central-north-
ern Adriatic Sea, and the SW- or W-ward increasing 
dip of the foreland monocline, suggests a Quaternary-
Present fl exural retreat of the subducting lithosphere 
in these domains. Th e deepest depocenters of the 
Apennines foredeep tend to match inherited Permo-
Mesozoic basins (e.g., Lombard basin, Belluno basin, 
Umbro-Marchigiano basin, etc.) where the accretion-
ary prism forms salients. Th ese pre-existing features 
are usually accompanied by subduction-related steep-
er foreland regional monocline, and the foredeep ba-
sin frequently develops on top of the prism (i.e., top-
thrust or piggyback basin).

6 Discussion and Conclusion

6.1 Central and Northern 
 Apennines Thrust Fronts

Th e data exposed and discussed above show that the 
location of the Apennine thrust front in the Adriat-
ic domain should be located in a more external posi-
tion with respect to the classical interpretation (e.g., 
Consiglio Nazionale delle Ricerche, 1992), i.e., along 
the north-eastern edge of the Adriatic ridge (Fig. 6). 
Th is new interpretation bears some relevant implica-
tions since the Late Quaternary to Recent contraction-
al deformations in the Adriatic domain, document-
ed by the interpretation of seismic refl ection profi les, 
seismological data and present-day stress indicators, 
signifi cantly rejuvenate the most recent activity of the 
Apennine thrust front.

Th is conclusion is in agreement with the docu-
mented Late Quaternary to Recent activity of the bur-
ied thrust-related folds associated with the Apennine 
front along the Marche coastal belt and in the Po Plain 
(Fig. 6). Although rates of tectonic uplift  decreased 
during the Quaternary, a tectonic uplift  rate of about 
0.16 mm/a is still recognised during the last 125 ka for 
one of the most external active thrust-related folds de-
tected along the Ferrara arc. Similar uplift  rates (about 
0.1 mm/a) have been also estimated by Vannoli et al. 
(2004) by means of geomorphological analysis for 
the active blind thrusts that drive the growth of the 
Marche coastal anticlines.

Th e decreasing uplift  rates must be evaluated taking 
into account that the Quaternary eustatic low-stand 
has generated a large increase of sediment supply. Th is 
process determines an apparent decrease of thrust ac-
tivity versus sedimentary chronostratigraphic thick-
ness (Fig. 12). Assuming a steady slip on a thrust 
surface, a sea-level drop triggers larger volumes of 
sediment supply into the foredeep that eventually pro-
duce a smaller apparent fault throw due to the expan-

Fig. 11 Schematic profi le across the Apennines, Po Basin and 
Venetian area, showing the curvature of the Adriatic plate in 
the foreland of the Apennines, associated to the slab retreat. 
Profi le location is shown in Fig. 6. Subsidence rates (modifi ed 
aft er Carminati et al., 2003) along the profi le trace are also 
shown (solid line in the graph). Notice that the regular subsid-
ence trend due to subduction retreat is perturbed by thrust tec-
tonics
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sion of the chronostratigraphic thickness. Moreover, 
the larger load generated by Pleistocene sediments in-
creases the vertical stress and induces a stabilization 
of thrusting in compressional settings (e.g., Carmina-
ti et al., 2004). Anyway, shortening faster than 1 mm/
a are eff ectively documented by GPS data (Battaglia at 
al., 2004; Serpelloni at al., 2005; Zerbini et al., 2006) as 
also expected since uplift  rates are one or two orders of 
magnitude slower than horizontal velocity in all tec-
tonic settings worldwide (e.g., Cuff aro et al. 2006).

Th e overall tectonic picture is characterized by an 
active thrust front (in fact made up by the envelop-
ment of discrete thrust structures) running along both 
the northern Apennine and the central and northern 
Adriatic domain. Noticeably, the interpreted thrust 
front delimits the external (north-eastern) edge of a 
belt where a compressional shallow seismicity and 
stress fi eld have been detected. 

Th e most external position reached by the Apen-
nine thrust front in Quaternary times does not neces-
sarily coincide with the north-eastern edge of the belt 
aff ected by Late Quaternary to Recent contraction-
al deformations, which in some areas is more internal 
(Fig. 6, Vai, 1987). Th is evidence refl ects the complex 
interplay between the diff erent parameters controlling 
the accretionary wedge mechanics (e.g., Davis et al., 

1983; Dahlen et al., 1984; Dahlen, 1990; Boyer, 1995). 
As an example, an early forward propagation of the 
thrust along an effi  cient detachment may have been 
followed by a shift  of the tectonic activity towards in-
ner portion of the wedge in response to an increased 
dip of the regional monocline.

Th e internal (south-western) edge of the belt aff ect-
ed by Late Quaternary to Recent contractional defor-
mation is marked by the presence of another active 
thrust that corresponds to the morphological bound-
ary between the Apennines and the Po Plain. Notice-
ably, this thrust is also responsible for the rapid uplift  
of the chain (Doglioni et al., 1999b). 

6.2 Quaternary Geodynamic Evolution

We consider that the most internal active thrust to-
gether with the external thrust front defi ne the por-
tion of the orogen where accretion of sediments from 
the subducting plate takes place, as suggested by geo-
dynamic models for west-directed subduction zones 
(Doglioni, 1991; Doglioni et al., 1999a; 1999b). In this 
geodynamic model the shear between the downgoing 
and retreating lithosphere and the eastward compen-

Fig. 12 Assuming a steady slip 
on a thrust surface (above), a 
sea-level drop triggers larger 
volumes of sediment supply 
into the foredeep (bottom left ), 
determining a smaller apparent 
fault throw (bottom right), due 
to the expansion of the 
chronostratigraphic thickness
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sating mantle is transferred upward, generating the 
shortening within the accretionary wedge. 

Salients and recesses of the thrust front are ac-
commodated by transfer zones with strike-slip or 
transpressional components all along the buried fron-
tal part of the belt. 

Th e subducting Adriatic plate is characterized by an 
inhomogeneous fl exural behaviour, with the Tremiti 
lineament representing the main right-lateral transfer 
zone between the central Adriatic domain, character-
ized by a more pronounced northeastward retreat, and 
the Apulian region, aff ected by uplift  (Doglioni et al., 
1994; 1996). Accordingly, a foreland-ward advance of 
the accretionary prism above the more retreated Cen-
tral Adriatic slab segment could be observed while the 
Southern Apennines accretionary prism shows a de-
creased activity (Scrocca et al., 2005). Th e Apennine 
thrust front looses its structural continuity in corre-
spondence with the Tremiti transfer zone, that in turn 
may be considered the actual tectonic boundary be-
tween the central and southern segments of the Apen-
nines accretionary prism. It may be argued that the 
diff erential slab retreat between the central and south-
ern sectors of the subducting Adriatic plate has in-
duced the segmentation of the Apennine thrust front 
(Scrocca, 2006).

In our interpretation, both the north-eastward fl ex-
ural retreat of the subducting Adriatic lithosphere and 
the related frontal accretion of the Apennine prism 
have been active throughout the Quaternary and may 
be considered still active in both the Po Plain and 
the Central-Northern Adriatic domain, north of the 
Tremiti lineament (Fig. 6).

In the northern Apennines, the instrumental seis-
micity at depth of about 20–30 km (Chiarabba et al., 
2005), mainly represented by compressional events 
(Boccaletti et al., 2004; Eva et al., 2005), might relate 
to the south-western prolongation of the active thrust, 
developed along the morphological boundary be-
tween the Apennines and the Po Plain (Fig. 7). Above 
this thrust, the seismicity is mainly characterized by 
extensional events (Boccaletti et al., 2004; Eva et al., 
2005). 

As a consequence, a large-scale gravity-driven tec-
tonic interpretation of the Northern Apennines (e.g., 
Argnani et al. 1997; 2003), a model that has been de-
veloped for a diff erent class of orogens, does not seem 
compatible with the vertical juxtaposition of a zone of 
shallow extensional earthquakes above deeper com-
pressional events. Rather, the proposed structural in-
terpretation, the present-day stress fi elds and seismic-
ity, and the quaternary natural subsidence could be 
framed in a coherent geodynamic scenario charac-
terized by a retreating west-directed subduction zone, 
which represents the natural evolution of the preced-
ing Neogene geodynamic history.
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