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Abstract The Stephanian Cifiera-Matallana Basin of NW
Spain comprises 1,500 m of alluvial to lacustrine coal-
bearing sediments, which were deposited in a late
Variscan transtensional/transpressional pull-apart setting.
The relationship between coalification pattern and rock
deformation was evaluated by measurements of the
anisotropy of vitrinite reflectance (AVR). The AVR
ellipsoids reveal both pre-tectonic elements related to the
bedding fabric and syn-tectonic elements related to
folding, producing biaxial ellipsoid shapes with the
maximum reflectance parallel to fold axes. The mean
coalification gradient for the Stephanian succession is
about 0.62 %Rr/km. Calculations of the mean palaeo-
geothermal gradient are presented on the basis of three
different empirical equations. A palaeo-geothermal gra-
dient of 85 °C/km is considered the most realistic, with an
overburden of about 1,000 m. 1-D numerical modelling of
the burial history results in two possible scenarios, the
most preferable involving a palaeo-heat flow of 150 mW/
m? and an overburden of ca. 1,050 m. These results
indicate that maximum coalification was related to a
localised but high palaeo-heat flow/-geothermal gradient.
The anisotropy of vitrinite reflectance highlights the
interactive and transitional nature of sedimentary com-
paction and rock deformation on the maturation of
organic material within strike-slip fault zones.
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Introduction

The Stephanian Cifiera-Matallana Basin (CMB), located
in the Cantabrian Zone of NW Spain (Fig. 1A), is one of
the most important coal mining districts of the Iberian
Peninsula with more than 100 years of mining tradition.
Despite this, no published study has attempted a quanti-
tative characterisation of the overall coalification and
thermal history of this small, fault-related pull-apart
basin. The CMB is one of several Stephanian coal basins
positioned along the southern border of the Cantabrian
Zone, all of which have complex depositional and
tectonic histories. These strike-slip fault related basins,
especially the CMB, are positioned in key sites for
unravelling the geological and thermal development of
the Cantabrian Zone during the late stages of the Variscan
orogeny (Garcia-Lopez et al. 1999), and the transition to
Permian crustal extension and volcanism (Fernandez-
Suarez et al. 2000).

There is a long tradition in using the patterns of
coalification to reconstruct the thermal history of sedi-
mentary basins (Teichmiiller 1987a; Yalcin et al. 1997;
Taylor et al. 1998, and references herein). The distribu-
tion of coalification grade, measured by the random
vitrinite reflectance (%Rr), enables construction of sur-
face maps and cross sections that incorporate isore-
flectance lines (e.g. Kalkreuth et al. 1989; Hertle and
Littke 2000). The geometric relationship between isore-
flectance lines and bedding planes allows differentiation
between pre-, syn- and post-tectonic coalification at a
regional scale (Teichmiiller and Teichmiiller 1966). To
evaluate the relationship between coalification and tec-
tonic deformation in greater detail, the anisotropy of
vitrinite reflectance (AVR) can also be measured. During
the process of coalification the inner aromatic structure of
the organic material responds to directional stress
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Fig. 1 A Geological map of the Cifiera-Matallana coal basin. The
late orogenic pull-apart basin shows a complex tectonic structure
related to strike-slip movements along the Sabero-Gordén line (E-
W direction) and mostly compressional deformation (N-S direc-

regimes, such as those induced during compaction and/or
tectonic deformation (Hirsch 1954; Levine and Davis
1984, 1989; Teichmiiller 1987a; Rouzaud and Oberlin
1990). The orientation of the optical anisotropy can be
compared with the geometry of deformation structures.
Determination of the AVR from carefully constrained
field structures (e.g. folds and faults) enables the timing
of coalification to be assessed in relation to strain history,
i.e. pre-, syn- and post-stages of maturation (e.g. Stone
and Cook 1979; Ting 1981; Hower and Davis 1981a,
1981b; Levine and Davis 1984, 1989; Langenberg and
Kalkreuth 1991a, 1991b; Langenberg et al. 1998; Gibb-
ling et al. 2002). Such knowledge provides useful
constraints for improving the thermal modelling of
sedimentary basins.

Based on %Rr-data, the construction of isoreflectance
lines is commonly used to estimate coalification gradients
for stratigraphic successions dominated by burial diage-
nesis. In such cases isoreflectance lines should run
parallel or sub-parallel to bedding (Yamaji 1986).
Palaeo-geothermal gradients can be determined by con-
verting the %Rr data into temperature values. Several

] Hercynian belt in
the Iberian Peninsula

tion). It is subdivided into several faulted synclines and anticlines.
B Sedimentary sequence showing the maximum thickness of the
coal-bearing formations within the basin, which rest unconformably
on surrounding Lower Palaeozoic units

empirical equations and methods have been presented,
based on various assumptions and correlations, each with
varying emphasis on the importance of time and temper-
ature during the coalification process (Lopatin 1971;
Waples 1980; Barker and Pawlewicz 1986, 1994; Barker
and Goldstein 1990; Sweeney and Burnham 1990; Mullis
et al. 2001). For discussion of some of the most frequently
used procedures, the reader is referred to Sachsenhofer
and Littke (1992). Calculation of palaco-geothermal
gradients and knowledge of the maximum coalification
also allows estimation of the thickness of eroded over-
burden.

Another approach to study the thermal history of
sedimentary basins is by numerical modelling of palaeo-
heat flow and burial history, which has proved an
essential tool for petroleum exploration (Welte et al.
1997). The modelling procedure typically starts with a
conceptual model, based on the recognised geological
processes such as deposition, non-deposition, and erosion
(Welte and Yalcin 1988). The validity of such models
depends on the quality of the input data, which incorpo-
rates, for example, the exact stratigraphical thickness and
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thermal conductivity of individual layers (Noth et al.
2002). By far the most widely used data for calibration of
these models are measurements of the random vitrinite
reflectance (%Rr), which can be compared with modelled
reflectance values, such as those calculated by the kinetic
EASY %Ro-method of Sweeney and Burnham (1990).

In the study presented, we combine and apply the
various approaches for characterising and modelling the
thermal history to a small, pull-apart Upper Carboniferous
basin of the CMB, NW Spain. This coal-bearing succes-
sion offers an ideal chance to investigate the coalification
history of a basin, in which sedimentation, rock defor-
mation, and magmatic intrusion were intimately related to
late Variscan strike-slip fault activity. Emphasis is given
to establishing the timing of coalification in relation to
basin evolution and to a quantitative evaluation of the
thermal history.

Geological setting and previous studies

The CMB is located at the southern border of the
Cantabrian Mountains in NW Spain (Fig. 1A). The small,
intramontane basin (25 km?) developed as a fault-related,
pull-apart during the late stages of the Variscan orogeny.
It forms one of a series of post-Asturian synclinoria that
follow the arcuate strike of the Cantabrian Zone (Lotze
1945; Julivert 1971). Lying unconformably upon older
strata, known as the Asturian discordance, the 1,500 m
thick sedimentary sequence of Stephanian B age is
subdivided into seven formations (Wagner and Artieda
1970; Wagner 1971) (Fig. 1B). These formations com-
prise lacustrine and fluviatile sand, silt and mudstones and
include more than ten productive coal seams. The whole
succession is strongly folded and faulted with the
development of several large scale synclines that resulted
from N-S compressional deformation of either Variscan
(Saalic phase) (Wagner and Artieda 1970; de Sitter 1965)
and/or Alpine age (Villegas 1996). The geological
development of the basin is directly related to transpres-
sional/transtensional movements along the E-W trending
Sabero-Gorddn line, a sinistral strike-slip fault, which
marks the southern border of the CMB (Heward and
Reading 1980; Nijman and Savage 1989). Magmatic
intrusions (295-286 Ma, Fernandez-Suarez 1998) can be
found as dykes and folded sills mainly in the Pastora
Formation of the basin. Up to now it is not clear whether
these intrusions were post-tectonic (Fernandez-Suarez
1998) or already syn-sedimentary. Coal seams acted as
preferential paths for the magmatic melt, forming natural
coke along intrusive contacts. Due to the extensive open
cast mining, the area contains numerous outcrops of
varying size and quality.

Published studies concerning the CMB have mainly
dealt with clay mineral reactions and the illite crystallinity
index as an indicator for low- to very low-metamorphic
grades (Galan et al. 1978; Bieg and Burger 1992; Krumm
1992; Marschik 1992; Frings 2002). An anomalous
distribution of metamorphic grade ranging from diagen-

esis to the upper anchizone has been recognised in some
parts of the basin, with no apparent relation of clay
mineral reactions to burial depth (Frings 2002). Galan et
al. (1978) estimated maximum temperatures between
150-200 °C during post-Stephanian/pre-Triassic times,
pressures of <2 Kb and a palaeo-geothermal gradient of
60 °C/km, assuming a maximum sediment thickness of
2,500 m. In a more recent illite crystallinity study, Frings
(2002) estimated maximum temperatures of <200-
250 °C by using the correlation table of Merriman and
Kemp (1996).

Details of the geological history of the CMB are
contained within two unpublished doctoral theses (Men-
dez 1985; Villegas 1996). Mendez (1985) adopted the
methods of Karweil (1956) and Lopatin (1971) for
conversion of %Rr-data into temperatures and estimated
palaeo-thermal conditions of 85-95 °C at depths of 500-
1,000 m without magmatic influence and 95-122 °C at
equivalent depths with magmatic influence. The contact
thermal effects of the intrusive material were considered
to be only local. The temperature of the initial magma
was considered to be 800-850 °C, the contact with coal at
about 603-720 °C, and the contact with the pelitic rocks
at 507-637 °C. Based on the above considerations,
Mendez (1985) defined a palaco-geothermal gradient of
7-8 °C/100 m for the Stephanian succession, with
significant anomalies in the vicinity of intrusive bodies.
He also constructed isoreflectance lines for the Pastora
Fm. in the West of the basin, which hosts most of the
intrusive bodies. The coalification was considered to be
partly post-folding since the maximum values of vitrinite
reflectance occur in the synclines and the minimum
values in the anticlines. Villegas (1996) evaluated a new
underground mine in the western part of the basin
(“Tabliza Mine”), highlighting sedimentological and
structural aspects.

Analytical methods

Random vitrinite reflectance (%Rr)
and gradient calibration

A total of 31 seam samples (“channel sampling”) were
collected from surface outcrops of the six youngest
formations and prepared following the procedure of
Taylor et al. (1998). Due to intense weathering of the
coal the polishing process was the most difficult stage of
preparation. All measurements of vitrinite reflectance
(random and anisotropy) were carried out following the
international standard ISO 7404/5 in oil immersion
(refractive index n=1.518) at x500 magnification and in
reflected light (wavelength of 546 nm), utilising a Leitz-
DM RXP microscope with a MPV control unit and the
computer program MEAS (distributed and copyright by
Leica in 1998). For calibration, four different standards
were used, their reflectance ranging from 0.589% up to
3.225%. Each presented value of %Rr is based on the



Table 1 Input of the basic geological data for the numerical 1D
modelling of the temperature (palaeo-heat flow) and burial history.
Model A assumes an eroded thickness of 2,000 m and Model B a
thickness of 1,050 m (values printed bold). The vertical thermal
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conductivity of each lithology is given at 20 °C and 100 °C. For
other temperatures a linear interpolation/extrapolation is performed
to calculate the thermal conductivity

Stratigraphy Depth Depth  Present Deposition age  Erosion age Lithology Thermal conductivity
Bottom  Top Thickness  Erosion From To From To @20 (°C) @100 (°C)
(m) (m) (m) (m) Ma) (Ma) Ma) (Ma) (W/m*K))
Cretaceous 0 0 0 800 140 65 65 0 Siltstone 2.14 2.03
Eroded Paleozoic 0 0 0 A: 2000 290 250 250 200 Siltstone 2.14 2.03
B: 1050
Matallana 300 0 300 291 290 Sandstone 3.12 2.64
Bienvenidas 680 300 380 292 291 Sandstone 3.12 2.64
San Jose 770 680 90 293 292 Sand and silt 2.59 2.31
Roguera 840 770 70 294 293 Shale 1.98 1.91
Cascajo 1,010 840 170 295 294 Shale 1.98 1.91
Pastora 1,210 1,010 200 296 295 Sand and silt 2.59 2.31
San Francisco 1,610 1,210 400 297 296 Sand congl  2.93 2.63
Sed Basementl 2,610 1,610 1,000 355 310 303.5 297 Limestone 2.83 2.56
Sed Basement2 3,610 2,610 1,000 400 355 310 303.5 Siltstone 2.14 2.03

arithmetic mean of 100 measurements per sample,
recorded in non-polarised light.

Since formations vary greatly in thickness throughout
the basin and are complexly faulted, the precise litho-
stratigraphical positions of individual samples could not
be defined. As a result the arithmetic mean was plotted
against the maximum litho-stratigraphical thickness for
each relevant formation, based on the thickness estimates
given by Wagner (1971), and the calibration data placed
in the middle of each formation.

Anisotropy of vitrinite reflectance (AVR)

Measurements of the AVR were carried out on 13
oriented mudstones and pelitic siltstones containing
dispersed organic material (DOM), selected from well-
constrained structural positions around folds exposed in
surface outcrops. The analytical procedure followed that
of Langenberg and Kalkreuth (1991b), which has the
advantage that measurements can be obtained without the
necessity to rotate the object stage of the microscope.
Each sample was cut into three perpendicular sections and
six directions were measured using polarised reflected
light (546 nm) in oil immersion. The polariser was fixed
to measure the direction parallel to the polarised light.
The reflectance values for each direction are based on 50
measurements and the arithmetic mean calculated.

The AVR was determined by mathematically fitting an
ellipsoid to the reflectance measurements data from the
six directions following the methodology developed by
Kelker and Langenberg (1997). The ellipsoid is defined
by the amplitude and orientation of its three principal axes
(Max, Int, Min), which correspond to the principal
reflectance axes (Rpax,» Rints Rmin). The foliation of the
ellipsoid is defined by the plane containing R,.x and Ry,
and the lineation by the orientation of the Ry, axis. The
shape of the AVR ellipsoids can be described either as

uniaxial-/biaxial positive or —negative, and as oblate or
prolate (Levine and Davis 1989; Flinn 1962).

The measurement errors involved in calculating AVR
ellipsoids ranged, on average, between 6.0-12.2%, with
errors been generally higher for DOM than coal
preparates. For pure coal samples, the AVR is influenced
by vertical differential pressure induced by compaction
and/or reorientation of the aromatic lamellae during finite
tectonic strains. The AVR of DOM in clastic lithologies
may also be influenced by surrounding mineral grains,
which cause tangential stresses at the rims of vitrinite
particles during compaction and/or rock deformation
(Teichmiiller 1987b; Levine and Davis 1989). The effect
of mechanical rotation may be also a contributing factor.
As no significant differences in the AVR elliposoids were
observed between measurements made at the Heidelberg
and Aachen laboratories on the same samples, variations
due to microscope optics are here considered to be
negligible.

Numerical 1D-modelling

All random vitrinite reflectance data of the outcrop
samples were used to construct one idealised pseudo-well.
This technique is explained in detail by Oncken (1982)
and Noth et al. (2001). Simulations of palaeo-heat flow
and burial history were performed using the 1D Petromod
modelling software of IES, Jiilich (Germany). For cali-
bration, the kinetic EASY %Ro approach of Sweeney and
Burnham (1990) was applied. Modelling was performed
by varying the palaeco-heat flow until a best fit was
attained between measured and calculated %Rr data
(calibration procedure). The input data is presented in
Table 1.

For simplicity, the folded basement beneath the
Asturian discordance was assumed to be Westphalian
limestone of the Valdeteja Formation and Westphalian
siltstone of the San Emiliano Formation, which are the
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most abundant lithologies underlying and surrounding the
CMB. The choice of underlying (basement) unit had little
influence on the palaeo-heat flow here calculated as the
model was calibrated only for the Stephanian strata. The
lithology and stratigraphical thickness of the individual
Stephanian formations were taken from Wagner (1971).
Following sedimentation of the Stephanian succession
there was a long non-depositional duration with periodic
erosion up until the Cretaceous. During the Albian to
Santonian, diachronous sedimentation of 150-500 m
thickness occurred (Vozmediano/Utrillas Formation).
Evers (1967) estimated these transgressive sandstones
and conglomerates to exceed 500-1,000 m in the area.
Following the Alpine orogeny, which led to complex
folding and reactivation of Variscan faults along the
southern border of the Cantabrian Zone (Alonso et al.
1995), erosion dominated and still persists today.

sample cm-97-99

oxidation along fissures

Fig. 2 Photomicrographs (reflected non-polarised light and oil
immersion) showing (A) a vitrinite particle with dark oxidation
rims restricted to fissures and small fractures, (B) framboids of
pyrite of different sizes in mineral matrix (darker parts) and
organic matter (grey), (C) dispersed vitrinite particles in a bedding
parallel arrangement indicating an authigenic origin, (D) two

Results and interpretation

Petrographical description of the coaly material

Most coal seam samples and the DOM show signs of
weathering at all grades of maturation. Oxidation is
focused along cracks and fissures within the coaly
particles, giving a darker appearance compared to non-
oxidised parts (Fig. 2A). In order to avoid the strong
variation caused by oxidation, only the non-oxidised
cores of particles were used for measurement in this
study. As subjective discrimination criteria the optical
appearance was applied. Framboids of pyrite, probably of
bacterial origin (Casagrande 1987), are omnipresent both
in the coal and in the clastic sediments containing DOM
(Fig. 2B). Syngenetic or early-diagenetic growth is
evident by the mainly bedding-parallel arrangement of
the framboids. The amount of mineral matter associated
with the coal particles varies extremely (Fig. 2B) and
hindered good quality polishing of the sample material.
The DOM can be subdivided into two characteristic
groups: I.) cumulation of particles clustered along the
bedding plane and oriented with their long axes parallel to

0.1 mm

different types of vitrinite particles: authigenic ones in a bedding
parallel arrangement and a reworked (detrital) one with a higher
reflectance and sub-angular grain shape. The photos A and B were
taken from coal preparations; C and D from polished sections of
pelitic siltstones containing DOM
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Table 2 Anisotropy of vitrinite

reflectance data. The values of Sample %Rmax  %Rim  %oRpin _ Error (%) P K Rinax Rin Rinin
the three principal reflectance cmb-10-00  2.06 1.59 1.44 8.9 143 2.80 119/36 009/24  253/44
axes of the anisotropy ellipsoid ~ ¢mb-11-00 1.8 1.69 1.4 8.8 129 0.32  348/17 078/02 176/73
and their orientations are cal- cmb-57-00 2.2 1.63 1.57 7.3 1.40 827 082/37 246/52 346/08
culated using the program of cmb-26-00  1.76 1.41 1.3 6.0 1.35 298 332/31 225/27 101/47
Kelker and Langenberg (1997).  cmb-46-00 2 1.88 1.75 10.6 1.14 0.87 282/01 012/29 191/61
The arithmetic error (%) of the ~ cmb-47-00  1.97 1.87 1.69 8.5 1.17 054 244/19 153/05 047/70
measurements is based on six cmb-54-00  1.56 1.53 1.31 7.9 1.19  0.14 148/84 273/03  004/05
ree}dlngs per sample, P is the cmb-55-00  1.71 1.61 1.52 8.6 1.13  1.04 269/19 151/54 010/29
anisotropy factor (Rmax/Rmin) cm-156-99 1.8 1.53 1.43 12.2 126 2.82 096/57 191/04 284/33
and K is the Flinn factor cm-157-99  2.03 1.81 1.5 9.0 1.35  0.60 350/21 097/38 240/45
(Rmax/Rind)-1/(Rin/Rimin)-1) cm-158-99  1.88 1.76 1.52 10.5 1.24 044 310/17 206/39  059/46
(Flll‘lﬂ.196'2)- Prola.te shapes of  cm-170-99 1.6 1.46 1.39 8.9 1.15  1.78 325/69 070/05 162/20
the ellipsoid are printed bold; cm-173-99  1.96 1.77 1.64 9.0 1.20 1.34 238/42 137/12 035/46
orientations are given as dip-
direction and angle of dip
this plane (Fig. 2C, D), and II.) sub-angular particles 1.4 - K=inf.
embedded isotropically throughout the grain-supported N
matrix (Fig. 2D). The latter group has a much higher ] late sh NLg
reflectance and is considered to be of reworked (detrital) 13 prolate shapes
origin. The reflectance values of these grains were not = o
included into the AVR database. 02 °
S @ fold limb
. e E 121 W fold hinge
Anisotropy of vitrinite reflectance (AVR) T n
<
The calculated AVR ellipsoids from the 13 measured 11, ° ®
samples are listed in Table 2. All the samples exhibit ’ L
distinct anisotropies with 11 to 30% difference in m ©®
magnitudes between the maximum and minimum re- - oblate shapes K=0
flectance. Presentation in an axial ratio plot (Levine and 1 - - - -
Davis 1989), which is equivalent to the better known 1 1.1 1.2 13 14
B=Rint/Rmin

Flinn-diagram (Flinn 1962), indicates variation in the
shape of the AVR ellipsoids between strongly oblate
(pancake-shaped) and prolate (cigar-shaped) geometry
with k-values ranging from 0.14 to 8.27 (Fig. 3).

The orientation of the three principal axes of AVR
ellipsoids and structural rock fabric elements are present-
ed for two fold structures developed within the deformed
basinal succession in equal area stereo-nets (Fig. 4).
Siltstone samples cmb-46-00 and cmb-47-00 were
obtained from the two limbs of an upright and open fold
structure of decimetre scale. Both AVR ellipsoids are
biaxial negative, but show a weak anisotropy with only
slight differences in the magnitudes of their axes. The
foliation of the ellipsoid of sample cmb-46-00 is sub-
parallel to the bedding and Ry, lies normal to it, implying
burial-dominated coalification. The slight deviation of the
reflectance foliation to the bedding in sample cmb-47-00
may indicate a slightly different strain history during
coalification than on the opposite fold limb. The
lineations of both ellipsoids lie sub-parallel to the fold
axis and reflect a syn-tectonic development of the AVR as
does the biaxial positive shape of the two AVR ellipsoids.

Three siltstone samples from an upright and tighter
fold structure of 5 m wavelength are also presented
(Fig. 4). Sample cmb-10-00 from the northern limb
shows a typical burial-related coalification pattern with
the foliation of the AVR ellipsoid running parallel to the

Fig. 3 Axial ratio plot (Levine and Davis 1989) of principal
reflectances used for AVR calculations for samples from the CMB
(comparable to the diagram of Flinn 1962). There is a trend from
oblate to prolate via intermediate (uniaxial) ellipsoid shapes

bedding and a tectonic increment with the lineation of the
ellipsoid parallel to the fold axis. The AVR ellipsoid of
sample cmb-11-00 from the southern limb exhibits
comparable features to that of sample cmb-47-00 from
the open fold structure. Axes’ orientations show poor
correlation to the fold structure and to the bedding. Ry«
and Ry, have approximately the same magnitudes, with
no clear lineation definable. This pattern is considered to
be typical of burial-related coalification, with no defor-
mational influence, but the ellipsoid foliation lies ca. 40°
to the bedding. An explanation for this variance could be
lateral gradients induced during deformation. Sample
cmb-57-00 collected from the fold hinge shows an
approximately uniaxial positive ellipsoid shape, which is
quite uncommon in the sample suite. The lineation of the
AVR ellipsoid roughly parallels the fold axis, but in
contrast to the other two samples from this fold, the
foliation of the ellipsoid lies ca. 75° to bedding. In total,
there is a trend showing a good parallelism between the
lineation of the AVR ellipsoids and fold axes. Within
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Fig. 4 Equal area stereo-nets of the orientations of the three
principal reflectance axes of AVR ellipsoids for samples from two
outcrops. The overall bedding orientations at the sample location
are presented by the stereo-nets on the left; the intersections of the
great circles correspond to the fold axis (marked by x). The bedding

orientation of the individual samples is shown as a great circle, the
fold axis by the x. Magnitudes of % vitrinite reflectance are given,
also the ellipsoid shape and the Flinn K-factor (Flinn 1962). There
is a strong correlation between AVR ellipsoid orientation and
geological structure, indicating synchronous development

Table 3 Results of random vit-

. Sample Formation Thickness (m) AN Error (%) °C (1) °C@2) °C@3)
rinite reflectance measurements
(%Rr). The arithmetic error (%) Cm-35-99 Matallana 300 1.04 3.0 160 138 178
given is calculated from the Cm-18-99 Bienvenidas ~ 350-380 0.91 6.3 143 127 175
measured standard deviation. Cm-131-99 « “ 1.57 4.1 211 172 188
Maximum thicknesses of single ~ Cmb-52-00 “ “ 1.32 2.8 189 158 183
formations are also listed. Esti-  Cm-90-99 San José 75-90 142 40 199 164 185
mated palaeo-temperatures base  Cm-53-99 Roguera 60-70 1.66 2.7 218 176 189
on the equations: (1) Cm-52-99 Casc.-Rog. 150-170 1.88 3.6 233 187 193
T=(In(Rr)+1.26)/0.00811 of Cm-71-99 « « 076 5.0 121 113 173
Barker and Goldstein (1990); Cm-75-99 «“ «“ 197 49 239 190 195
(2) T=(In(Rr)+1.68)/0.0124 of ~ Cm-43-99 Pastora 85-200 143 47 199 164 185
Barker and Pawlewicz (1994) Cm-97-99 « « 1.24 4.2 182 153 182
and (3) T=(Rr+8.6238)/0.0543 Cm-146-99 “ “ 1.27 6.1 184 154 182
of Mullis et al. (2001). Re- Tm-1-99 “ « 2.03 5.3 243 193 196
flectance values used in Figs. 5,  Cmb-2-00 « “ 1.59 5.0 213 173 188
6 are printed bold Cmb-4-00 « “ 1.36 4.9 194 160 184
Tm-1-00 “ “ 2.11 5.6 248 196 198
Tm-2-00 “ “ 4.03 4.5 327 248 233
TM-3a-00 “ « 2.56 1.5 271 211 206
TM-3b-00 “ o 2.49 4.8 268 209 205

some samples deviations occur between the foliations of
the AVR ellipsoids and the bedding.

Mean coalification gradient for the Stephanian strata

Measurements of random vitrinite reflectance (%Rr) were
used to evaluate a mean coalification gradient and the
total overburden for the CMB, based on the values
presented in Table 3. From the 31 samples prepared, only
19 could be measured with certainty. A further seven
samples were discarded from the data set because of

intense alteration (retarded reflectance) and close prox-
imity to igneous dykes (elevated reflectance).

To obtain an estimate of the coalification gradient and
the total overburden, the method of Yamaji (1986) was
applied (see also Conolly 1989; Scheidt and Littke 1989).
The %Rr values were plotted on a logarithmic axis due to
the observation that in undisturbed settings the increase of
9%Rr with depth has an exponential form, allowing a
linear regression to be calculated from data points
(Fig. 5). Assuming that the palaeo-surface vitrinite
(huminite) reflectance was 0.25%Rr (equivalent to
palaeo-surface temperature of ca. 25 °C), the intersection
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Fig. 5 Plot of logarithmic %Rr values versus depth used to
reconstruct the coalification gradient and the maximum thickness
of overburden (Yamaji 1986). The correlation coefficient R? of the
regression line (thick line) indicates a low scattering of the data
points and a relatively high quality of the calculated regression. The
high coalification gradient of 0.62%Rr/km implies a high thermal
palaeo-heat flow

of the regression line at this point can be used to predict
the maximum overburden. The %Rr values used for the
explained procedure range from 1.04 to 2.56%Rr for the
six formations, and produce a coalification gradient of
0.62%Rr/km and a total overburden of about 1,000 m.

Mean palaeo-geothermal gradient
for the Stephanian strata

The data set of random vitrinite reflectance (%Rr) was
also used to calculate a mean palaeco-geothermal gradient
for the Stephanian strata by adopting the empirical
equations of (1) T=(In(%Rr)+1.26)/0.00811 of Barker
and Goldstein (1990), (2) T=(In(%Rr)+1.68)/0.0124 of
Barker and Pawlewicz (1994) and (3) T=(%Rr+8.6238)/
0.0543 of Mullis et al. (2001). The results are plotted
against depth and the temperature gradient calculated
(Fig. 6). Applying the same procedure as in Fig. 5, it is
also possible to estimate the total thickness of overburden.
According to Eqn. (1) the overburden was about 730 m
and the mean palaeo-geothermal gradient about 135 °C/
km (Fig. 6A). According to this model the calculated
maximum temperature for the lowermost formation (San
Francisco) was between 295 and 315 °C. Equation (2)
results in a total overburden of 1,020 m and a mean
palaeo-geothermal gradient of 85 °C/km (Fig. 6B). The
overburden corresponds well with that of Fig. 5, where
the measured (true) reflectance values are plotted. Again,
the mean temperature gradient is very high but may be
viewed as realistic in respect to the abundance of
intrusions. Here, the maximum temperature of the low-
ermost San Francisco Formation would have reached
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Fig. 6 A-C Different models used to reconstruct the maximum
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calculate temperatures from %Rr values. The correlation coeffi-
cient R? of the regression lines (thick lines) is similar to that in
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225-240 °C. According to Eqn. (3) the mean palaeo-
geothermal gradient was about 34 °C/km and a total
overburden in the range of 4,000 m (Fig. 6C). These
values appear rather unrealistic considering the presence
of magmatic bodies and the lack of geological evidence
for such a thick overburden.

Palaeo-heat flow and burial history

To obtain a good fit between measured and calculated
%Rr values, different scenarios were calculated. The time
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Fig. 7 Measured (dots) and calculated (line) vitrinite reflectances
for the pseudo-well, reconstructed from outcrop samples. Vitrinite
reflectance was calculated using the EASY %Ro method of
Sweeney and Burnham (1990). The better calibration fit of Model A
was achieved with a palaeo-heat flow of 90 mW/m? and an
overburden of 2,000 m. The fit of Model B was achieved with a
palaeo-heat flow of 150 mW/m? and an overburden of 1,050 m. The
measured vitrinite reflectance for the two uppermost Stephanian
formations (Matallana and Bienvenidas) do not correspond well,
but the overburden value is much more likely and fits well with the
gradient calculations (Figs. 5 and 6)

of maximum burial was placed in the post-Stephanian,
assuming deposition of sedimentary rocks until the end of
the Permian and subsequent erosion (Table 1). A good
calibration fit was achieved using a palaeo-heat flow of
90 mW/m? for the time of maximum burial and a total

overburden of 2,000 m (Fig. 7A). According to this
model, maximum temperatures for the Stephanian for-
mations ranged between 185 and 200 °C (top and bottom
of San Francisco Formation, respectively). The thicker
overburden contrasts with that determined by the methods
of Yamaji (1986), Barker and Goldstein (1990) and
Barker and Pawlewicz (1994) (Figs. 5 and 6). Therefore a
second model (Model B) was calculated assuming an
overburden of 1,050 m, as determined by the empirical
methods presented. To achieve a good calibration fit, a
heat flow of 150 mW/m? was adopted for the time of
maximum burial. Maximum temperatures for the Stepha-
nian San Francisco Formation range here between 215
and 270 °C. The resulting calibration curve fits the
measured %Rr values of the lower Stephanian formations,
but deviates strongly from stratigraphically the upper
values (Fig. 7B).

The resulting burial history indicates rapid subsidence
occurred during Stephanian B to Permian times, followed
by high erosion rates (Fig. 8). Heward (1978) estimated a
subsidence rate of 0.21-0.36 m/1,000 a for the Stepha-
nian B succession, which is in reasonable agreement with
our calculation of 0.23 m/1,000 a. As the age of
overburden (1,050 m) cannot be exactly specified, these
sediments were not included in the calculation of the
subsidence rate. Such calculations are only estimates
based on the applied modelling technique. If, for example,
it is assumed that all formations were sedimented during
the Stephanian B (duration of 2-3 Ma), the subsidence
rate was significantly higher, at about 0.5-0.8 m/1,000 a.

Discussion

Timing of coalification

In burial sequences an uniaxial oblate AVR ellipsoid
geometry is expected for the compaction related anisot-
ropy, with the short axis (Rp,) lying parallel to the
direction of compaction and the long axes (Ryax and Ryyy)
parallel to bedding (e.g. Teichmiiller 1987a; Gibling et al.
2002). During rock deformation this geometry is modified
in respect to the effective deviatoric stresses, whereby the
direction of minimum reflectance aligns parallel to the
direction of maximum compressional stresses. In folded
sequences the maximum reflectance develops in the
direction of the fold axis (Levine and Davis 1984,
Langenberg and Kalkreuth 1991a, Langenberg et al.
1998). These relationships lead to a general correspon-
dence between the orientation of AVR principale axes and
the fabric elements of sedimentary rocks, where Ry,.x and
Rin¢ are oriented within and Ry, is normal to the bedding
plane. This geometry is observed in most of the samples
in the CMB. Some samples (e.g. cmb-57-00), however,
show notable deviations of the AVR foliation from the
orientation of the bedding plane.

The arrangement of the principal AVR axes are
considered to reflect a transition state between pre- and
syn-deformational influences on the coalification. The
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fact that most foliations of the AVR ellipsoids run parallel
to the bedding whereas R, is normal to it supports a
mainly burial-dominated coalification origin. However,
the biaxial character of most of the measured samples,
with the ellipsoid lineation (Ry,,x) running parallel to fold
axes, is taken as an indication for a tectonic influence on
the development of the AVR. The phenomena of biaxial
shapes on fold limbs and a uniaxial shape in fold hinges is
also described by Langenberg and Kalkreuth (1991a) for
samples from the Cadomin area, Canada, and by Salih
and Lisle (1988) for samples from South Wales, UK. It is

assumed that the bulk geometry of the AVR ellipsoids is
distinctly oblate due to compaction before modification
by tectonic stresses. During a deformation path related to
the development of fold structures, regimes of flattening
with plane strain and constriction for individual incre-
ments and individual geometrical positions may produce
AVR ellipsoids of various shapes simultaneously. Folding
produces an uniaxial oblate ellipsoid with the minimum
axis normal to the fold axial plane. In upright folding (our
sample locations), the axial plane will be normal to pre-
folding bedding and thus the minimum axis of the folding
ellipsoid will be perpendicular to the minimum axis of the
compaction ellipsoid. Superposition of the two ellipsoids
produces variously shaped, but usually prolate ellipsoids
whose major axis lies parallel to the fold axis. However,
our analysis of different fold structures shows a distinct
trend in the shape of AVR ellipsoids. Fig. 9 presents the
ellipsoid shapes versus their maximum anisotropy
(P = Rppax/Rpin)- Evidently the path from oblate to prolate
geometry is accompanied by a reduction in total anisot-
ropy when the oblate ellipsoid shape is transformed into a
triaxial geometry with minimum values at k=1 (plane
strain). The anisotropy progressively increases again
when transformed into a prolate geometry. The analysed
samples from the CMB show a development in their
shape and anisotropy as would be predicted during
continuous ellipsoid modification from oblate to prolate
geometry. The modification of the shape of AVR
ellipsoids is therefore interpreted as a result of strain
during folding of the CMB rocks.

There is ongoing discussion concerning the influence
of Variscan versus Alpine deformation on the tectonic
structures at the southern border of the Cantabrian Zone
and especially in the CMB (Villegas 1996). The orien-
tation of the inner aromatic structure of the vitrinite
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particles is genetically and only linked to the maximum
coalification process (Rouzaud and Oberlin 1983; Levine
and Davis 1984). Because peak coalification in the CMB
was directly related to the late-Variscan intrusion activity,
the development of the tectonic increment of the
measured AVR must have taken place contemporaneous-
ly. A late-Variscan age (Saalic phase) of the major
structures of the CMB has already been suggested by
Wagner and Artieda (1970) and de Sitter (1965), despite
the more recent study of Villegas (1996), who favoured
an Alpine age. There is little discussion about the wide
extent of Alpine structures along the southern border of
the Cantabrian Zone, which is manifested, for example,
by the partly overturned Cretacous and Tertiary sediments
along the Sabero-Gordén line (Alonso et al. 1995).
However, despite this overturning, our new results
demonstrate that the development of the main structures
within the CMB occurred during late-Variscan times
(Stephanian to Permian). Nevertheless, the lack of
parallelism between AVR ellipsoid and structural fabric
in some samples may be an expression of Alpine
deformational influences. Especially the minor variations
of the lineation of some AVR ellipsoids in respect to the
fold axes (Fig. 4) could express more than the aforemen-
tioned measurement error. These variations could be due
to some post-Variscan, maybe Alpine aged fold re-
orientation. But it remains unclear why some samples
were affected by this re-orientation whereas some others
from the same fold structure were obviously not. At least
we favour a more likely explanation that relates the
observed variations to the characteristic pull-apart setting
where maximum coalification and transpressional/
transtensional deformation were contemporanous.

Theoretically there is also the possibility of re-
orientation of a pre-existing pattern of the aromatic
lamellae resulting by physical rotation (Levine and Davis
1989). As this process is not convincingly described yet,
especially if there is a need of another coalification event
of same magnitude as before or not, we reject it here. On
the other hand the discussion clearly shows that further
studies are necessary to constrain these relationships,
especially the processes, which are responsible for the
development of the AVR (see also Gibling et al. 2002).
Emphasis should also be given to a direct comparison
between AVR ellipsoids and strain analysis in progressive
deformed sedimentary rocks.

Thermal history

An important prerequisite for calculating thermal gradi-
ents in sedimentary basins is that the isoreflectance lines
run parallel or at least sub-parallel to bedding. The
validity of our calculations is strongly supported by the
good correlation coefficients R? (between 0.74 and 0.76)
of the regression lines (Figs. 5 and 6), indicating peak
coalification to have been more or less contemporaneous
with peak burial. The scatter of %R values within each
formation is probably more dependent on two other

factors, such as contact effects of magmatic bodies and
weathering. In this study it was not possible to discrim-
inate between and eliminate these two factors. The chosen
procedure to construct the pseudo-well (mean litho-
stratigraphical thickness for each formation) reduces the
influence of the scattering. Due to the complex tectonic
structure of the CMB and significant lateral changes in
thickness of the several Stephanian formations, this
procedure appears to be the most realistic approach.
Additional support for the validity of our calculations are
the AVR ellipsoid foliations, which are oriented mainly
parallel to the bedding whereas Ry, lies normal to it,
indicating a strong burial influence during coalification.
The fact that the AVR shows a tectonic influence during
coalification is of no relevance for the thermal calcula-
tions, because there was no increase in coal rank
combined with the development of the AVR.

In sedimentary basins the increase in vitrinite re-
flectance and the resulting rank of the organic matter is
generally considered to be dependent on burial depth,
time and the related palaco-thermal history. The two most
important factors are considered to be the palaeo-
geothermal gradient and the palaeo-heat flow (Welte et
al. 1997; Taylor et al. 1998). In this study, the mean
palaeo-geothermal gradient calculations and palaco-heat
flow modelling are based on the assumption that the
maximum coalification reflects peak burial and peak
temperature conditions, which in turn are directly related
to the magmatic activities of late-Variscan age. Mendez
(1985) already stated that the intrusion activities exerted
most influence on the overall coalification grade with
locally restricted anomalies at direct contacts to the
magmatic material.

Applying these assumptions the validity of the differ-
ent empirical equations used for calculation of the
different gradients can be evaluated. As the reconstructed
overburden of 1,000 m of Fig. 5 is based on measured
reflectance values, we regard this as a reliable reference
value against which thermal calculations can be com-
pared. The most unrealistic values are clearly those
derived from Eqn. (3) of Mullis et al. (2001) (Fig. 6C),
based on the comparison of vitrinite data with homogeni-
sation temperatures of fluid inclusions in syn-kinemati-
cally grown fibre quartz. The coalification process in the
CMB is notably inconsistent with the fluid inclusion data,
and it therefore appears that this equation is only valid for
the Alpine study area of Mullis et al. (2001). It is evident
that such correlations must be treated with caution,
especially if no structural or timing constraints are
available. Equation (1) of Barker and Goldstein (1990)
appears to provide a more realistic estimate for the CMB,
despite the fact that the conversion is also based on the
comparison with homogenisation temperatures of fluid
inclusions from re-equilibrated calcite, and additionally to
present-day peak borehole temperatures. These authors
concluded that %Rr is most closely related to peak
temperature than to the duration of heating. A mean
palaeo-geothermal gradient of 135 °C/km for the CMB
(Fig. 6A) indicates a strong influence of the magmatic



intrusions on the coalification. However, the calculated
maximum temperature of 295 to 315 °C for the lowermost
San Francisco Formation distinctly exceeds the upper
temperature limit predicted from illite crystallinity data
(Frings 2002). Overall, it appears that Eqn. (3) neglects
the influence of intrusive activity on the coalification,
whereas Eqn. (1) overestimates it.

The most realistic results are obtained by applying
Eqn. (2) of Barker and Pawlewicz (1994). This equation is
based on comparisons between vitrinite reflectance and
present-day borehole temperatures. The authors conclud-
ed that the maximum temperature or effective heating
time (time within 15 °C of maximum temperature) is the
most important factor on coalification. They also stated
that the functional heating duration is negligible above
10,000 years to more than 10 Ma. The reconstructed
overburden of 1,020 m is in accordance with that
calculated directly from the vitrinite reflectance data
(Fig. 5). The elevated mean palaeo-geothermal gradient
of 85 °C/km correlates well with the high coalification
gradient of 0.62 %Rr/km, and both indicate a significant
influence from magmatic activity. The maximum tem-
perature of 225-240 °C predicted for the lowermost San
Francisco Formation is in the range of the temperature
indicated by illite crystallinity results (Frings 2002) and
coincides with the gradients given by Mendez (1985) and
Galan et al. (1978).

Sachsenhofer and Littke (1992) showed that the
approach of Barker and Pawlewicz (1986), which is quite
similar to that of Barker and Pawlewicz (1994), yields
only good results in the case of short and simple thermal
histories. According to Sachsenhofer and Littke (1992)
the calculated temperatures in areas of occasionally high
palaeo-heat flow with some magmatic activity are often
too high in the low-temperature range and too low in the
high-temperature range. Compared to results obtained
with the kinetic approach of EASY %Ro (Sweeney and
Burnham 1990), they rejected the approach of Barker and
Pawlewicz (1986) as being too inaccurate when dealing
with complex thermal histories. We agree that the various
equations are applicable only to specific settings of
particular thermal histories, as shown by our own results.
However, as the calculated value for the overburden is in
accordance with that yielded with the approach of Yamaji
(1986), the calculated mean palaeo-geothermal gradient is
seen to provide a good estimate of the real palaco-thermal
history of the CMB. Nevertheless, we used the kinetic
EASY %Ro approach for calibration of the 1D modelling
and obtained some reliable models (Model B) in the range
of the empirical results.

From the available calibration data two numerical 1D
models were established. In Model A, a heat flow of
90 mW/m? was assumed for the time of maximum burial
with a total overburden of 2,000 m. These assumptions
produced a good fit between measured and calculated
vitrinite reflectance values (Fig. 7A). In Model B, a heat
flow of 150 mW/m? was adopted and a total overburden
of 1,050 m. This model also produced a good fit with the
measured values at greater depth but not for the
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Bienvenidas and Matallana Formations (Fig. 7B). Gener-
ally, the Barker and Pawlewicz (1994) method agrees
well with the EASY %Ro algorithm if the heating time
was sufficiently long (~5 Ma) (Biiker 2002). If the data
points of the Bienvenidas and Matallana Formations are
discarded, an overburden of about 1,000 m can be
simulated from the numerical modelling (Fig. 8). Heat
flows of about 150 mW/m?, as assumed in our Model B,
are generally related to active ocean ridges and volcanoes
(Allen and Allen 1990). More appropriate seems to be the
most recent model explaining the widespread magmatism
at late-Variscan times in the Cantabrian Zone, which
relates this phenomena to delamination of the crust and
upwelling of the asthenosphere (Fernandez-Suarez 1998;
Fernandez-Suarez et al. 2000). Additionally palaco-heat
flows in the range of Model B are reported from similar
settings such as the Eastern Alps (Sachsenhofer 2001).

The overburden estimate of approximately 1,000 m is
in rough accordance with the estimated thickness of
Cretaceous transgressive sediments (Evers 1967). It is,
however, unlikely that this Cretaceous cover has had any
significant influence on the coalification of the organic
material of the CMB. As the estimates of this study deal
only with overburden relevant to the coalification process,
it is more likely that peak temperatures and maximum
burial were attained much earlier than Cretaceous times
and are related to the intrusive activities of late-Variscan
age. Therefore it is considered more probable that the
overburden relates to further sedimentation in Stephanian
or even lower Permian times. This scenario is supported
by several studies (Comte 1959; de Sitter 1962; van
Ameron and van Dillewijn 1963; Heward 1978; Martinez-
Garcia and Wagner 1984), which describe the Stephanian
palaeo-depositional environment in the area of the CMB
as a large, coherent coastal floodplain with alluvial fan
and lacustrine sedimentation, with depocenters/deep de-
pressions forming along major structural lineaments, such
as the Sabero-Gordén line. Such sediments have been
subsequently affected by tectonic deformation and erod-
ed, whereby only the Stephanian sequences of the former
depocenters have been preserved. Martinez-Garcia (1990)
also predicted a Permian cover to have overlain the whole
Cantabrian Zone. But it is considered unlikely that such a
cover exceeded 1,000 m thickness in the CMB, as only
very small outcrops of Permian strata are preserved in the
north of the Cantabrian Zone. At present there is no direct
way to constrain the thickness of overburden based on
sedimentological or structural data (e.g. palinspastic
reconstructions). On the basis of our palaeo-geothermal
results it is most likely that the reconstructed overburden
reflects eroded Stephanian to Permian strata, as it is
shown in Fig. 8 and Table 1.

The presented study combines investigations of the
coalification pattern (thermal history) with the rock
deformation. Although the CMB is characterised by
complex pull-apart tectonics our approach allows us to
reconstruct the tectono-thermal history with greatest
accuracy. The AVR is tested as a reliable tool to achieve
this correlation. Some of the variations between fold
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structures and AVR ellipsoids may be influenced by later
(Alpine) events, but the main deformation was definitely
contemporaneous with peak coalification at late-Variscan
times. The reconstruction of the thermal history is
achieved best with the empirical equation of Barker and
Pawlewicz (1994). It seems that most of the critics of
Sachsenhofer and Littke (1992) are not applicable to the
pull-apart setting of the CMB. Thermal modelling with
the favoured EASY %Ro method results a good fit
(Model A), but with minor geological relevance. Only
with additional information about the basin history the
more realistic Model B could be developed. It has to be
mentioned that we disregarded the influence of fluids in
our modelling and discussion. It is possible that there
were more complexity and processes active than men-
tioned, and some of the observed variations might be due
to thermal fluid-induced parameters (Hower and Gayer
2002).

Conclusions

1. The AVR data indicates a transition state between a
pre- and a syn-deformational coalification pattern.
Burial related coalification produced AVR shapes with
ellipsoid foliation mainly running sub-parallel and
Rumin ellipsoid axes normal to bedding, modified by a
significant syn-deformational influence of tectonic
strain as indicated by biaxial positive shapes and
AVR ellipsoid lineations (R, ellipsoid axis) running
parallel to fold axes. The modification from an oblate
to prolate geometry of the AVR ellipsoid shapes is
interpreted as a result of strain during folding of the
CMB.

2. Coalification of organic material in the CMB was
influenced by a high mean palaeo-geothermal gradient
of ca. 85 °C/km, which resulted in a mean coalification
gradient of 0.62%Rr/km for the Stephanian strata.
Local anomalies, related to intrusion “aureoles”, show
an enhanced coalification grade of the organic mate-
rial, whereas mostly all samples exhibit varying levels
of alteration (oxidation).

3. According to the calculated gradients the total over-
burden relevant to the maximum coalification is
estimated to be in the order of 1,000 m. This
overburden is attributed to overlying Stephanian to
Permian rocks that have subsequently been eroded.

4. Numerical 1D-modelling of palaeo-heat flow resulted
in two models, one with an assumed heat flow of
90 mW/m? and an overburden of 2,000 m (Model A)
and another preferred one with a heat flow of 150 mW/
m? and an overburden of 1,050 m (Model B).

5. For the thermal description of a complex pull-apart
setting the applied combination of empirical equations,
thermal modelling and AVR measurement proved a
reliable approach.
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