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Abstract The preexisting north—south trending basement
faults and their reactivation played an important role dur-
ing the evolution of the Zagros fold—thrust belt. The Anaran
Basement Fault (ABF) in the Lurestan region, NW of
the Zagros, has been considered as a N-S trending base-
ment lineament, although its surface structural expression
is still debated. In this study, we use satellite images and
field observations to identify and analyze the fractures in
the sedimentary cover above the ABF. Fracture analysis
demonstrates that approaching the ABF, the fracture pat-
tern changes. The fractures association with reactivation of
the deep-seated preexisting ABF can be categorized in four
sets based on their directions. The mean direction for maxi-
mum compressional stress is different between the fault-
and fold-related fractures within and around the ABF shear
zone. We estimated an orientation of N30° £ 5° for the
fault-related fractures and N45° + 5° for the fold-related
fracture sets outside of the ABF shear zone. This difference
suggests that the fold-related and fault-related fracture sets
have been formed in different two stages of deformation
throughout the area. The axial traces of some folds, espe-
cially the Anaran anticline, demonstrate a right-lateral off-
set along the ABF, such that, in central part of the Anaran
anticline, the fold axis of this anticline is changed from its
original NW-SE trend to approximately north—south trend
of the ABF.
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Introduction

The Zagros fold-thrust belt (ZFTB) extends for about
1800 km through Iraq and Iran (Fig. 1) and formed due to
continent—continent collision between African—Arabian
plate and Iranian block (Takin 1972; Stécklin 1974; Ber-
berian and King 1981; Koyi 1988). This continental colli-
sion has made significant crustal shortening in the ZFTB
and consequently caused cover and basement folding and
faulting (Berberian 1995; Hessami et al. 2001a; Blanc et al.
2003; Nilforoushan et al. 2003; McQuarrie 2004; Sepehr
and Cosgrove 2005; Alavi 2007; Mouthereau et al. 2007a).
The ZFTB hosts more than half of the world’s hydrocarbon
reserves (Sepehr and Cosgrove 2005). High productivity
of these reserves is related to the presence of fractures that
have led to secondary effective porosity in carbonate reser-
voirs (Gholipour 1998; Ahmadhadi et al. 2008; Mobasher
and Babaie 2008; Khoshbakht et al. 2009, 2012).

The orientation and intensity of fractures are typically
related to macrostructures, such as folds, developing dur-
ing progressive deformation of a sedimentary basin in
Cenozoic (Anastasio et al. 1997; Storti and Salvini 2001;
Bellahsen et al. 2006; Tavani et al. 2006; Mobasher and
Babaie 2008; Amrouch et al. 2010; Lacombe et al. 2011;
Tavani et al. 2015). In agreement, in the ZFTB, several
sets of folding-related fractures have been recognized
(McQuillan 1973, 1974; Gholipour 1998; Ahmadhadi
et al. 2007; Mobasher and Babaie 2008; Lacombe et al.
2011). Indeed, other fracture systems oriented oblique to
the trend of thrusts and folds are widely documented in
the Zagros (e.g., McQuillan 1974; Carminati et al. 2013).
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Fig. 1 Relief and simplified

structural map of the Zagros
fold—thrust belt shows the major
structures of the Zagros and

the location of the study area.
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These oblique sets include fractures striking about N-S
and E-W (e.g., Amrouch et al. 2010; Lacombe et al. 2011),
and they have been interpreted as related with the reac-
tivation of inherited, N-S striking, basement faults (e.g.,
Stephenson et al. 2007; Tavani et al. 2011). On the other
hand, occurrence and reactivation of oblique inherited
faults during thrusting, can determine local perturbation of
the stress field and the development of local fracture pat-
terns. Therefore, the study of fracture patterns can greatly
help in individuating buried inherited fault systems. The
activity of preexisting north—south trending basement
faults and their effect on structural and sedimentation his-
tory in the ZFTB have been documented (Berberian 1995;
Hessami et al. 2001a; Bahroudi and Talbot 2003; Sepehr
and Cosgrove 2005; Ahmadhadi et al. 2007; Farzipour-
Saein et al. 2009a, 2013). While the spatial density and
dispersal variation of fold-related fractures depend on the
fold geometry, a fault-related fracture system is localized
along isolated linear zones, possibly marking boundaries
of a basement block (Stephenson et al. 2007; Ahmadhadi
et al. 2008; Lacombe et al. 2011).

In the ZFTB, fracture studies were mainly reported
from the Dezful Embayment or the Fars region (Authe-
mayou et al. 2006; Wennberg et al. 2006; Ahmadhadi et al.
2008; Mobasher and Babaie 2008; Khoshbakht et al. 2009;
Lacombe et al. 2011; Khoshbakht et al. 2012). Some stud-
ies focused on fractures within single anticlines (McQuillan
1973, 1974; Wennberg et al. 2006; Stephenson et al. 2007),
while others investigated fracture sets from a regional
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view (Ahmadhadi et al. 2008; Mobasher and Babaie 2008;
Lacombe et al. 2011).

The relationship between large geological structures and
fractures in the cover and basement can more effectively
be identified and studied through remote sensing technique
(Stephenson et al. 2007; Mobasher and Babaie 2008; Cas-
ini et al. 2011; Snidero et al. 2011). In this study, we simi-
larly used satellite images and field observations to study
and analyze the distribution of fractures and their kinemat-
ics throughout the Anaran, Anjir, Kabir Kuh, Surgah, Ilam,
Al and A2 anticlines above the proposed Anaran basement
lineament (Fig. 2). Although the Anaran Basement Fault
(ABF) has been considered as N-S trending lineament
(Farzipour-Saein et al. 2009a), its surface structural expres-
sion is still debated (Figs. 1, 2).

Regional geology

The Zagros Basin was part of the stable supercontinent of
Gondwana in Paleozoic, a passive margin in Mesozoic and
became a convergent orogeny in Cenozoic (Stocklin 1968;
Berberian and King 1981; Berberian 1995; Agard et al.
2011; Mouthereau et al. 2012; McQuarrie and van Hins-
bergen 2013). The NW-SE trending ZFTB is divided into
three parallel structural and stratigraphic regions (Fig. 1),
including the Foredeep, the Simply Folded Zone and the
Imbricate Zone (Stocklin 1968; Falcon 1974; Berberian
1995; Sepehr and Cosgrove 2004).
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Fig.2 a Geological map overlaid on the digital elevation model
of the study area showing the main structures and formations. The
Anaran Basement Fault (ABF) is marked by a dashed line (geologi-

Recent studies (Talbot and Alavi 1996; Bahroudi and
Talbot 2003; Bahroudi and Koyi 2004; Sherkati and
Letouzey 2004; Farzipour-Saein et al. 2009a) show that
the geometry of the Zagros deformation front and evolving
foreland basin has been controlled by at least two different
structural parameters: (1) reactivation of basement faults
(Hessami et al. 2001a; Bahroudi and Talbot 2003; Sepehr
and Cosgrove 2005; Ahmadhadi et al. 2007; Mouthereau
et al. 2007a, b; Farzipour-Saein et al. 2009a; Nilfouroushan
et al. 2013; Burberry 2015) and (2) mechanical nature of
the sedimentary layers in the ZFTB (Bahroudi and Koyi
2003; Sherkati and Letouzey 2004; Farzipour-Saein et al.
2009b). Different evidences indicate that many of the
transverse basement faults involve right-lateral strike-slip

15 km

20 km 25 km 30 km

cal map from NIOC). Red line across the Anaran anticline shows the
position of the cross-section A, B. b Structural transect across the
Anaran Basement Fault and the Anaran anticline

displacements with dip-slip components (Baker et al. 1993;
Berberian 1995; Hessami et al. 2001b; Bahroudi and Talbot
2003; Sepehr and Cosgrove 2005; Ahmadhadi et al. 2007,
Farzipour-Saein et al. 2009a; Allen 2010).

In addition to orogeny-parallel zonation, based on struc-
tural features, the Simply Folded Zone can also be divided
(along strike from east to west) into the Fars, Izeh, Dez-
ful Embayment, Lurestan and Kirkuk Embayment (Sepehr
and Cosgrove 2004; Sherkati and Letouzey 2004; Fig. 1).
The Lurestan region (Fig. 1) has a long history of hydro-
carbon exploration and production (Farzipour-Saein et al.
2009b). Stratigraphy of the Lurestan region consists of 10-
to 12-km-thick succession that encompasses the Paleozoic
and Mesozoic Arabian passive margin deposits, followed
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by the sediments corresponding to the long-lived Ceno-
zoic Zagros foreland infilling (Homke et al. 2004; Emami
2008; Farzipour-Saein et al. 2009b; Sharp et al. 2010;
Vergés et al. 2011; Fig. 3). Two distinct folding patterns
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Fig. 3 Schematic stratigraphic column of the sedimentary cover of
the Lurestan region (after Homke et al. 2004)

(polyharmonic pattern in South and disharmonic pattern in
North) can be observed in different parts of the Lurestan
region (Farzipour-Saein et al. 2009b).

Photogeology studies and field observations in north-
western part of the Lurestan demonstrate some N-S trend-
ing lineaments that cat NW-SE trending anticlines (Player
et al. 1966; Motiei 1994). North—south trending basement
faults have played an important role in basin evolution in
the Lurestan region (Farzipour-Saein et al. 2009a). Far-
zipour-Saein et al. (2009a), based on sedimentary isopach
maps and gravity data (Fig. 4), investigated the foreland
basin history in the Lurestan region. They have expressed
the Zagros orogeny together with activity of the preexist-
ing north—south trending basement faults on foreland basin
evolution in the Lurestan region. They proposed that dur-
ing deposition of Cenomanian and Oligocene—Miocene
sediments in south of the Lurestan, the architecture of the
foreland basin was influenced by the deep-seated, approxi-
mately north-south trending, Anaran lineament. During
Cenomanian to early Miocene time interval, this lineament
was reactivated to form a paleohigh in southern part of the
Lurestan region (Farzipour-Saein et al. 2009a).

The geometry and structural evolution of the Anaran
anticline as a fault-related fold and its relationships to
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Fig. 4 Bouguer anomaly map of the study area with a 20-km low-
pass filter. The map shows thickening of the sedimentary cover in
the Lurestan foreland basin. Dashed lines indicate the approximately
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north—south trending Anaran Basement Fault (modified after Far-

zipour-Saein et al. 2009a)
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Fig. 5 Landsat (ETM") image (leff) and lineament interpretation
(right) over the Anaran anticline (see location in Fig. 2a). The black
dashed line marks outline of the anticline, the red lines show struc-

basement structures have been studied by different meth-
ods (Emami et al. 2010; Snidero et al. 2011; Tavani et al.
2014). Emami et al. (2010) studied the temporal evolution
of the Anaran anticline by using a series of analogue mod-
els and field observations. They believed that the Mountain
Front Flexure has influenced the evolution of the Anaran
anticline. However, the effect of transverse basement faults
on the Anaran anticline evolution was poorly considered
in their studies, whereas the role of transverse basement
faults in evolution of surface structures has already been
confirmed by other researchers (Berberian 1995; Hessami
et al. 2001a, b; Sepehr and Cosgrove 2005; Farzipour-Saein
et al. 2009a, 2013; Allen and Talebian 2011). Moreover,
Snidero et al. (2011) used remote sensing method to dem-
onstrate the Anaran surface structures and their relation-
ships to deeper structures in the basement. The geometry of
the upper Cretaceous and Oligocene—Miocene sedimentary
layers and also geometry of the anticline, allow structural
interpretation of deeper structures (Farzipour-Saein et al.
2009a).

Methodology

In this study, we used satellite images, published geologi-
cal maps (1:100,000 and 1:250,000 published by National
Iranian Oil Company) and field data to establish geometric
and kinematic relationships of fractures of the study area.
Spatial distribution, orientation and size of fractures were
analyzed using ArcGIS 10, ER Mapper 7, Global Map-
per 15 and Rockwork softwares. The Landsat 7 images,
Enhanced Thematic Mapper plus (ETM™), with 30-m

7°0'E

33°15'N

33°0'N

tural fractures, and the orange line shows lineaments, which could be
structural or drainage

spatial resolution and Shuttle Radar Topography Mission
(SRTM) data were used in our analysis. After initial image
analysis, the fractures were identified and spatial data of the
linear features were stored as line shape files in Geographic
Information System (GIS) database. To investigate the local
development of fractures and fracture pattern changes, the
study area was divided into five zones. Each zone located
in certain distance from the ABF zone. Moreover, in order
to demonstrate the variation of fracture orientations, two
statistical parameters, e.g., circular mean value and circu-
lar standard deviation, were estimated using Polar plots
program (Jenness 2014). Rose diagrams for different frac-
ture systems in different zones were plotted and compared
to each other. The fractures obtained from remote sensing
analysis were correlated to field observations.

Results

Fractures in the study area were analyzed for the Anaran,
Anjir, Kabir Kuh, Surgah, Ilam and two unnamed anticlines
(hereafter called as Al and A2 folds; Figs. 5, 6, 7a). In
zones 1, 3 and 5 (Fig. 7), the NE-SW fractures are domi-
nant. Also, some fracture sets (E-W, N-S and NW-SE)
are visible in zones 1 and 3, but they are scarce in zone 5.
The zones 2 and 4 are exactly located above the ABF zone
(Fig. 7a). In these sectors, the N-S and NE-SW fractures
are dominant and some fractures with NNW trend exist
(Fig. 74, 1).

Fractures within the study area can be categorized into
two general types: intra-fold and trans-fold fractures. An
intra-fold fracture is a member of a set of fold-related
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Fig. 6 Landsat (ETM') image (leff) and lineament interpretation
(right) over the Anjir, Kabir Kuh, Surgah, Ilam, A/ and A2 anticlines
(see location in Fig. 2a). The black dashed line marks outline of the

fractures and is confined to the interior of a fold polygon
(Stephenson et al. 2007). A trans-fold fracture is a mem-
ber of a set of fractures that transect (cuts across) one or
several folds polygons (Stephenson et al. 2007; Mobasher
and Babaie 2008). Although trans-fold fractures transect
fold polygon, in general, some fractures of a trans-fold
fracture set may have small size and existed in a fold pol-
ygon (because of its small size), however, all members of
an intra-fold fracture set are limited by fold polygon. In
the study area, intra-fold fractures include several sets of
fractures and their orientations have been presented by a
rose diagram (Fig. 8a). Since the axial traces of some folds
have been changed from general trend of the ZFTB in the
study area, fold-associated fractures have formed in vari-
ous orientations. In this case, there are dozens of fracture
sets that make statistical analysis of fractures complicated
and meaningless. For this reason, intra-fold fractures were
interpreted only in NW-SE trending parts of the anticlines.
Therefore, intra-fold fractures include the NE-SW fracture
set with the mean direction of N45°, the NW-SE fracture
set with the mean direction of about N125° and two small
sets of fractures with approximately N-S and E-W trends
(Fig. 8b).

Orientations of all trans-fold fractures throughout the
study area are presented in Fig. 8c. These fractures were
not limited to a special part of an anticline and were con-
sidered from its all parts. Trans-fold fractures include:
N-S trending fractures, NE-SW fracture set with the mean
direction of N60°, and two sets of NW-SE trending frac-
tures with the mean directions of about N150° and N165°
(Fig. 8c).
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shows lineaments, which could be structural or drainage

Discussion

Two major fracture systems in fold—thrust belts are fault-
and fold-related fractures (Twiss and Moores 1992; Cooper
et al. 2006; Stephenson et al. 2007; Mobasher and Babaie
2008; Nemcok et al. 2009). In this study, we identified
numerous fracture sets that can belong to pre-, syn- or
post-folding events and can be distinguished by detailed
geometrical and chronological studies (Ahmadhadi et al.
2007; Lacombe et al. 2011; Chu et al. 2013). In this study,
using remote sensing techniques and field controls, these
fracture sets were grouped distinctly either relative to the
structural elements of folds or to the preexisting basement
fault throughout the study area. Those fractures that were
less systematic and less abundant than the other analyzed
fractures were not considered in our analyses.

An intra-fold fracture has a well-defined geometrical
relationship to the confining fold elements and may belong
to the axial, cross-axial and oblique fractures (Stephenson
et al. 2007; Mobasher and Babaie 2008). The axial exten-
sional set is formed parallel to the fold axis; a cross-axial
extensional set is formed perpendicular to the fold axis, and
two sets of conjugate shear fractures are oblique to the fold
axis with their obtuse angle intersecting the trend of the
fold axis (Stearns and Friedman 1972). In unchanged parts
of the folds (out of the ABF shear zone), the intra-fold frac-
tures (i.e., fold-related fractures) demonstrate a good rela-
tion to structural elements of folds (Fig. 9). Thus, the NW-
SE trending intra-fold fractures which are comparable with
general trend of folds in the ZFTB could be considered as
fold-related axial fractures (Figs. 9, 10a, b). Moreover, the
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Fig.7 a Satellite image (ETM* draped over SRTM topography)
of the study area superimposed by all fractures above the anticlines
(ABF is marked by dashed line). The rectangles show five differ-
ent zones used in our fracture analysis. Rose diagrams showing the
strikes of fractures of b all fractures throughout the study area, ¢ zone

NE-SW trending intra-fold fractures with mean direction
of N045°, which are perpendicular to the fold axes, could
be considered as fold-related cross-axial fractures (Figs. 9,
10a). Two sets of approximately N-S trending and E-W
trending fractures have lower frequency and could be con-
sidered as fold-related conjugate oblique fractures (Figs. 9,
11). As mentioned before, there are some folds that their
axes have been deflected from the general NW-SE trend of
the ZFTB. The Anaran, Kabir Kuh and Surgah folds dem-
onstrate a clear sinuosity in their different parts (Figs. 2,
7a). These deflections obviously change the orientation of
their belonged fold-related fractures (Figs. 7, 10, 11).

180°

circular mean value: 121

circular mean value: 116

circular standard deviation: 104 circular standard deviation: 111

1, d zone 2, e zone 3, f zone 4 and g zone 5. Mean direction of each
set is marked by red line, and two statistical parameters, e.g., circu-
lar mean value and circular standard deviation, are presented for each
zone

Most of the basement faults in the Zagros are buried
(Berberian 1995); therefore, determination of their location
and orientation needs more data and analysis. For example,
subsurface data, earthquake locations and mechanisms and
fracture analysis can be used to infer the characteristics
of these basement faults (Berberian 1995; Hessami et al.
2001a; Bahroudi and Talbot 2003; Sepehr and Cosgrove
2005; Mobasher and Babaie 2008; Farzipour-Saein et al.
2009a, 2013; Nilfouroushan et al. 2013). Our fracture anal-
ysis, based on remote sensing and filed observations, shows
that excluding the fold-related fractures, the rest of the frac-
tures (i.e., trans-fold fractures) can be categorized in four
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180°

Fig. 8 Rose diagrams showing the direction of a the all intra-fold fractures, b the intra-fold fractures in unchanged parts of the folds, where the

fold axes are not rotated, c¢ the all trans-fold fractures. Mean direction of each set is marked by red line

Fig. 9 Schematic illustra-
tion shows the location of the
fold-related fracture sets axial
(Fy), cross-axial (F), and

the two oblique sets (F,; and
F,) associated with Anaran
fold (in southern part of the
fold which is unrotated), and
location of the ABF is marked
by dashed line. The bisector of
angle 2a, i.e., bisector of two
fold-related oblique sets that
are approximately parallel to
the cross-axial fractures. Rose
diagram showing the strikes
of fold-related fractures in
unchanged parts of the folds.
The mean maximum principal
compressive stress direction
(o) calculated from these sets
of fractures

.
1
1
1
1
)
1
1
)

sets based on their directions (Fig. 8c), i.e., N-S trending
(mean direction of N0OO° + 5°), NE-SW trending (mean
direction of N60°) and two sets of NW-SE trending frac-
tures (mean directions of N150° and N165°). These trans-
fold fracture sets are main regional trends across the study
area and visible in all anticlines, no matter different orien-
tation of their axes. They have no relation to the structural

@ Springer

F01
pe

Gy: 45+5°

)
1
1
1
)
1
|
1
|}
| )
)
1
| )
1

grain of the folds; thus, the origin of these fracture sets is
not related to folding. Numerous N-S and NE-SW trend-
ing lineaments have cut the Anaran anticline (Fig. 5). Ori-
entations and right-lateral shear sense of N-S trending frac-
tures were confirmed by field observations (Fig. 12) and are
clearly visible in satellite images (Figs. 5, 6). Based on the
spatial distribution and orientations of these lineaments, we
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fractures

Cross axial tensile
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\

Fig. 10 Fracture patterns observed in the Anaran anticline (see loca-
tion in Fig. 2a), a field sample and line drawing showing the main
fold-related fracture sets in the Asmari Fm. In this part of the Anaran

suggest their association with reactivation of deep-seated
preexisting basement fault, in the basement or the overly-
ing overburden. The geometrical relationship between these

anticline, the fold axis has been changed from original NW-SE trend
to approximately N-S trend. b Example of axial tensile fractures in
the carbonate series of Sarvak Fm

sets and their shear sense demonstrates the assemblage of
the Riedel shear fractures. Fault-related fractures are dif-
ferent sets which develop at a special angle to main fault
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Fig. 11 Example of the conjugate oblique shear fractures observed in the field (see location in Fig. 2a), and in this part of the Anaran anticline,

the fold axis has been deflected from original NW-SE trend

(Price 1966; McClay 1987; Twiss and Moores 1992; Wib-
berley et al. 2008; Mukherjee 2013a, b, 2014; Misra et al.
2014, 2015), and also, the existence of the N-S trending
ABF has been documented well (Player et al. 1966; Far-
zipour-Saein et al. 2009a). Having the orientation of these
four sets and also the shear sense of each set, we catego-
rized them to R (N0OO°® £ 5°), R’ (N60°), P (N150°) and Y
(N165°) fracture sets (Fig. 13). The R, P and Y fracture sets
are dextral, and R’ fracture set is sinistral (Figs. 12, 13). It
can be seen that the strike of the Y shear fractures is close
to the ABF trend and has been assumed to be parallel to
main fault (Fig. 13) and R and P shear fractures develop
at small angle (15° & 5° CW and CCW, respectively) to
main fault (McClay 1987; Mukherjee and Koyi 2010).
Therefore, these fractures were considered as N-S trend-
ing ABF-related shear fractures. The ABF-related fractures
(Figs. 12, 13) also support the dextral sense of the ABF. It
appears that the surface structures in the study area are pos-
sibly affected by a significant right-lateral shear, probably
imposed by a deep-seated basement fault. The right-lateral
movement across the Anaran anticline was also confirmed
by Tavani et al. (2014). Moreover, the Tigris River demon-
strates a great dextral movement and its route has changed
(Fig. 1). It seems that, this river channel is controlled by
right-lateral shear of the ABF.

There are numerous N-S trending normal faults (with
strike-slip component) cutting the Anaran anticline
reported in previous studies (Emami et al. 2010; Casini
et al. 2011). These faults are also visible in the satellite
images (Fig. 5). The extensional faulting in the area was
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suggested to be associated with the erosional uplift of the
crestal sector of the Anaran anticline, before or during the
early stages of folding (Tavani et al. 2014). It is notewor-
thy that the ABF has been active as paleohigh in Cenoma-
nian and Oligocene-Miocene intervals (Farzipour-Saein
et al. 2009a). Thus, the orientations of these normal faults
are approximately parallel to the ABF and could be surface
expression of the Anaran Paleohigh which could be formed
by the ABF reactivation.

The bisector azimuth of the two fold-related oblique frac-
ture sets is approximately sub-parallel to the mean orienta-
tion of the cross-axial set (McClay 1987; Twiss and Moores
1992). This implies that the fold-related cross-axial fractures
are extensional fractures (as the bisector of the two oblique
shear fracture sets) and probably have been formed sub-
parallel to the maximum principal compressive stress (o).
Direction of the maximum principal compressive stress (o)
has been measured from bisector azimuth of the two oblique
shear fracture sets and the direction of cross-axial fracture
set (in unrotated parts of folds axes), which is N45° £ 5°
(Fig. 9). The geometrical relationships between these frac-
tures (fold-related fractures) and fold elements (axial trace)
indicate that the compressional stress direction (inferred
from o) that formed the folds, also formed the fractures
synchronously (Price 1966; Friedman 1969; Stearns and
Friedman 1972; Pollard and Aydin 1988; Mobasher and
Babaie 2008). Therefore, in our study area, the fold-related
fractures are good indicators for fold kinematics, where
the axes of the folds are not rotated in outside of the ABF
shear zone. Although strike-slip faults may cause stress
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Fig. 12 Example of the fault-related fractures observed in the field
(see locations in Fig. 2a), a Carbonate series of the Ilam Fm. in NW
flank of the Anaran anticline, shows the approximately north—south
trending strike-slip fault with right-lateral shear sense (the stereogram
of faults has been plotted). b Examples of the strike-slip faults within
the forelimb of the Anaran anticline, the Pabdeh Fm. has located

perturbations (Homberg et al. 1997, 2004), kinematic anal-
ysis has been carried out by studying fault-related fracture
sets (Riedel fractures) within different fault shear zones
(Mandl 1988; Mobasher and Babaie 2008). Mean compres-
sional stress direction (o) determined from orientation of
the Riedel shear fractures (bisector of the angle between R
and R’) in the ABF zone, is N30° £ 5° (Fig. 13). This azi-
muth of compressional stress resulted from our analysis is
close to the value (o) deduced from analyses of earthquake
and geodetic data (Zarifi et al. 2014).

Casini et al. (2011) carried out a fracture study in the
Lurestan region. They presented a model for timing of frac-
tures in the anticlines of the Lurestan region (e.g., Anaran

adjacent to the Asmari Fm. by right-lateral movement of the strike-
slip fault (the stereogram of fault has been plotted). ¢ Example of
the strike-slip fault in NW flank of the Anaran anticline, shown by
dashed line. This fault is sinistral and parallel to R’ fracture sets (the
stereogram of fault has been plotted)

and Siah Kuh anticlines) and believe that strike-slip fault
system is probably related to late stages of fold tightening
(or after folding). They also concluded that N-NE shorten-
ing direction is related to the strike-slip faults in the area.
This shortening direction is similar to our results from the
ABF-related fracture analysis. However, our results demon-
strate that, the mean shortening direction determined from
the fault-related fractures in the ABF shear zone (Fig. 13)
is different from the orientation of shortening calculated
from the fold-related fracture sets (Fig. 9), outside of the
ABEF shear zone. This difference probably indicates forma-
tion of the fractures in different two stages of deformation
throughout the area.
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Fig. 13 Diagram illustrating angular relationships between the right-
lateral ABF and the following fault-related fracture sets (R, R/, P and
Y). Rose diagram showing the strikes of regional trans-fold fractures
(i.e., ABF-related fractures). The mean maximum principal compres-
sive stress direction (o) calculated from bisector of the mean direc-
tion of R and R’ fracture sets

In the study area, the Anaran, Kabir Kuh, I[lam and Sur-
gah folds demonstrate a clear sinuosity in their different
parts (Figs. 1, 7a). Measuring deviation angle of the fold
axis within the ABF shear zone compared to direction of
the fold axis outside the ABF shear zone can determine
the angle and rotation sense (CW vs. CCW) of the folds
(Mobasher and Babaie 2008; Fig. 14). The rotation angles
(B) of the Ilam, Anjir and Al anticlines are 30°, 20° and
22° (CW), respectively. The Kabir Kuh anticline, one of
the largest anticlines in the ZFTB, demonstrates 15° 4 1°
(CW) of rotation angle in its NW nose compared to its
original NW-SE trend in its other parts. The Anaran anti-
cline shows maximum amount of rotation angle compared
to other anticlines. In central part of the Anaran anticline,
the fold axis of this anticline is rotated from its original
NW-SE trend to approximately north—south trend by about
35° CW (Fig. 14). In the Fars region, the sinuosity of folds
has been attributed to linkage of previous folds (Ramsey
et al. 2008). Based on this scenario, Emami et al. (2010)
suggested that, the sinuosity of the Anaran anticline has
developed by the linkage of two anticlines. On the other
hand, rotation of a single fold (e.g., caused by reactivation
of the preexisting basement faults) has been proposed for
sinuosity of folds (Player et al. 1966; Aubourg et al. 2008;
Mobasher and Babaie 2008; Farzipour-Saein et al. 2009a,
2013). Farzipour-Saein et al. (2009a) believe that sinuosity
of the Anaran anticline is related to offset on the Anaran
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Fig. 14 Schematic illustration shows the rotation angle (8) of the
fold axial trace of the Anaran anticline

lineament in the basement which can be followed into the
northern flank of the Kabir Kuh anticline. The axial traces
of the folds, especially the Anaran anticline, demonstrate a
right-lateral offset along the ABF, such that, in central part
of the Anaran anticline, the fold axis of this anticline is
changed from its original NW-SE trend to approximately
north—south trend of the ABF (Figs. 1, 5). We believe that
whatever scenario (linkage of previous folds or rotation
of a single fold) caused observed sinuosity of the folds
throughout the study area, and the reactivation of the ABF
has influenced to some degree the geometrical evolution
of the anticlines in the study area. However, the degree of
this coupling between Anaran basement faulting and cover
deformation in this area should be investigated by further
field observations and geophysical surveys.

Conclusions

During evolution of the ZFTB, architecture of the foreland
basin was influenced by the deep-seated, approximately
north—south trending Anaran Basement Fault (ABF) in the
Lurestan region. Our fracture analysis shows that approach-
ing the Anaran Basement Fault, the fracture pattern
changes and the fractures association with reactivation of
the deep-seated preexisting Anaran Basement Fault can be
categorized in four sets based on their directions, i.e., N=S
trending (mean direction of NOO° £ 5°), NE-SW trending
(mean direction of N60°) and two sets of NW-SE trend-
ing fractures (mean directions of N150° and N165°). The
geometrical relationship between these sets and their shear
sense demonstrates the assemblage of the Riedel shear
fractures. The mean direction for maximum compressional
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stress is different between the fault- and fold-related frac-
tures within and around the ABF shear zone. We estimated
an orientation of N30° % 5° for the fault-related fractures
and N45° £ 5° for the fold-related fracture sets outside of
the ABF shear zone. This difference suggests that the fold-
related and fault-related fracture sets have been formed in
different two stages of deformation throughout the area.
The ABF-related fractures also support the dextral sense of
the ABF. It appears that the surface structures in the study
area are possibly affected by a significant right-lateral
shear, probably imposed by a deep-seated basement fault.

The extensional faulting in the area was suggested to be
associated with the erosional uplift of the crestal sector of
the Anaran anticline, and the orientations of these normal
faults are approximately parallel to the ABF and could be
surface expression of the Anaran Paleohigh.

The Anaran, Kabir Kuh, Ilam and Surgah folds dem-
onstrate a clear sinuosity in their different parts. The axial
traces of the folds, especially the Anaran anticline, dem-
onstrate a right-lateral offset along the ABF, such that, in
central part of the Anaran anticline, the fold axis of this
anticline is changed from its original NW-SE trend to
approximately north—south trend of the ABF.
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