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Abstract. Basement-involved fault geometry and kinematics has a systematic effect on the structural
style of the tectonic setting. In this study, 2D and 3D seismic datasets, well data as well as thick-
ness and depth maps were utilized to consider and reconstruct the characteristics and effects of the
wrench-dominated basement-involved fault underlying the Bahregansar anticline, which is a gentle,
elongated and NW-SE-trending structure in the NW Persian Gulf, on the nature of its folded strata.
Moreover, using the 2D sequential restoration, the deformation of the basement structural features
was modelled and analysed for its influence on the reactivation of faulting. The results show that
the major basement-involved fault, called the Hendijan-Bahregansar—-Nowrooz Fault (HBNF), extends
along the NE-SW-trending orientation and consist of several key anticlines. The structural evolution
of the Bahregansar anticline has been deeply affected by Turonian folding phase and Pliocene Zagros
orogeny associated with the HBNE In the Upper Cretaceous, the HBNF propagated upward through
the overlying sedimentary sequences when the inherited normal fault contractionally reactivated in
the sinistral-reverse sense as the transpression zone in response to the Neo-Tethys oceanic plate sub-
duction under the Eurasian plate. In this regard, the NNE-SSW-trending Bahregansar anticline (i.e.,
Arabian trend) formed as a forced fold. Continuing oblique convergence and associated deformation
was accommodated by a change in the HBNF displacement sense from sinistral to dextral movement
and buckling of the Bahregansar anticline as a result of the Pliocene Zagros orogeny.
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1. Introduction

Basement-involved structures characterized by high-
angle uplift are common in the foreland fold-and-
thrust belts of many orogens. These structures com-
monly contain significant hydrocarbon accumula-
tions with most major fields located on the crests of
these structures [e.g., Mitra and Mount, 1998, Cooper
et al., 2006, Granado et al., 2016, Mohammadrezaei
et al., 2020]. Basement-involved structures such as
faults, fractures, and shear zones can have a strong
influence on the development of brittle and ductile
structures and the structural style of a geologic set-
ting. Basement faults inherited from previous rifting
events are commonly reactivated during tectonic col-
lision in orogenic belts. They have the capacity to in-
fluence the localization of deformation, the distribu-
tion of sedimentary facies as well as mechanical vari-
ations within the geologic configuration [e.g., Koyi
et al., 2008, Wang et al., 2016, Neng et al., 2018]. Most
studies of contractional basement-involved defor-
mation of sedimentary sequences have focused on
faults that accommodate dominant thrust fault kine-
matics [e.g., McClay and Ellis, 1987, McClay, 2011, La-
combe and Bellahsen, 2016]. There is limited under-
standing of the deformation pattern and structural
styles associated with basement faults that accom-
modated wrench-dominated kinematics. Although
these little-understood faults have accommodated a
minor component of dip slip, the net slip is domi-
nated by a main component of strike-slip faulting.
In wrench-dominated settings, reverse and normal
faults are predominant as well as strike-slip faults,
respectively, depending on the convergence and di-
vergence vector of deforming blocks (or plates). In
this regard, understanding the interaction between
folding and basement faulting, the effects of detach-
ment units on the distribution of growth strata and
the different basement fault activities are fundamen-
tal for improving the understanding of the struc-
tural evolution of the area and also the distribution
and nature of hydrocarbon reservoirs in sedimentary
basins.

The Zagros Fold-and-Thrust Belt (ZFTB) is char-
acterized by a tectonic wedge (an asymmetrical sed-
imentary basin) with NW-SE-trending thrusts and
folds which vary in geometry and size from a few
to tens or even hundreds of kilometers in length
[e.g., Agard et al., 2011, Mouthereau et al., 2012,
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Ghanadian et al., 2017b]. The subdivisions of the
ZFTB consist of the Dezful Embayment, Izeh Zone,
Fars Zone and Lurestan Zone (Figure 1). These zones
are bordered by the Hendijan-Bahregansar-Nowrooz
Fault (HBNF), Kazerun, High Zagros, Balarud, and
Mountain Front faults separating the foreland of
the ZFTB into distinct rheological and stratigraphic
zones [Pirouz et al., 2011, Mouthereau et al., 2007,
2012, Orang et al.,, 2018]. Various types of fault-
related folds such as detachment, fault-bend, fault-
propagation folds as well as forced folds are devel-
oped in the ZFTB [e.g., Sattarzadeh et al., 1999, Allen
and Talebian, 2011, Ghanadian et al., 2017a]. The Per-
sian Gulf, as an epicontinental shallow sea, is a fore-
land depression of the ZFTB [Soleimany and Sabat,
2010] (Figure 1). There are several factors that make
the Persian Gulf and its adjacent (onshore) areas one
of the richest regions of the world in terms of hy-
drocarbon resources including the presence of exten-
sive source rocks, excellent carbonate and sandstone
reservoirs, good regional seals, continuous sedimen-
tation, and large structural traps [e.g., Konyuhov and
Maleki, 2006, Mohammadrezaei et al., 2020].

The four major trends obtained from the struc-
tural analysis for basement-involved faults are the
Arabian trend (N-S and NNE-SSW), the Zagros trend
(NW=SE), the Aulitic trend (NE-SW), and the Tethyan
trend (E-W), that control the structural features, such
as fractures, faults, folds, tectonic subsidence, and
active salt tectonism, of the ZFTB and the Persian
Gulf [e.g., Edgell, 1996, Bahroudi and Talbot, 2003,
Sepehr and Cosgrove, 2007]. The structures with the
Arabian trend such as the HBNE Kharg-Mish fault
and Kazerun fault (Figure 1) are older than other
trends [Edgell, 1996]. The NNE-SSW-trending HBNF
(Figure 1) is a nearly vertical active fault system with
dextral-reverse kinematics which developed through
the sedimentary cover along-strike the Arabian trend
[Molinaro et al., 2004, Mohammadrezaei et al., 2020].
It extends from the northern part of the Dezful Em-
bayment in the Zagros foreland basin towards the
north Saudi Arabia [Konyuhov and Maleki, 2006].
Several main detachment horizons (or levels) within
the cover including the Middle Miocene Gachsaran
evaporates, the Aptian—-Albian Kazhdumi shale and
the Cambrian Hormuz salt have been very effective
on the regional shortening of the Zagros belt and
Persian Gulf [Agard et al., 2011, Mohammadrezaei
et al., 2020]. Moreover, there are several structural
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Figure 1. Tectonic setting of the Persian Gulf (a sedimentary basin in the northeastern of the Arabian
plate), Zagros fold-and-thrust belt (ZFTB) onshore, and surrounding areas. The map shows the major
faults and the main structural subdivisions of the ZFTB, including the imbricate zone, Zagros foredeep
zone, and the Zagros foreland folded belt. According to the sedimentary and structural evolution, the
Zagros foreland folded belt is subdivided into the Fars, Izeh, Dezful Embayment, and Lurestan domains.
The regional distributions of hydrocarbon fields in the ZFTB and surrounding regions have been shown.
Modified after Sarkarinejad and Goftari [2019] and Pirouz et al. [2011].

anticlinal traps, for example the Bahregansar and
Nowrooz anticlines as important hydrocarbon reser-
voirs (Figure 1), along the HBNE

Using 2D and 3D seismic datasets, well data as
well as depth maps, this study examines how the
wrench-dominated basement-involved HBNF af-
fected the overlying sedimentary sequences of the
Bahregansar anticline. The purpose of this study are:
(1) to provide a detailed account of the geometric and
kinematic characteristics of the basement structure;
(2) to construct an evolutionary model for the study
of the anticline by the 2D sequential restoration
across the fold structure; (3) to determine the defor-
mation mechanism for understanding the changes in
basement structural features and its influence on the
reactivation of faulting; and (4) to investigate the in-
fluence of reactivation of a certain basement fault on
the fold development in the overlying sedimentary
sequences.
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2. Tectonostratigraphy of the Bahregansar an-
ticline

The evolution of the ZFTB and Persian Gulf has been
affected by main tectonic events of the Arabian plate
which contain five major tectonic events from the
Precambrian to recent times: (1) the Precambrian
compressional event is characterized by the assem-
bly and construction of the Afro-Arabian plate [e.g.,
Allen and Talebian, 2011], (2) the Upper Precambrian
to Upper Devonian which is specified by the onset of
subduction of the Palaeo-Tethys under the adjacent
Gondwana margin [e.g., Orang et al., 2018], (3) the
Upper Devonian to Middle Permian event which is
characterized by the continental rifting (Figure 1)
and the opening of the Neo-Tethys Ocean (a new
passive margin along the NE-Arabian plate margin)
[e.g., Sharland et al., 2004], (4) the Lower to Upper
Cretaceous which is specified by the subduction of
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Figure 2. Stratigraphic column of the Upper Jurassic to Quaternary rock series in the Bahregansar
anticline based on outcrop sections in the ZFTB and exploration wells showing key seismic horizons,
major tectonic events, main lithologies, and petroleum systems [modified after Al-Husseini, 2008, Motiei,

1993].

the Neo-Tethys beneath the southern margin of the
Eurasian plate [e.g., Agard et al., 2011, Mouthereau
et al., 2012], and (5) the Miocene time which is spec-
ified by the continent-continent collision between
the Eurasian and Afro-Arabian plates [McQuarrie,
2004]. At present, the convergence between these
plates is still ongoing approximately in north-south
directions [Lacombe et al., 2006, Agard et al., 2011,
Mouthereau et al., 2006, 2012, Cai et al., 2021].

The present-day geometry of the Bahregansar an-
ticline varies with depth. At deep levels (e.g., Up-
per Jurassic horizons of the Gotnia Formation), it
is a large, elongated and NNE-SSW-trending anticli-
nal structure that has been affected and displaced
by the HBNZ and also truncated by the Turonian
angular unconformity (Figure 4). At shallower lev-
els (e.g., Pliocene horizons of the Aghajari Forma-
tion), by contrast, it is a large, gentle, elongated and
NW-SE-trending anticline (Figure 4). In the NE-SW-
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trending depth section, the Pliocene strata dip 9° to
the SWin the SWlimb and 4° to the NE in the NE limb.
Dip is approximately constant down section due to
the effect of the HBNE so that the Lower Cretaceous
formations have dip of 8° to the SE and 3° to the
NW in the SE and NW limbs, respectively (Figures 4
and 5). In general, the Bahregansar anticline is inter-
preted as a gentle and elongated structure located in
the NW Persian Gulf, which is also considered as an
important reservoir.

The regional-scale simplified stratigraphic col-
umn of the Bahregansar anticline including forma-
tions, the dominant lithology, main tectonic events,
source rocks, reservoirs cap rocks, tectonic units
and interpreted seismic horizons are shown in the
Figure 2. The stratigraphic column is based on out-
crop sections in the ZFTB and exploration wells.
Overall, the well-known rock intervals in the stud-
ied anticlinal structure range in age from the Up-
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per Jurassic to the Quaternary. The Mesozoic sedi-
mentary series consist of the Upper Jurassic Gotina
Formation (mainly composed of anhydrite with
some shale intervals), the Lower Cretaceous Ga-
rau and Fahliyan formations, the Albian Dariyan,
the Upper Albian-Middle Turonian Sarvak, and the
Santonian—Maastrichtian Ilam-Gurpi formations
(argillaceous limestone, marl and limestone) and the
Kazhdumi Formation (composed of shale, marl and
sand) (Figure 2) [e.g., Motiei, 1993, Ghazban, 2007,
Al-Husseini, 2008, Bahrehvar et al., 2020]. More-
over, the Cenozoic sedimentary series include the
Paleocene-Eocene Pabdeh Formation (composed of
argillaceous limestone and marl), the Upper Eocene
Jahrum Formation (composed of dolomitic lime-
stone and dolomite), the Oligocene-Lower Miocene
Asmari Formation (composed of limestone and
sand), the Lower-Middle Miocene Gachsaran For-
mation (composed of anhydrite, salt, shale and
limestone), the Lower—-Middle Miocene Mishan For-
mation (composed of green/grey marl), the Upper
Miocene-Pliocene Aghajari Formation (composed
of red-brown marls and sand) and the Pliocene-
Pleistocene Bakhtiyari Formation (composed of
sand, clay and conglomerate) (Figure 2) [e.g., Motiei,
1993, Ghazban, 2007, Mouthereau et al., 2007, Al-
Husseini, 2008, Khadivi et al., 2010, Bahrehvar et al.,
2020].

3. Materials and methods

In this study, the structural and stratigraphic analysis
used an integrated dataset comprising high-quality
2D and 3D seismic data, well data and depth maps to
consider and reconstruct the effects of the wrench-
dominated basement-involved HBNF on folding of
the overlying sedimentary sequences and the struc-
tural evolution in the Bahregansar anticline (Fig-
ure 3). High-quality 3D seismic cube together with
several 2D seismic sections from the Bahregansar
field are provided by an approximately 380 km? dual
sensor Ocean Bottom Cable (OBC) survey recorded
during 2006 to 2008 and reprocessed in Iranian Off-
shore Oil Company in 2012. Furthermore, the inter-
pretation of the formation tops and faults were done
in the depth domain.

Seismic interpretation was undertaken using
Schlumberger’s Petrel 2018 software. Prominent re-
flections were mapped across the studied structure
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with a focus on the top of formations. To do so, the
relationship between time and depth was obtained
from exploration wells using synthetic seismograms
to associate the relevant seismic reflectors with their
depth and corresponding stratigraphy. The 2D se-
quential restoration was performed using 2D Mid-
land Valley Move 2018 software on top of 10 forma-
tions and 4 faults, respectively, by flexural slip and
fault parallel flow algorithms [e.g., Griffiths et al.,
2002] in order to reconstruct the structural evolu-
tion of the Bahregansar anticline. The selected cross
section for restoration is perpendicular to the ax-
ial plane of the Bahregansar anticline and parallel
to the shortening direction applied to the wrench-
dominated basement-involved fault. At each stage of
reconstruction, the youngest sedimentary Formation
was unfaulted and the unfolded. The assumptions
for the sequential restoration are: (1) the layers were
horizontally deposited, hence the effect of palaeo-
high slopes were not considered; (2) decompaction
was not done in the study area due to the carbon-
ate and argillaceous limestone lithologies with low
compaction; (3) the amount of removed sediments
were not considered due to the unavailability of the
erosion rate of the main unconformities occurred in
the area; (4) the Bahregansar anticline is developed
by horizontal shortening during the folding phase.

4. Results

4.1. Structural maps and seismic reflection inter-
pretation

Seven representative depth maps for the tops of the
Upper Jurassic to Pliocene formations (Figures 4a-g)
show the present-day geometry of the Bahregansar
anticline varies with depth. For a better compari-
son, the scale ranges of all the structural maps are
the same. Regarding the structural maps of Asmari
to the Gotnia Formation and occurrence of a pull-
apart basin at the tops of the Asmari and Jahrum for-
mations (Figures 4c,d and 5), the offsets of the con-
tours display the trace of the HBNF and the red line
with arrows illustrates the last strike-slip displace-
ment of this fault. The trend of the Bahregansar anti-
cline in the younger sediments (i.e., from the Aghajari
Formation to the Sarvak Formation) is NW-SE (Za-
gros trend), however, its trend changed to N-S in the
older deposits (i.e., from the Kazhdumi Formation to
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Figure 3. The surface pattern of the 2D seismic profile and the 3D seismic cube used in the Bahregansar
anticline. The structural map (the top of the Upper Eocene Jahrum Formation) shows the location of

exploration wells in the study area.

the Gotnia Formation) (Arabian trend) and parallel
to the HBNF (Figure 4). Furthermore, two pull-apart
structures can be recognized in the southwest of the
Bahregansar anticline and adjacent to the HBNF on
the structural maps of the Asmari and Jahrum forma-
tion tops (Figures 4c,d and 5). These pull-aparts are
structural depressions where two interacting strike-
slip fault segments of the HBNF zone create an exten-
sional overlap (Figure 5). According to previous stud-
ies [e.g., Berberian, 1995, Bahroudi and Talbot, 2003,
Mohammadrezaei et al., 2020] the last kinematics of
the HBNF is considered to be a dextral movement.
Six main seismic reflectors trace also across large
portions of the Bahregansar anticline (Figure 4h).
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Seismic interpretation helped to constrain the dif-
ferent structural geometries with the studied anti-
cline and the effect of the basement structure on
overlying sedimentary strata. Integrating the seis-
mic reflection data with structural depth maps and
well data increased confidence in the interpretation
and gave insights on the structural evolution of the
structure at different scale of observation. In the in-
terpreted serial seismic cross sections, the key for-
mation tops, growth strata, angular unconformity,
detachment units and the HBNF with minor faults
are displayed (Figure 4). A series of seismic profiles
along and across the Bahregansar anticline show the
variation in the structural style from northeast to
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A) Base of Pliocene Aghajari
growth strata

B) Top of Early to Middle Miocene
Gachsaran Formation

E) Top of Late Albian-Mid Turonian
Sarvak Formation

F) Top of Aptian-Albian
Kazhdumi Formation

D) Top of Late Eocene
Jahrum Formation

€) Top of Oligo-Miocene
Asmari Formation

G) Top of late Jurassic
Gotnia Formation

— Seabed Top of

- Base of Aghajari growth strata Top of Asmari

Top of Jahrum Formation Top of Kazhdumi Formation

s Top of Sarvak Formation — Top of Gotnia Formation

Figure 4. The structural maps (the top of the Upper Jurassic Gotnia Formation to the base of Pliocene
Aghajari growth strata) in the Bahregansar anticline based on the interpretation of seismic profiles across
the studied anticline. Pull-apart basins, as a key structural element, can be clearly seen on the structural
maps of the Asmari and Jahrum formations tops, and illustrating the dextral sense of displacement
along the HBNE Furthermore, some key features such as formation tops, the HBNE growth strata, and
detachment levels can be clearly observed on the serial seismic sections. The vertical exaggeration
of these sections is 5. The inset illustrates the seismic sections on the structural map of the Jahrum
Formation. The seismic section 3 has been selected for sequential restoration.

southwest, with the wrench-dominated basement-
involved fault rooted in the Upper Jurassic Gotnia
Formation having significant effect on the folding of
overlying sedimentary strata (Figure 4). The strike,
dip angle and throw of fault segments along their
trend and trace change between seismic lines so that
the amount of deformation stage and strain vary be-
tween layers. Overall, the older and younger sets of
the minor faults are mostly restricted to the Got-
nia Formation and the Kazhdumi detachment lev-
els, respectively. The variability of fault geometry and
fold style indicates that the central portion of the
basement fault are affect by several fault segments.
The minor faults have various dips from 70° to 85°
(Figure 4).

C. R. Géoscience — 2022, 354, 105-118

4.2. Analysis of vertical thickness maps and se-
quential restored sections

Figure 6 demonstrates the vertical thickness maps
(from the Pliocene to the Lower Cretaceous) and
the sequential restoration section of formation tops
and the HBNF across the Bahregansar anticline. Ac-
cording to the vertical thickness maps, the Sarvak
and Aghajari growth strata can be clearly recog-
nized by the decreasing the sedimentary thickness
towards the flanks of the Bahregansar anticline (Fig-
ure 6). Moreover, it should be noted that the Aghajari
growth strata displays the Zagros trend (i.e., NNW-
SSE), whereas the Sarvak growth strata obviously
shows the Arabian trend and parallel to the HBNF
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Figure 5. (a) The structural map derived from the top of the Upper Eocene Jahrum Formation along the
Bahregansar anticline shows that the pull-apart basin resulted from two right-stepping, interacting, over-
lapping dextral fault segments of the HBNF and the location of the seismic section AA’ is presented in (b)
and (c). (b) 3D view of the developed pull-part basin and associated depression, as a key structural fea-
ture, at the top of the Upper Eocene Jahrum Formation within two right-stepping, interacting, overlap-
ping dextral fault segments of the HBNE which they also interpreted in the seismic section AA’. (c) Fault
interpretation of the seismic section AA’ showing the depressed portions within the developed pull-apart

basin in the Asmari and Jahrum formations.

(i.e., NNE-SSW) (Figures 4 and 6). The isochores
of Aghajari and Mishan formations indicate a pref-
erential Zagros trend. However, the isochores illus-
trate a predominant Arabian trend parallel to the
HBNF from the Gachsaran Formation downward to
the Fahliyan Formation (Figure 6). In the southwest-
ern part of the vertical thickness map and the vicin-
ity of the HBNE the variations of the isochore val-
ues, as the key points, have been marked by a dot-
ted elliptical shape (A) (Figure 6). These lower iso-
chore values (i.e., dotted elliptical shape) suggest up-
lift or push-up blocks along the HBNF which were
developed between overlapping fault segments and
caused the localization of contraction and positive
topography along the HBNF zone. It is interpreted
that the basement-involved fault zone controlled the
uplifted and subsided parts within the study area and
thus the thickness and facies distribution of the sed-
imentary sequences mentioned in the Bahregansar
anticline. Furthermore, such push-up blocks which
correspond to the pull-apart basins (Figure 5), are
marked by sinistral movement along the HBNF dur-
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ing the Lower Cretaceous to the Upper Eocene. The
comparison of the pull-apart basins and push-up
blocks suggested that the kinematics of the HBNF in
the Bahregansar anticline had switched from sinistral
to dextral sense of displacement in response to the
Zagros orogeny.

The sequential restoration of a section across the
Bahregansar anticline is shown in the Figure 6. The
HBNF was modelled to understand the control of
basement-involved faults in the Bahregansar anti-
cline on overlying sedimentary strata using the high-
quality 3D seismic data across the structure. The ge-
ometry of the existing sedimentary basin with the
last offsets of deposits (due to the last activities of
the HBNF) has been shown in stage 1 (Figure 6).
The most growth of the Bahregansar anticline has
occurred during the sedimentation of the Pliocene
Aghajari Formation. Stages 2 and 3 illustrate the
restorations to the tops of Mishan and Gachsaran for-
mations, respectively. Stage 4 indicates the restora-
tion to the top of the Asmari Formation that includes
removing 30 m reverse displacement on the HBNE
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Figure 6. Eight representative thickness maps (isochores) of the Pliocene to Lower Cretaceous sedimen-
tary strata in the Bahregansar anticline. Sequential restoration of a NE-SW-trending depth at a perpen-
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dicular across the Bahregansar anticline based on the seismic line 3. Push-up structures (marked by a
dashed oval marked by A) have been identified on several vertical thickness maps so that such structural

features illustrate the sinistral sense of displacement along the HBNE which cross-cuts the Lower Creta-

ceous to Upper Eocene strata. According to sequential restoration, two folding phases and two different
dip-slip components (normal and reverse slip) are also identified in the Bahregansar anticline.
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Stage 5 shows restoration to the top of the Jahrum
Formation. Stage 6 illustrates the restoration to the
top of the Sarvak Formation that involves removing
23 m reverse movement on the fault. This stage rep-
resents the growth strata of the Sarvak Formation.
Stage 7 shows the restoration to the top of the Kazh-
dumi Formation that involves removing 10 m nor-
mal movement on the fault. Stage 8 illustrates the
restorations to the tops of the Fahliyan Formation
that include removing 22 m normal movements on
the HBNF (Figure 6). Axial surface of the fold struc-
ture is initially upright, then tends to become pro-
gressively inclined with an external vergence, form-
ing an asymmetric deformation zone localized on the
wrench-dominated basement-involved HBNE The
detachment level of the Gachsaran Formation caused
the propagating tip and associated fault throw of the
HBNF to die out within it, and hence, the fault no
longer appears within the upper strata, but is guided
by the trend of the underlying fault in the form of
buckle fold development.

5. Discussion

Definition of the structural style of the tectonic set-
ting and understanding the controlling factors are
necessary steps toward prediction of their geometry,
kinematics and dynamics and to assess their poten-
tial in terms of hydrocarbon exploration. The struc-
tural evolution and style of a faulted strata are deter-
mined by its geometric, kinematic, and rheological
characteristics. However, fault kinematics obviously
reflect the local and regional stress field and also
tectonic setting. Development of basement-involved
faulting requires repeated throughgoing failure of
the basement to initiate new structures or to reac-
tivate pre-existing structures. Reactivation of high-
angle structures at depth in an obliquely converg-
ing setting can cause deformation to propagate up-
ward as a partitioned system of oblique-slip faults
and associated folding, potentially representing a
lower stress distribution and strain localization con-
ditions [e.g., Nabavi et al., 2018, 2020]. Seismic data
confirm that the major fault system of the HBNF
affecting the Bahregansar anticline is the wrench-
dominated basement-involved fault system with a
dextral transpressive deformation, which is oriented
with NE-SE strike. The major fault was interpreted as
a continuous and high-angle fault plane with some
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discontinuous and segmented minor fault planes
due to their variable geometries along and across
the trend of the structure. The integration of seismic
reflection and well data as well as thickness maps
suggests that the geometric and kinematic variability
of the wrench-dominated basement-involved HBNF
had a significant control over the depositional evo-
lution, stratigraphic continuity, facies distribution,
and subsequent structural evolution and folding de-
formation of the overlying sedimentary sequences.
However, some faults did not propagate upwards, or
were slightly reactivated, and therefore had little in-
fluence on the sedimentary succession in the study
area and the evolution of the anticline.

Two active detachment levels including the Albian
Kazhdumi shale Formation and the Miocene Gach-
saran evaporites Formation extended in to the Bahre-
gansar anticline. On the NW-SE-trending interpreted
seismic lines and according to the present geome-
try of the Bahregansar anticline (Figure 7), the at-
titude and geometry of the Aghajari growth strata
(Pliocene) are in accordance with a regional short-
ening direction of NE-SW, whereas the geometry of
the Sarvak Formation is consistent with the applied
shortening direction of E-W. This change in the struc-
tural trend of the Bahregansar anticline has been
suggested to be due to the Kazhdomi shale Forma-
tion, which is an important detachment level in the
area, that led to the decoupling of deformation in
the overlying sedimentary strata and underlying ones
(Figure 4). Strike-slip fault systems can be divided
into four groups, depending on whether the master
fault dies out within the basement (thick-skinned) or
within the salt or incompetent layer (thin-skinned)
and whether a precursor diapir is present before
strike-slip begins [Jackson and Hudec, 2017]. In this
regard, structure maps and seismic reflection sec-
tions (Figure 4) imply that the propagating tip and
associated fault throw of the HBNF died out within
the Gachsaran evaporites Formation. This character-
istic indicates that the evaporitic Gachsaran Forma-
tion has acted as an active detachment level that
led to the decoupling of deformation in the overly-
ing sedimentary strata, which are geometrically un-
affected by the HBNE and underlying ones such as
Hith/Gotnia Formation to the Ghachsaran Forma-
tion, which are geometrically affected and displaced
by the HBNF movements. The effects of detachment
levels mentioned above on folding, faulting, and the
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Figure 7. 3D view of the HBNF and Bahregansar anticline shows two different trends of fold axes such as
the Arabian- and Zagros-trends in the study area. The shortening directions are shown in red arrows.

structural style of the area are also reported in the
Persian Gulf and the ZFTB onshore area [e.g., Mo-
hammadrezaei et al., 2020, Karimnejad Lalami et al.,
2020, Ghanadian et al., 2017b,c, Soleimany and Sa-
bat, 2010].

Restoration results and seismic interpretations in-
dicate a kind of basement-involved high-angle fault
reactivation in the Bahregansar anticline, where the
sinistral-normal HBNF fault developed up to the
Middle Cretaceous. In the Upper Cretaceous, the
HBNF propagated upward through the overlying sed-
imentary sequences when the inherited normal fault
contractionally reactivated in sinistral-reverse sense,
as the transpression zone [e.g., Viola et al., 2004],
in response to the Neo-Tethys oceanic plate sub-
duction under the Eurasian plate. In this regard,
the NNE-SSW-trending Bahregansar anticline (i.e.,
Arabian trend) formed as a forced fold. This re-
sult is also supported by several studies in the Per-
sian Gulf and the ZFTB onshore area [e.g., Shi-
roodi et al., 2015, Mohammadrezaei et al., 2020, Sat-
tarzadeh et al., 1999]. Continuing oblique conver-
gence and associated deformation was accommo-
dated by a change in the HBNF displacement sense
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from sinistral to dextral movement and buckling of
the Bahregansar anticline as a result of the Pliocene
Zagros orogeny in accordance with previous stud-
ies in the ZFTB area [e.g., Mohammadrezaei et al.,
2020, Soleimany and Sabat, 2010]. Overall, oblique
slip along the basement-involved fault is usually ac-
commodated in the cover by a triangular, widening-
upward deformation zone on the forelimb with the
nature of deformation controlled by the mechanical
stratigraphy. These resulted in low amplitude mon-
oclinal geometry of the Bahregansar anticline with
low magnitude thinning of hanging wall and thick-
ening of footwall blocks. In this regard, we found
that deformation along the basement fault is prop-
agated up the cover over three structural domains:
(1) basal wrench-dominated faulted block, (2) mid-
dle faulted monoclinal forced fold that transitions
into (3) monoclinal buckle fold of the overlying sedi-
mentary strata. Overall, three processes and factors
were involved in the nucleation, development and
evolution of the Bahregansar anticline including the
activation and reactivation of the HBNF in different
stages, and the effect of detachment levels (Figure 6).
Moreover, it seems likely that the interaction between
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processes mentioned above controlled the thickness
of sedimentary strata in the Bahregansar structure
(Figure 6).

6. Conclusions

Interpretation of seismic reflection profiles, well data
as well as thickness and deep maps reveal a clear
wrench-dominated basement-involved structural
framework (i.e., the HBNF) rooted in the NW Persian
Gulf that affected the folding of overlying sedimen-
tary strata (i.e., the Bahregansar anticline) in both the
geometry and kinematics of the structure as well as in
the thickness and facies variations. The results show
that the major basement-involved fault of the HBNF
extends along the NE-SW-trending orientation and
consists of several key anticlines.

The structural evolution of the Bahregansar an-
ticline has been deeply affected by the Turonian
folding phase and Pliocene Zagros orogeny asso-
ciated with the HBNE In the Upper Cretaceous,
the HBNF propagated upward through the overly-
ing sedimentary sequences when the inherited nor-
mal fault contractionally reactivated, as the trans-
pression zone, in sinistral-reverse sense in response
to the Neo-Tethyan oceanic plate subduction un-
der the Eurasian plate. In this regard, the NNE-SSW-
trending Bahregansar anticline (i.e., Arabian trend)
formed as a forced fold. Continuing oblique conver-
gence and associated deformation was accommo-
dated by a change in the HBNF displacement sense
from sinistral to dextral and by buckling of the Bahre-
gansar anticline as a result of the Pliocene Zagros
orogeny.

Overall, we found that deformation along the
basement fault is propagated up the cover over three
structural domains: (1) basal wrench-dominated
faulted block, (2) middle faulted monoclinal forced
fold that transitions into (3) monoclinal buckle fold
of the overlying sedimentary strata. An understand-
ing of the geometry and kinematics of basement
faults within hydrocarbon provinces is therefore a
valuable predictive tool in exploration. Furthermore,
we demonstrated that the basement-involved fault
propagation has greater efficiency of propagating the
fault-related deformation to shallower depths com-
pared to the intrasedimentary-driven nucleation and
propagation.
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