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A B S T R A C T   

Identifying the timing, geometry, mechanism and multiphase reactivation of the inherited structures on the 
structural style of the fold-and-thrust belt is important for hydrocarbon exploration and production. 

In this work, we present a multidisciplinary approach including field data, seismic profiles, well data analyses, 
isopach maps, 2D balanced cross-sections construction, and 2D sequential restoration. Such an approach is 
applied to decipher the multiphase deformation of the NNE-SSW trending deep-seated Kharg-Mish Fault (KMF) 
that controlled the tectono-sedimentary evolution and structural style of the Gachsaran Anticline (South Dezful 
Embayment - SDE). Kinematic analysis of the KMF reveals two different mechanisms from normal to reverse 
faulting (positive inversion) since the Cenomanian. From the Late Cretaceous-Late Miocene, the sedimentary 
cover thickness ~2500 m decreases along-strike of the Gachsaran Anticline towards the east, over the KMF, due 
to regional erosion and pinch-out. 

The eastern sector of the Gachsaran Anticline shows an angular and smaller wavelength fold in the levels of 
Asmari and Sarvak formations due to the efficient local middle décollements of the Kazhdumi and Pabdeh 
formations. Different amounts of shortening, 19.4% for the western and 16.7% for the eastern sector, and fore- 
thrust propagation developed a tear fault that accommodated differential deformation. Long-term structural 
evolution and strain localization in the eastern sector of the Gachsaran Anticline over the KMF produced dense 
fracturing. Our study suggests that mechanism and timing of deformation along the pre-existing basement 
structures are important in structural evolution of the sedimentary cover, oil migration and accumulation in such 
a hydrocarbon province.   

1. Introduction 

Tectonic inheritance is of global attention to academia and oil in
dustry (e.g. Butler et al., 2006; Cooper et al., 1989; Misra and 
Mukherjee, 2015). Understanding the relationship between pre-existing 
basement fault reactivation, lateral thickness and facies variation of 
sedimentary cover, and contractional deformation of the Zagros 
fold-and-thrust belt (ZFTB) are critical to decipher different structural 
styles of the South Dezful Embayment (SDE). In terms of hydrocarbon 
production and exploration, these factors are important for an accurate 
evaluation of the fold style, timing and petroleum basin prospectivity (e. 
g. Bordenave and Hegre, 2005; Riahi et al., 2021). 

The sedimentary infill of the SDE is affected by two NNE-SSW 
trending basement-involved faulted highs, Hendijan-Bahregansar- 
Nowrooz and Kharg-Mish, that control facies changes and overburden 
thickness variations during the Phanerozoic (Abdullahie Fard et al., 
2006; Bahroudi and Koyi, 2003; Farahzadi et al., 2019; Motiei, 1994; 
Noori et al., 2019; Riahi et al., 2021; Shamszadeh et al., 2022; Sherkati 
and Letouzey, 2004). Several studies have addressed the effect of lateral 
and vertical variation of the sedimentary cover on the fold style and 
geometry in fold-and-thrust belts (Table 1; Nabavi and Fossen, 2021; 
Ramsay, 1967). In addition, the role of the pre-existing basement faults 
as weakness places in controlling the structural evolution and fold style 
of the overburden is critical during the contractional deformation 
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(Table 2). 
The Dezful Embayment in the Zagros foreland folded belt has been 

recognized as one of the greatest oil provinces globally due to the dis
covery of several oilfields (e.g., the Gachsaran, Parsi, and Rag-e-Sefid 
among others). However, the regional structural framework of these 
fields is not well understood especially in the context of the pre-existing 
basement faults. In this article, we study the Gachsaran oilfield, a sub
surface structure in the north of the SDE. The impact of the Kharg-Mish 
Fault (KMF) on the eastern sector of the Gachsaran Anticline gives 
structural complexities in terms of fold style and structural evolution of 
the studied anticline in comparison to the western sector. 

This study aims to determine the structural evolution and fold style 
of the Gachsaran Anticline, by 2D seismic sections, well data, and 
isopach maps. To fully understand the fold style and geometry of the 
structure, pre-shortening basin configuration, and inherited structures 
are to be understood. For this purpose, 2D sequential restorations along 
strike of the Gachsaran fold axis and perpendicular to the KMF have 
been constructed to understand the detailed tectonic-sedimentary evo
lution and multi-episodic deformation. Further, we have mainly focused 
on the structural evolution of the eastern part of the Gachsaran Anticline 
where the deep-rooted structure related to the KMF reactivation was 
overprinted by the ZFTB shortening since Early Cretaceous up to the 
recent. 

2. Tectonics & stratigraphy 

The Zagros fold-and-thrust belt (ZFTB), a part of the Late Cretaceous 
to Tertiary Alpine- Himalayan orogenic belt, resulted from the Neo- 
Tethyan Ocean closure between the north of the Gondwana and south 
of the Laurasia margins. The NW-SE trending ZFTB with ~2000 km long 
(Alavi, 1994, 2007; Berberian and King, 1981; Mouthereau et al., 2012; 
Vergés et al., 2011) introduces a 25◦ oblique transpression zone between 
the Afro-Arabian plate in the SW and the Iranian micro-plate in the NE 
(Sarkarinejad and Azizi, 2008). The inherited N-S to NW-SE trending 
basement faults in the NE margin of the Arabian plate from Pan-African 
orogeny (670-570 Ma), divide the ZFTB into different tectonostrati
graphic zones (e.g. Alavi, 2007; Falcon, 1974; Mouthereau et al., 2012; 
Sarkarinejad and Goftari, 2019). The Zagros orogen is divided into six 
main sub-parallel distinct belts (Vergés et al., 2011; Sarkarinejad and 
Goftari, 2019). From NE to SW these are (1) the Uromieh-Dokhtar vol
canic arc (UDVA), (2) the Sanandaj- Sirjan metamorphic belt, (3) 
Imbricated Zone, (4) the Zagros Foreland fold-and-thrust belt (High 
Zagros Belt), (5) the Zagros foreland folded belt, and (6) the 
Mesopotamian-Persian Gulf Foreland basin (Fig. 1). In the central part of 
the Zagros foreland folded belt, the Mountain Front Flexure, a fault zone 
rooted from the NW-SE basement step, separates the Izeh Zone in the NE 
from the Dezful Embayment in the SW. The Dezful Embayment is 
bounded by two transverse basement faults: the Kazerun Fault at the SE 
and the Bala Rud Fault at the NW (Fig. 1; e.g. Berberian, 1995; 
Mouthereau et al., 2012). 

Different tectonic events since the Late Proterozoic affected the 
sedimentary basin of the Dezful Embayment (e.g. Motiei, 1995; Sherkati 
and Letouzey, 2004). One of the important events is related to the 
transtensional phase that produced the Najd system, during the Late 
Proterozoic (Al-Husseini, 2000; Bahroudi and Talbot, 2003; Husseini, 
1989; Talbot and Alavi, 1996). Different shallow pull-apart basins 
mainly along strike the N-S basement faults have controlled the 
epicontinental deposition of the Neoproterozoic-Cambrian Hormuz se
ries at this time (Edgell, 1996; Faqira et al., 2009; Mukherjee et al., 
2010; Mukherjee, 2011; Perotti et al., 2011; Stewart, 2018). Several 
studies on the fold style and geometry of the Dezful Embayment struc
tures have considered a main basal décollement (probably the Hormuz 
series) during the evolution of the structures (e.g. Carruba et al., 2006; 
Colman-Sadd, 1978; Derikvand et al., 2018; Heydarzadeh et al., 2020). 

Shallow marine platform shales and sandstones developed in the 
Hormuz basin until the Carboniferous time (e.g. Stampfli and Borel, 

Table 1 
A summary of several works that evaluated the effective parameters on fold style 
and geometry in fold-and-thrust belts.  

Author Approach Key finding Natural 
example/ 
General 
concept (GC) 

Currie et al. 
(1962) 

Field observation, 
Experimental 
modeling 

The physical properties and 
thickness of a dominant 
member control the fold 
wavelength that develops in 
the early stages of 
deformation 

GC 

Sherkati 
et al. 
(2006) 

Analog modeling, 
cross-section, 
seismic data 

Thickness and mechanical 
rheology of sedimentary 
cover affect the style and 
wavelength of folds 

Central 
Zagros fold 
and thrust 
belt, Iran 

Sepehr et al. 
(2006) 

Cross-section, 
Field observation 

The thickness and facies 
distribution of the cover 
rock succession has a 
significant impact on the 
style of deformation 

Zagros fold- 
and-thrust 
belt, Iran 

Motamedi 
et al. 
(2012) 

Seismic 
interpretation, 
cross-section 

Variation in structural style 
is related to variations in the 
thickness and distributions 
of the major 
tectonostratigraphic units 

Central Fars 
area, Zagros 
fold-and- 
thrust belt 

Butler et al. 
(2018) 

Seismic 
interpretation, 
Cross-section 

Changes in structural style 
are related to pre-kinematic 
stratigraphic variations 

GC 

Meng and 
Hodgetts 
(2019) 

Numerical 
experiments 

Cover rock cohesion and 
décollement layer thickness 
affect the surface uplift, fold 
amplitude, and propagation 
rate of deformation 

GC  

Table 2 
A summary of several works that evaluated the effect of pre-existing structures in 
controlling structural deformation.  

Author Approach Key finding Natural example/ 
General concept 
(GC) 

Giambiagi et al. 
(2003) 

Cross- 
section 

Shortening was 
accommodated by a 
combination of inversion 
of pre-existing normal 
faults 

Aconcagua fold 
and thrust belt, 
southern Andes 

Scisciani 
(2009) 

Cross- 
section, 
field studies 

The pre-existing normal 
faults constituted 
important mechanical 
anisotropies that were 
effective in controlling the 
localization, spacing, and 
kinematics of the 
propagating thrust ramps 
and related fold 
nucleation within the 
sedimentary cover 

Central Apennines 
and the Adriatic 
foreland 

Tong et al. 
(2014) 

Analog 
modeling 

The formation and 
propagation of faults can 
be triggered very early by 
pre-existing rigid-border 
faults 

GC 

Koyi et al. 
(2016) 

Analog 
modeling 

The importance of 
basement reactivation 
timing with respect to the 
shortening 

GC/Alborz 
mountains and 
Zagros fold and 
thrust belt, Iran 

Burberry and 
Swiatlowski 
(2016) 

Analog 
modeling 

Pre-existing structure 
promotes the development 
and clustering of branch 
lines in the overlying 
thrust faults 

GC 

Schori et al. 
(2021) 

Analog 
modeling 

Upward and downward 
pre-existing steps 
localizing deformation. 

Jura Mountains 
Fold-and-Thrust 
Belt  
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2002; Perotti et al., 2011). Besides sparse outcrops in the High Zagros, 
characteristics of Paleozoic rocks in the study area are unknown due to 
the lack of outcrops and well data. Due to huge erosion related to the 
Hercynian orogeny (e.g., Asl et al., 2019;Faqira et al., 2009), one of the 
important events in the NE of Gondwana in the Carboniferous, it is 

difficult to constrain the Cambrian-Carboniferous thicknesses and tec
tonostratigraphy (e.g. Konert et al., 1999; Stewart, 2018). Red con
glomerates and sandstones at the base of the Faraghan Formation 
indicate Permo-Triassic transgression (Alavi, 2007). 

During the Permo-Triassic, the opening of the Neo-Tethyan oceanic 

Fig. 1. a) Geological map with the main structural elements of the Zagros fold-and-thrust belt (modified after Berberian, 1995; Derikvand et al., 2018; Edgell, 1996; 
Jahani et al., 2017; Perotti et al., 2011; Sarkarinejad and Goftari, 2019; Stewart et al., 2018; Soleimany et al., 2011; Tavakoli-Shirazi et al., 2013). Inset map: location 
of the region on the geological map of Iran. (b) The depth map at the top Asmari Formation of the Gachsaran Anticline (black rectangle in Fig. 1a). BFZ; Bala Rud 
Fault Zone; D: Dorood oilfield; Dr: Dara anticline; Gs: Gachsaran oilfield; HBPH: Hendijan-Bahregansar Paleo High; HZF: High Zagros Fault; IFZ: Izeh Fault Zone; 
KMPH: Kharg-Mish Paleo-High; KZF; Kazerun Fault Zone; MFF; Mountain Front Flexure; MZT: Main Zagros Thrust; SS HP-LT MB: Sanandaj-Sirjan HP-LT Meta
morphic Belt; SS HT-LP MB: Sanandaj-Sirjan HT-LP Metamorphic Belt; UDVA: Uromieh-Dokhtar Volcanic Arc; ZDF: Zagros Deformation Thrust; ZSZ: Zagros Su
ture Zone. 
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crust separated the Afro-Arabian and micro-Iranian plates towards the 
SW and NE, respectively. During this Permo-Triassic period, shallow- 
marine carbonates of the Dalan and Kangan formations (Dehram 
Group), one of the main gas reservoirs in the ZFTB, deposited in the NE 
passive margin of the Afro-Arabian plate (Alavi, 2004; Sepehr and 
Cosgrove, 2004). Across the NW-SE trending of extensional passive 

margin faults in the NE of the Arabian plate, which also acts as facies 
boundary, Khanehkat carbonate formation changes to Dashtak evapo
rites from the Izeh Zone in the NE towards the Dezful Embayment in the 
SW (e.g.; Sepehr and Cosgrove, 2004; Szabo and Kheradpir, 1978). 
Triassic Dashtak evaporites are the main intermediate dećollement in 
most of the structures of the ZFTB (e.g., Abdullahie Fard et al., 2006; 

Fig. 2. Tectonostratigraphiy of the South Dezful Embayment based on surface and subsurface data. The thickness and mechanical stratigraphy down to the Surmeh 
Formation is based on this study and is completed based on, Abdullahie Fard et al. (2006), Alavi (2004), Derikvand et al. (2018), Sherkati and Letouzey (2004), and 
Soleimany et al. (2011). 
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Najafi et al., 2014). 
The Jurassic-Lower Cretaceous sedimentary thickness and facies of 

the Khami Group vary laterally (between the carbonate to shale and 
evaporites formations) across the Kazerun, Bala Rud, and Izeh Fault 
Zone towards the Dezful Embayment (Setudehnia, 1978; Sepehr and 
Cosgrove, 2004). This Middle-Upper Jurassic-Lower Cretaceous Group 
including the Surmeh, Hith, Fahliyan, Gadvan, and Dariyan formations 
have been drilled by several wells in the study area (down to the ~ 
− 3600 m). This Jurassic-Lower Cretaceous mega-sequence unconform
ably overlies the Permo-Triassic sequences as the Neo-Tethyan ocean 
rifted in the Mid to Late Permian (Alavi, 2007; Berberian and King, 
1981; Koop and Stoneley, 1982). It is also unconformably overlain by 
the Albian shales of the Kazhdumi Formation (~250 m), which is one of 
the source rocks in the Dezful Embayment. 

From the Cenomanian up to Campanian, another mega-sequence of 
carbonates includes the Sarvak and Ilam formations deposited in a 
shallow continental shelf basin in the ZFTB (Alavi, 2004). Another main 
disconformity clearly apparent resulted in response to the first stage of 
Alpine orogeny with the onset of ophiolitic obduction during the 
Turonian (e.g. Abdullahie Fard et al., 2006; Farahzadi et al., 2019; 
Moghadam et al., 2013). Upper Cretaceous sediments were either 
significantly eroded or not deposited, up to 80%, in the study area. The 
Turonian unconformity contact is overlain by shallow marine carbon
ates to continental siliciclastic deposits of the Late Cretaceous derived 
from the Zagros hinterland part (Alavi, 2004). Marine shales, marls, and 
marly limestones of the Late Cretaceous-Eocene Pabdeh and Gurpi for
mations are the source rocks. They supply oil to the overlaying 250–450 
m thick Oligocene-Early Miocene shallow marine limestones of the 
Asmari Formation, the main reservoir in the Dezful Embayment (Car
ruba et al., 2006). 

Very thick (>5000 m) Mio-Pleistocene post-collision sequence 
including Gachsaran, Mishan, Aghajari and Bakhtiyari formations (Fars 
Group) deposited in the Dezful Embayment (Pirouz et al., 2017). The 
Gachsaran evaporites as caprock of the Asmari reservoir formed a major 
upper décollement in the Dezful Embayment (e.g., Bahroudi and Koyi, 
2003; Derikvand et al., 2018). Overall, the total thickness of the sedi
mentary sequences over the heterogeneous basement ranges from ~7 to 
12 km in the Dezful Embayment (Fig. 2; e.g. Alavi, 2004, 2007; Carruba 
et al., 2006; Sherkati and Letouzey, 2004). 

3. Dataset &methods 

Seismic and well data, field observations, and balanced cross- 
sections have been used in this work. 2D seismic and well data were 
provided by the National Iranian South Oil Company (NISOC). More 
than 400 wells drilled in the Gachsaran oilfield (down to the Hith For
mation ~ − 3600 m depth) have been used to constrain the six isopach 
maps presented in this work. 2D sequential restoration, isopach maps, 
balanced cross-sections, and well correlation profiles were used to 
elucidate the tectonic-sedimentary evolution of the study area. During 
the sequential restoration, ten interpreted horizons from the top Gadvan 
Formation to recent deposits, were back-stripped sequentially by 
unfaulting, unfolding, and decompaction. Midland Valley Move soft
ware (2018) has been used for the 2D sequential restoration of a section 
along strike and for construction of two balanced cross-sections across 
the Gachsaran Anticline. For the decompaction process, the mechanical 
properties of the rock units were calculated by the geomechanical 
evaluation of several drilled wells of the Gachsaran oilfield in the Geo
mechanics Department of the NISOC (Table 3). The average values of the 
mechanical parameters (Young’s modulus, Poisson’s ratio, Bulk density, 
porosity, and friction angle) have been used for some formations with 
multiple lithologies. Athy’s law (Dasgupta and Mukherjee, 2020) was 
followed for the porosity/depth relation (Eq. (1)):  

f = f0 (exp) (– cz)                                                                             (1) 

Here f: porosity at depth z, f0: surface porosity, c: porosity/depth 
coefficient. 

For the standard value of the f0 and c, we utilized the default 
compaction curve for the area with mixed lithology provided in Move 
software, which is based on Sclater and Christie (1980). Furthermore, 
for the 2D backstriping of the section, the paleobathymetry values for 
each formation have been provided by the biostratigraphic data in some 
wells of the Gachsaran oilfield. 

4. Structural analyses 

4.1. Impact of the Kharg-Mish Fault on the sedimentary cover 

Reactivation of ~ N-S trending of the Kharg-Mish Fault (KMF) as a 
pre-existing basement extensional fault has affected the basin-fill of the 
SDE (Ahmadhadi et al., 2007; Mouthereau et al., 2007; Sherkati and 
Letouzey, 2004; Soleimany et al., 2011). Structural features of the KMF 
were detected through detailed geologic analyses of the surface and 
subsurface data. A linear arrangement of the offshore oilfields (Fig. 1), 
the curvature of the fold axis traceable in the onshore structures, and 
subsurface evidence such as thickness and facies variation of the sedi
mentary cover related to the reactivation of this fault during the Phan
erozoic suggest that the fault extends from the southern part of the 
Persian Gulf to the north of the SDE (e.g. Shamszadeh et al., 2022; 
Motiei, 1994). 

The seismic profile across the KMF reveals that severe structural 
amplification happened along the fault began from the Cenomanian and 
reached a peak at Turonian time (Fig. 3). This is documented by a huge 
erosion or/non deposition of the Bangestan Group. A large thinning 
(from ~950 m to ~ 100 m) of the Upper Cretaceous Bangestan Group 
(Ilam-Sarvak formations) atop of the deep-seated buried anticline can be 
observed across the KMF (Fig. 3). 

The interpreted top-formation horizons on the seismic section at 
least reveal the thickness variation patterns of the strata down to the 
Uppermost Jurassic Hith Formation. The Bangestan Group and the Plio- 
Pleistocene Upper Aghajari-Bakhtiyari formations on both sides of the 
salt-cored structure show considerable growth thinning strata towards 
the crest of the structure (Fig. 3). Deep-seated fault reactivation of the 
KMF has probably controlled this circular to elongated salt-related 
structure (e.g. Sherkati and Letouzey, 2004; Soleimany et al., 2011). 
The geometry of the interpreted top-formtions demonstrates the defor
mation along the KMF initiated at least from the Late Cretaceous, which 
thinned of the layers from the flanks towards the structure (Fig. 3). 
Therefore, the buried salt-related anticline (e.g. Shamszadeh et al., 
2022; Soleimany et al., 2011) along the KMF is considered as a growth 
structure developed by multiple reactivations of the KMF during the Late 
Cretaceous-Recent time (Fig. 3). 

Table 3 
Mechanical properties and decompaction parameters of each formation were 
used in the restoration techniques of this study.  

Formation Static 
Young’s 
modulus 
(MPa) 

Poisson’s 
Ratio 
(Unitless) 

Bulk 
Density 
(kg m− 3) 

Porosity 
(Unitless) 

Friction 
Angle 
(Degree) 

Aghajari 27,140 0.33 2650 12 30 
Mishan 7250 0.36–0.4 2450 15–20 20 
Gachsaran 10,350 0.4 2530 14 26 
Asmari 36,400 0.29 2650 6–10% 35 
Jahrum 31,200 0.31 2620 8–10% 25 
Pabdeh 23,450 0.35 2580 12 20 
Gurpi 35,400 0.28 2680 2–5% 34 
Ilam- 

Sarvak 
35,500 0.33 2580 15–20 26 

Kazhdumi 36,100 0.32 2610 3–10% 28 
Dariyan 27,700 0.33 2430 13 25 
Gadvan 27,200 0.33 2610 12 30  
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The Kharg-Mish Fault continued to the Mish anticline in the Izeh 
Zone, north of the Gachsaran Anticline. Field observation data indicates 
the depositional geometry of the Oligo-Miocene Asmari Formation in 
the Mish anticline was affected by the reactivation/or trace of the KMF 
(Fig. 4). The platform of the Asmari Formation developed around the 
shelf-margin delta prograding into pre-existing highstand area created 
by the KMF. Fig. 4 shows a large-scale NNE prograding clinoform ge
ometry of the Asmari Formation in the SW flank of the Mish anticline. 
This stratal pattern clearly demonstrates the interplay amongst sediment 
supply, tectonics and sea-level changes. 

4.2. Effect of the KMF at the eastern sector of the Gachsaran Anticline 

W-E seismic sections along the eastern sector of the Gachsaran 
Anticline displays the gradual thinning of the Upper Cretaceous Ban
gestan Group towards the east (Fig. 5a). Also, the seismic profile at the 
north of the Gachsaran Anticline clearly shows a normal displacement 
over a high-angle fault (Fig. 5a). However, this dip-slip fault has not 
been well interpreted in the section above the Gachsaran Anticlinal crest 
(Fig. 5b). This figure shows how the eastern sector of the Gachsaran 
Anticline is characterized by two steeply-dipping bounding faults. This 
sector is characterized by a distinct high uplifted structure on top of the 
Asmari Formation. Thick sediments of the Miocene Gachsaran evapo
rites accumulated on both sides of the anticline. Gachsaran Formation as 
the main upper décollement in the Dezful Embayment clearly decouples 

the deformation with a syncline filled by Plio-Pleistocene syn-orogenic 
Aghajari-Bakhtiyari Formations at the eastern sector of the Gachsaran 
Anticline (Fig. 5b). 

4.3. Growth structures above the Gachsaran evaporites 

The Gachsaran Formation crops out along the Gachsaran Anticline, 
whereas the Mio-Plio-Pleistocene Mishan, Aghajari and Bakhtiyari for
mations are partly preserved in the flanks of this structure. Two broad 
synclines filled by thick syn-orogenic sediments (Fars Group) bounded 
the Gachsaran Anticline. However, due to the mobility of the Gachsaran 
evaporites, the infill of these synclines shows important thickness vari
ations (~100–2000 m) throughout the study area. The synclines flank
ing the Gachsaran Anticline are characterized by growth strata from the 
Fars Group with overturned to horizontal attitudes (Fig. 6). These are 
well preserved in the western sector of the Gachsaran Anticline (Fig. 6a). 
In the SW flank of this sector, overturned strata of the Gachsaran For
mation gradually turn to horizontal in younger deposits of the Bakh
tiyari Formation (Fig. 6a). Likewise, the SW flank of the eastern sector of 
the anticline displays some growth geometries in the Mishan, Aghajari 
and Bakhtiyari formations (Fig. 6b). 

The geometry of the Mishan-Bakhtiyari formations strata in seismic 
profiles does not match with the subsurface structures below the 
Gachsaran evaporites due to the mobility of the Gachsaran Formation 
(Fig. 5). The ductile evaporites tend to flow due to the contractional 

Fig. 3. a) An interpreted 2D seismic profile across the Kharg-Mish and Hendijan-Bahregansar Paleo highs. See Fig. 1 for location. b) and c) close-up pictures of the 
Late Cretaceous Bangestan Group and Plio-Pleistocene Upper Aghajari-Bakhtiyari growth strata, respectively. See Fig. 3a for location. As: Top Asmari Formation; 
Bgp: Top Bangestan group; Gd: Top Gadvan Formation; Hi: Top Hith Formation; In. Aj-Bk: Intra Aghajari-Bakhtiyari formations; Gs: Top Gachsaran Formation; 
KMPH: Kharg-Mish Paleo-High; KMZ: Kharg-Mish Paleo High; Kz: Top Kazhdumi Formation; Mn: Top Mishan Formation; TWT: Two Way Time. Uninterpreted 
sections have been provided in Repository data No.1. 
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deformation and fill the surrounding basin (e.g. Najafi et al., 2018; 
Rowan and Ratliff, 2012). However, the geometry and thickness of the 
Fars Group sediments are important factors since (i) they document the 
timing of the structure growth; and (ii) thick overburden have an impact 
on the development of the Gachsaran Anticline. The thickness of over
burden sediments directly affects the geometric (e.g. fold vergence) and 
kinematic (e.g. vertical uplift) evolution of the deep structures (e.g. 
Barrier et al., 2002; Pichot and Nalpas, 2009; Pla et al., 2019). 

4.4. 2D sequential restoration along-strike of the Gachsaran Anticline 

A 2D structural restoration of the constructed section (63.5 km long, 
NW-SE trend) along the Gachsaran Anticline was sequentially estab
lished to remove the deformational effects of geological processes such 
as sedimentation, folding, and faulting in the entire studied area with 
the primary aim of analyzing the deformation history of the KMF. 
Restoration of the tectonostratigraphic model reveals how deformation 
rates evolved through time (Fig. 7). The amount of the eroded sediments 
(Fars Group) over the topography level was constructed based on the 
layer geometry as surface outcrops and their preserved thickness in the 
adjacent areas (~1500 m were constructed) (Fig. 8a). During back
striping, due to the pre-shortening vertical movement of the KMF, a 
simple vertical shear algorithm (see also Valero et al., 2015) was utilized 
during the unfaulting and unfolding of the competent rocks and the area 
balance preservation for the Gachsaran evaporites. 

The Mio-Plio-Pleistocene Fars Group reconstructed sedimentary ge
ometry indicate that the strata thickens towards the eastern and western 
edges of the Gachsaran Anticline from ~1700 m up to a ~2800 m and 
~3700 m, respectively (Fig. 7a). This is well demonstrated by the 
sequential restoration of the Miocene Mishan and Gachsaran formations 
(Fig. 7b and c). The KMF terminates at the lower portion of the Gach
saran evaporites. However, evidences such as thickness variation and 

folding of upper layers support that this fault is still active and affect the 
younger strata. Before restoration at the top of the Asmari Formation, 
two culminations were detected in both the western and eastern plunges 
of the Gachsaran structure. These structures were developed during the 
Mio-Pliocene deposition time of the Gachsaran-Aghajari formations, 
during the shortening of the Zagros orogeny (Fig. 7b and c). Restoration 
to the top of the Burdigalian Asmari Formation has removed the effect of 
both the western and eastern culminations from the entire section pro
file downward (Fig. 7d). The Oligo-Miocene Asmari and Eocene Pabdeh 
formations indicate gradual thinning of the strata towards the eastern 
plunge from~ 1000 up to 600 m in the east of the KMF (Fig. 7d and e). 
Furthermore, the effect of the KMF on the Asmari Formation geometry is 
well-documented in the outcrop (Fig. 4). 

Sedimentary thickness across the KMF varies from ~1900 to ~300 m 
depth-wise during the deposition of the Upper Cretaceous Gurpi, Ilam, 
and Sarvak formations (Fig. 7f and g). The Coniacian-Cenomanian Gurpi 
Formation was not deposited in the eastern side of the KMF (Fig. 7f). 
Restoration to the top of the Gurpi Formation reveals gradual thinning of 
maximum thickness of ~280 m in the western edge of the Gachsaran 
Anticline towards the east until it pinches out at the west of the KMF 
(Fig. 7f). However, the thicknesses of the Ilam-Sarvak formations dras
tically in the east of the KMF where the thick deposits of the Ilam-Sarvak 
formations (~1100 m) in the west of the Gachsaran Anticline decreases 
to ~ 200 m on top of the KMF (Fig. 7g). Generally, restoration to the 
Albian top of the Kazhdumi-Gadvan formations reveals uniform thick
ness and tectonic inactivity along the KMF. There is only a low-angle 
tilting, up to a ~1◦, of these relatively constant layers towards the 
west. The relative uniform thickness of this unit shows tectonic quies
cence ~100–140 Ma (Fig. 7h–j). 

Fig. 4. A) Uninterpreted, and B) interpreted clinoform geometries of the Asmari Formation in the SW flank of the Mish anticline. See Fig. 1a for location.  
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4.5. 2D balanced cross-section across the Gachsaran Anticline 

The contour map at the top of Oligo-Miocene Asmari Formation of 
the Gachsaran Anticline indicates changing fold geometry from the 
eastern to western plunges along the structure (Fig. 1). The map and the 
constructed cross-sections show that the eastern sector of the Gachsaran 
Anticline is characterized by a slightly asymmetric angular anticline, 
and at the western one it is more symmetric. This is related to the ac
tivity of the underlying KMF at the eastern sector (Fig. 8a and b, 9a). 
Figure 9 shows that the two constructed cross-sections on the eastern 
and western sectors of the Gachsaran Anticline were restored based on 
the flexural slip algorithm (e.g. Mitra, 2002; Griffiths et al., 2002; 
Giambiagi et al., 2009). The restored sections are bounded in one end by 
a pin line that remained straight and perpendicular to the bedding on the 
restored sections (Fig. 8a and b). 

Towards the eastern sector, the fold style varies considerably at the 
level of the Asmari Formation, in relation with the thickness decreases of 
the Asmari-Sarvak formations over the KMF (Fig. 8a and b). The eastern 
fold shows southward vergence with a fault in the southern flank. The 
different style of the eastern fold in the upper layers is probably related 
to the folding of the thin Albian to Miocene Sarvak- Asmari formations 
over the local intermediate décollements of the Albian Kazhdumi and 
Eocene-Paleocene Pabdeh formations. Low rheologic contrast between 
Kazhdumi, Sarvak, Pabdeh and Asmari formations over the KMF than 
that in the western fold made the Kazhdumi and Pabdeh formations 
more effective décollements in the eastern fold (Fig. 8b). In other words, 
the activity of the Kazhdumi Formation is a result of thinning of the 
Asmari-Sarvak formations. The Albian Kazhdumi local décollement in 
the eastern fold fairly decoupled the upper layer deformation from the 
below layers resulting in different fold styles in two levels. It is also 

suggested that the evaporites of the Triassic Dashtak Formation, as the 
main intermediate décollement in the Dezful Embayment (e.g. Derik
vand et al., 2018; Sepehr et al., 2006), was involved in the folding of the 
both eastern and western folds. 

In addition, the cross-section constructed on the western fold pre
sents the Gachsaran Anticline to be a faulted detachment fold. A back
thrust cut the backlimb so that the structure folded over a décollement 
level uniformly. Balanced cross-sections through the Gachsaran salt- 
cored anticline show that the asymmetric fault-related folds formed by 
a transition from faulted detachment fold to fault-propagation folding 
towards the eastern sector (Fig. 8, e.g. Mitra, 2002). However, the 
incompetent layers of the Triassic-Jurassic rock units (i.e. the Dashtak 
Formation), slightly decoupled the deformation in the layers above and 
below (Fig. 11a). A back-thrust with small displacement probably 
nucleated at the Dashtak Formation developed in the western sector of 
the fold (Fig. 11a). In comparison with the eastern sector of the fold, a 
thicker competent layers of the Paleozoic and Upper Cretaceous Ban
gestan Group in the western sector of the fold result in a greater fold 
wavelength (Fig. 8a and b, 9c). 

The restoration of the cross-sections in the eastern sector of the fold 
indicates more shortening in the layers above the Kazhdumi incompe
tent Formation than that in the below layers (Figs. 8a and 9b). However, 
more shortening in the sediments over the Dashtak evaporites with 
respect to the below layers for both structures is deciphered (Fig. 8 a,b). 
This could indicate that the Gachsaran Anticline is a multi-detachment 
fold where the deformation mainly affected the upper layers during 
the shortening of the Zagros orogeny. 

As displayed in the cross-sections (Fig. 8) and previous authors (e.g. 
Abdullahie Fard et al., 2006; Najafi et al., 2018), the Gachsaran For
mation is the main upper décollement in the Dezful Embayment, 
significantly decoupled the structures of the layers above and below. 
However, it is important to consider the lateral thickness variation of the 
sedimentary cover as one of the important factors in laterally and 
vertically changing the fold style in the Gachsaran Anticline. 

4.6. Stratigraphic thickness variations, well correlation chart, and isopach 
maps 

Based on the geometry of the strata and the sedimentation rate, the 
growth strata through the sedimentary profile can be categorized into 
three intervals (i) the Upper Cretaceous Sarvak-C- Gurpi interval 
showing the significant thinning/ erosion of the strata towards the KMF, 
up to 90%; (ii) the Paleocene- Miocene Pabdeh-Asmari interval depict
ing thinning of the strata up to ~50%, and (iii) considerable growth of 
the strata, decreased from ~3700 to 1700 m (~55%), during the 
deposition of the Mio-Plio-Pleistocene Fars Group. Based on numerous 
well data (~ 400 that drilled up to the Kazhdumi Formation) six isopach 
maps are constructed from the Sarvak to Asmari formations. (Fig. 10). 
Isopach maps reveal the tectonic effect on the basin. These maps display 
how the thicknesses of the Asmari and Pabdeh formations from the 
western to eastern plunges of the Gachsaran Anticline, over ~70 km of 
distance, decrease from ~530 m to 240 m and 230 to 120 m, respec
tively. However, the maps of the Sarvak-B, Sarvak-C, Ilam, and Gurpi 
formations do not show any deposition in the eastern plunge of the 
anticline (Fig. 10b). These variations is related to the most severe stage 
of non-deposition/erosion over the KMF which began from the late 
Cenomanian to the Maastrichtian time. Reactivation of the pre-existing 
structures in the late Cretaceous is one of the well documented tectonic 
activity in the foreland of the Zagros Orogen (see also Abdullahie Fard 
et al., 2006, Shamszadeh et al., 2022). 

A section parallel to the fold axis of the Gachsaran and Dara anti
clines and across the KMPH constructed by 17 drilled wells demon
strates the impact width of the KMPH on the sedimentary cover 
(Fig. 11). This section also shows the considerable impact of the KMPH 
on the Late Cretaceous sediments where huge non-deposition/erosion 
occurred on the eastern sector of the Gachsaran Anticline (Figs. 10 

Fig. 5. E-W seismic sections along-strike the eastern sector of the Gachsaran 
Anticline, a) in the northern syncline, b) over the anticline. The inset map of the 
Gachsaran Anticline in Fig. 5a shows the location of both sections. Fault slip 
shown by arrows, discussed in sections 4.4 and 5.1. See location in Fig. 1b. 
Uninterpreted sections have been provided in Repository data No.2. 
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and 11). In the section, the Sarvak Formation is divided into three zones 
including Sarvak-B, C and D (Fig. 11). From Sarvak-D up to the Gurpi 
Formation only the Sarvak-D has been detected in the eastern sector of 
the anticline. Based on the well correlation chart (Fig. 11) and geometry 
of the strata (Fig. 3b), it is assumed that the Sarvak-C and D units are pre- 
growth strata subject to erosion. The erosional surface occurred on top 
of the Sarvak-C and Sarvak-D units as the growth strata of the Sarvak-B, 
Ilam, and Gurpi formationspinch outs and never lie atop the eastern 
sector of the structure. 

Further, the erosional surface is onlapped by the growth strata of the 
Pabdeh Formation at the top of the eastern sector of the structure 
(Fig. 11). Few regional studies have detected an erosional surface in the 
Ilam-Sarvak interval on top of the Hendijan-Bahregansar paleo-high (e. 
g. Abdullahie Fard et al., 2006; Riahi et al., 2021). This regional un
conformity and sharp thickness variation date back to the latest Turo
nian (~90 Ma) ophiolite obduction in the NE of the Afro-Arabian plate 
(e,g, Alavi, 2007; Orang and Gharabeigli, 2020). In the Hith- Kazhdumi 
rock package, sediment thickness is almost constant from the western to 
the eastern sectors of the Gachsaran Anticline (Fig. 11). The relative 
uniform thickness of these formations may be related to a period of 
tectonic quiescence at the deposition time ( uppermost Jurassic-Albian). 

5. Discussion 

Based on several studies, in the fold and thrust belts, the greater 
thickness of the sedimentary cover has great importance in further 
propagation of fault-related fold structures toward the foreland than the 
area with thinner sedimentary cover (e.g. Farzipour-Saein et al., 2013; 
Marshak and Wilkerson, 1992). In addition, researchers have investi
gated the effect of mechanical behavior and thickness of the sedimentary 

cover on the fold style and geometry (Motamedi et al., 2012; Najafi 
et al., 2014; Sepehr et al., 2006). The 3D view of the Gachsaran Anticline 
(Fig. 12) and the amount of the shortening (Figs. 8 and 9b) indicate the 
further propagation towards the foreland occurs in the western sector of 
the fold, where the sedimentary cover is thicker (Fig. 12). Along-strike 
differential shortening was accommodated by ~200 m left-lateral 
strike-slip movement along the KMF (a branch of the deep-rooted KMF 
in the sedimentary cover) (Fig. 12). The compressional regime of the 
ZFTB resulted in the reactivation of the inverted KMF as a tear fault in 
the sedimentary cover. In fold and thrust belts, tear faults develop due to 
along-strike variation in structural style and differential displacement 
between two adjacent areas (e.g. Duffy et al., 2018; Pash et al., 2020). 
During the contraction, the developed tear fault sub-parallel to the 
Zagros shortening direction accommodates different deformation styles 
between the eastern and the western sectors of the Gachsaran Anticline 
(Fig. 12). Therefore, the strike-slip movement along a KMF branch could 
be attributed to the variable thickness of the sedimentary cover and 
different propagation between two areas rather than totally originated 
by the pre-existing deep-rooted KMF (Fig. 12). 

5.1. Inversion tectonics adjacent to the KMF 

Several studies have emphasized that the inverted compressional 
structures are strongly controlled by the pre-existing normal fault atti
tude and direction of the stress field (e.g. Del Ventisette et al., 2006; 
Deng et al., 2021; Letouzey et al., 1990). In addition, different defor
mation phases related to reactivation of inherited faults have been 
considered in several tectonic settings worldwide (e.g. Cooper and 
Williams, 1989; Dasgupta and Mukherjee, 2017; Riahi et al., 2021; Tari 
et al., 2020). Change in tectonic regime from extension to contraction 

Fig. 6. Field views of the outcropping out rocks at the 
western (a) and the eastern sector; (b) of the Gach
saran Anticline. Figures (b) and (c) are the line 
drawing of figures a and c, respectively. Note the 
different dip attitudes of the Aghajari-Bakhtiyari for
mations and the overturned beds of the Gachsaran 
and Mishan formations show in the SW flank of these 
structures. White/red dashed lines correspond to the 
formation boundaries. See location in Fig. 1b. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Fig. 7. 2D sequential restoration along strike the Gachsaran Anticline crossing the Kharg-Mish Paleo-high from top of the Gadvan Formation to recent sediments. The 
present topography (black line) is taken from the Digital Elevation Model (DEM) map (10 m spatial resolution) of the study area. KMPH: Kharg-Mish Paleo High. See 
Fig. 1b for the section location. 
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has been considered along the pre-existing extensional KMF in the 
eastern sector of the Gachsaran Anticline. The effect of the KMF reac
tivation on the thickness and facies variation of the Late Cretaceous 
sediments were mentioned by the previous workers (e.g., Karimnejad 
Lalami et al., 2020; Motiei, 1995; Sherkati and Letouzey, 2004). Further, 
several researchers investigated the reactivation and multiphase defor
mation of the N-S basement faults in tectonic-sedimentary evolution and 
kinematics of the South Dezful Embayment (e.g. Abdullahie Fard et al., 
2006; Riahi et al., 2021; Shamszadeh et al., 2022). However, in this 
research, based on sequential restoration and unfaulting of the different 
horizons interpreted from seismic and well data, displacement and style 
of inversion tectonics along the KMF have been quantified (Fig. 13). The 
KMF, a long-term active tectonic structure in the eastern sector of the 
Gachsaran Anticline, controls the depositional basin of the area. The 
multiple reactivations of this fault have controlled the sedimentary 
variation along-strike of the Gachsaran Anticline at least from Late 
Cretaceous times. 

Several studies utilized the geometry of the syn-tectonic sediments to 
analyze the tectonic history of the growth structures (i. e. faults and 
folds) (e.g. Castelltort et al., 2004; Deng et al., 2021; Storti and Poblet, 
1997). The amounts of the heave, dip separation, and throw of the fault 
have been calculated during the Aptian (~115 Ma) to Pliocene (~2-5 
Ma) time (Fig. 13). For the graphical display of the fault analyses, we 
used the plot of cumulative dip separation on each horizon vs. time. 
Similar plots have been presented by McClymont et al. (2009) and 
Koukouvelas et al. (2017). We use this plot in analyzing the growth fault 
kinematics from the back-stripping method for the tops of the Asmari, 
Pabdeh, Sarvak, Kazhdumi and Dariyan formations (Fig. 13f). 
Displacement profiles for each horizon display the systematic accumu
lation of the fault slip from Aptian (~115 Ma) to Pliocene (~2–5 Ma) 

times (Fig. 13a–e). The value above the zero (reference line) indicates 
existing normal dip separation on each horizon at a specific time. 
Conversely, the value below zero indicates the existing reverse dip 
separation on each horizon. Where the curves are on the reference line it 
means the dip separation amount of the normal and reverse faulting are 
equal in this specific time. The plot indicates that the contractional 
tectonic inversion occurs in the Burdigalian where the slope of curves 
changes downwards (Fig. 13). 

Two major faulting episodes with different mechanisms in the Cen
omanian and Pliocene have been recognized. Major normal faulting in 
the Cenomanian (Fig. 13b) was followed by a period of slight normal 
faulting until Pliocene (Fig. 13c and d). In the Pliocene, a significant 
reverse dip separation occurred along the fault, which is probably 
related to the oblique contraction of the Zagros orogeny (Fig. 13e). The 
pre-existing structures/extensional basement faults in the external parts 
of the foreland in an orogenic belt could be reactivated in response to the 
plate margin’s stress, flexure produced by the orogen (e.g. Ziegler et al., 
1995). 

Positive inversion along the KMF has developed a culmination and 
partly uplifted the horizons on the western side (hanging wall) of the 
fault (Fig. 13e). In such an inversion, the horizons on both sides of the 
faults may show normal displacement in lower horizons and reverse slip 
in the shallower levels (e.g. Coward, 1994; McClay, 1989; Cooper and 
Warren, 2020). Figure 13f shows the values of cumulative dip separation 
of the horizons across the KMF from Aptian up to Pliocene times. 
Currently, reverse separation values (negative values) only are visible on 
the Asmari and Pabdeh formations at the end of the multiple activity of 
the fault (Fig. 13f). 

Fig. 8. Two constructed balanced cross-sections on the Gachsaran Anticline, across the western (a) and the eastern sectors (b). See Fig. 1b for location.  

A. Shamszadeh et al.                                                                                                                                                                                                                           



Marine and Petroleum Geology 145 (2022) 105871

12

5.2. Depth of detachments in the Gachsaran Anticline 

Several researchers attributed various incompetent evaporite and 
shale units in the sedimentary cover, which may act as décollement for 
the structures of the Dezful Embayment (e.g., Derikvand et al., 2018; 
Sherkati and Letouzey, 2004). In the Gachsaran Anticline, the me
chanical behavior of the sedimentary succession varied the fold style 
laterally and vertically. The constructed cross-sections across the anti
cline show several incompetent units viz., Hormuz evaporites, Dashtak 
evaporites, Kazhdumi and Pabdeh shales and Gachsaran evaporites as 
decollement levels. These played important roles during the shortening 
and structural evolution (Fig. 8a and b). The role of the local decolle
ments (Pabdeh and Kazhdumi formations) in the eastern sector is more 
significant where the competent rocks thin. Because of poor quality 
seismic data at depth, the presence of Hormuz salt as a basal décollement 
is still uncertain. Hence, the main décollement level for the subsurface 
anticlines in the Dezful Embayment is still debated. However, several 
researchers attributed the Dashtak Formation as a major detachment 
level that controlled the overlaying folds up to the Gachsaran Formation 
(e.g. Asgari et al., 2019; Derikvand et al., 2018; Sherkati et al., 2006). In 
addition, a few studies have considered the Hormuz salt or its equivalent 
as the main décollement controlling overlying folds up to the Gachsaran 

evaporites in the Dezful Embayment (e.g. Beauchamp et al., 2000; 
Carruba et al., 2006; Heydarzadeh et al., 2020). 

Open and rounded fold geometries as well as the development of a 
footwall syncline in the Gachsaran Anticline indicate that such a fold is 
probably developed above a strong décollement horizon as a faulted 
detachment fold structure (Figs. 8a and 9a). However, variations in the 
thickness of competent and incompetent units and depth of the 
detachment can impact the geometry of the fold and fault (Dahlstrom, 
1990; Farzipour-Saein and Koyi, 2016; Sepehr et al., 2006). In addition, 
the relationship between fold wavelength and depth of the detachment 
has been noted (e.g. Casciello et al., 2009; Derikvand et al., 2018; Sepehr 
et al., 2006). 

Calculation of detachment depth is an essential method to construct, 
balancing and restoring cross-sections in fold-and-thrust belts (Bulnes 
and Poblet, 1999; Epard and Groshong, 1993). To calculate the main 
detachment level of the western and eastern folds of the Gachsaran 
Anticline, we use the computational (Chamberlin, 1910) and graphical 
methods (e.g., Bulnes and Poblet, 1999; Epard and Groshong, 1993). 
Based on the area-conservation principle, the Chamberlin method takes 
a specific folded horizon to calculate its underneath excess area that is 
equal to the detachment depth. However, having the amount of short
ening and excess area it is possible to calculate the depth of the 

Fig. 9. Fold classification based on the aspect ratio, shape parameters, and interlimb angle (ILA) for the eastern and western folds on top of the Asmari Formation. 
(see Srivastava and Lisle (2004) for the method and parameters calculation). b) Plot of different amounts of shortening on top of three formations of Asmari, Sarvak, 
and Fahliyan for both eastern and western folds. C) Diagram shows different wavelengths of the western (11.2 km) and eastern (7.1 km) folds in the 
Asmari Formation. 
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detachment horizon. 
The detachment depths have been calculated for the Sarvak, 

Dariyan, Fahliyan and Surmeh formations in the eastern and western 
folds using the Chamberlin method (Table 4). The tops of these forma
tions have been considered as reference level/regional datum to avoid 
the effect of upper incompetent layers, e.g. Kazhdumi and Gachsaran 
formations (Fig. 14). The calculated detachment depths were used in the 
graphical plot (Fig. 14) as per Bulnes and Poblet (1999). 

Based on this method ~10,150 m and 13,300 m depth are calculated 
for the eastern and the western folds of the Gachsaran Anticline, 

respectively (Fig. 14). Despite the effect of the two intermediate 
décollement levels (i.e. Dashtak and Kazhdumi formations) on the fold 
style of the upper layers, the Gachsaran Anticline is mainly developed 
and originated over the lower main décollement of the Hormuz series, 
which decoupled the sedimentary cover from the gneissic basement. An 
approximate difference of 3000 m in detachment depth between eastern 
and western folds indicates the possible uplift of the basement block in 
the eastern sector of the Gachsaran Anticline. The constructed balanced 
cross-sections (Fig. 8) demonstrate a significant relationship between 
the wavelength and style of folds with depth to detachment horizon. 

Fig. 10. Isopach maps of the Gachsaran Anticline from the Miocene Asmari Formation (a) up to the Upper Cretaceous Sarvak Formation (f). The dashed black line 
shows the approximate trace of the KMF. True Stratigraphic Thickness (TST) was considered to construct the thickness maps. 

Fig. 11. Well-correlation section along-strike the Gachsaran and Dara anticlines and across the KMF. See Fig. 1a for the location.  
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5.3. Fracture density in the Gachsaran Anticline 

Fractures play an important role in reservoir enhancement and hy
drocarbon migration. Limestone reservoirs of the Upper Cretaceous 
Bangestan Group (Sarvak and Ilam formations) in the ZFTB are mainly 
known as the carbonate fractured reservoirs (e.g. Kosari et al., 2017; 
Soleimani et al., 2017). According to the low porosity of this reservoir in 
the study area, ~2.2%, the role of fracturing is significant in the increase 
production. A general map view of the fracture intensity throughout the 
Gachsaran oilfield from a constructed Discrete Fracture Network (DFN) 
model using Petrel software (2016) has been presented (Fig. 15). The 
model involves the following data: production and well test data, mud 
loss, image logs and core data from ~400 drilled wells (not all reached 
to the Bangestan Group) covering the Gachsaran Anticline. Construction 
of the DFN model is a multi-step procedure involving different tech
niques in reservoir modeling and simulation (e.g. Fang et al., 2017; 
Yaghoubi, 2019). A map view of the average fracture density map of the 
Upper Cretaceous Bangestan Group demonstrates moderate to high 
fracture density adjacent to the KMF (Fig. 15). However, the fractures 
are less developed in other parts of the field. The high fracture density 
adjacent to the KMF could be related to three factors: (i) these fractures 
are related to the deep-rooted fault reactivation of the KMF during the 
Late Cretaceous ophiolite obduction, (ii) the interaction zone between 
two eastern and western sectors of the Gachsaran structure with 
different amounts of shortening produced tear fault with associated high 
fractured zone, and (iii) in the Ilam-Sarvak formations the fracture in
tensity could be enhanced by uplift and erosion (e.g. DiBiase et al., 2018; 
Narr and Currie, 1982). 

5.4. Conceptual evolutionary structural model of the Gachsaran Anticline 

Overprinting of the Zagros deformation front on several pre-existing 
basal structures (e.g. salt wall, basement faults) was accommodated by 
inversion and reactivation of basement faults and squeezed salt struc
tures (e.g. Jahani et al., 2017; Rowan et al., 2022; Santolaria et al., 2021; 
Talbot and Alavi, 1996). The results of this article, supported by 

previous studies, suggest a conceptual model with six steps to illustrate 
the structural evolution of the Gachsaran Anticline (Fig. 16) including:  

(a) Late Proterozoic-Early Cambrian Hormuz salt deposited over 
a series of horst and graben basement structures (e.g. Edgell, 
1992; Husseini, 1988; Stewart, 2018). The basement archi
tecture controlled the differential thickness of the Hormuz salt 
throughout the area (e.g. Jahani et al., 2017; Talbot and Alavi, 
1996) (Fig. 16a). 

(b and c) Basement fault reactivation and Early Paleozoic salt move
ment followed by the Hercynian orogeny during the Carbon
iferous developed many salt-cored structures (or probably salt 
stock) mainly along the NNE-SSW trending basement faults in 
the NE of the Arabian plate (e.g. Faqira et al., 2009; Stewart, 
2018). Along with the Kharg-Mish Fault trend, several 
salt-cored anticlinal structures such as the Dorood, Berris and 
Hasbah fields developed in offshore (Fig. 1). The subsurface 
data in the NE of the Arabian plate indicate considerable 
erosion/or non-deposition of the pre-Hercynian sediments 
across the NNE-SSW trending basement structure (Faqira 
et al., 2009; Stewart, 2018) (Fig. 16b and c). In the eastern 
sector of the Gachsaran Anticline, poor quality seismic data at 
depth makes difficulty in the interpretation this event (see 
also Shamszadeh et al., 2022). However, based on the result of 
this study the evidence such as depth to basal detachment and 
small wavelength of the eastern sector fold, thinner Paleozoic 
competent rocks over the KMF look plausible.  

(d) After a period of relative tectonic quiescence, Late Cretaceous 
ophiolite obduction in the NE of the Arabian margin reac
tivated the pre-existing basement structure e.g., Kharg-Mish 
fault, further towards the foreland (e.g. Bahroudi and 
Talbot, 2003; Orang and Gharabeigli, 2020). Huge erosion/or 
non-deposition of the Sarvak-Gurpi formations have docu
mented this well-known tectonic event throughout the Dezful 
Embayment and the Persian Gulf (Fig. 16d). 

Fig. 12. 3D view of the Gachsaran Anticline at the top of the Asmari Formation indicates different degrees of deformation between the eastern and western sectors 
that are accommodated by a sub-vertical left-lateral strike-slip fault. KMF: Kharg-Mish Fault. 
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(e) Sequential restoration results and thickness variation along- 
strike of the Gachsaran fold axis indicate that the eastern 
sector of the anticline developed early. During Oligo-Miocene, 
the Asmari-Pabdeh formations thinned gradually towards the 
east of the structure (Fig. 16e).  

(f) The Fars Group growth strata documented in outcrop and 
seismic profiles show the intense growth of the Gachsaran 
Anticline since Late Miocene. Thicker sedimentary cover in 
the western plunge of the Gachsaran Anticline than the 
eastern plunge (over the KMF) produced a broad anticline 
with a large wavelength towards the west (Fig. 16f). Addi
tionally, differential shortening along-strike of the Gachsaran 

Anticline is accommodated by tear faulting between two areas 
with different propagation fronts into the foreland (Fig. 16f). 

6. Implications for hydrocarbon exploration 

The anticlinal reservoirs are structurally complex, especially when 
the structure developed over a pre-existing reactivated fault zone. 
Several studies have emphasized the influence of pre-existing basement 
structure on hydrocarbon migration and accumulation in the NE of the 
Arabian plate (e.g. Baniasad et al., 2021; Beydoun, 1991). Reactivation 
of pre-existing structures could re-migrate and trap hydrocarbon. Be
sides, repeated reactivation of the basement faults placed the source, 

Fig. 13. The numerical analysis of the KMF crossing the eastern sector of the Gachsaran Anticline over time, a) Aptian (~115 Ma); b) Cenomanian (~95 Ma); c) 
Lower Oligocene (~32 Ma); d) Burdigalian (~18 Ma); e) Pliocene (~2-5 Ma) time. 
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Table 4 
Depth of the detachment calculation and parameters utilized for the Eastern and Western folds of the Gachsaran structure obtained with the method proposed by 
Chamberlin (1910).  

Section Formation Unfolded bed length 
(L0), m 

Deformed bed length 
(w), m 

Shortening (s), 
L0-w 

Excess area (At) 
m2 

Detachment depth (z) =
At/s, m 

Depth of regional 
datum, m 

Western 
fold 

Sarvak 15,133.2 12,045.8 3087.4 23,482,658.4 7606 − 4400 

Western 
fold 

Dariyan 15,296.89 12,045.8 3251.09 22,969,610.6 7065 − 5650 

Western 
fold 

Fahliyan 15,288 12,045.8 3243 22,097,585 6813 − 5850 

Western 
fold 

Surmeh 15,252 12,045.8 3207 19,987,135 6232 − 6570 

Eastern 
fold 

Sarvak 11,175.8 9508.1 1667.7 10,502,235 6300 − 3250 

Eastern 
fold 

Dariyan 10,922.8 9508.1 1414.8 8,179,715.6 5781 − 3700 

Eastern 
fold 

Fahliyan 10,957 9508.1 1449 7,885,622.6 5442 − 4060 

Eastern 
fold 

Surmeh 10,850 9508.1 1342 7,011,109 5224 − 4560  

Fig. 14. Detachment depth calculation of the western (a) fold and eastern fold (b) of the Gachsaran Anticline for the Sarvak (Sv), Dariyan (Dr), Fahliyan (Fh), and 
Surmeh (Sr) top formations horizons obtained by the method proposed by Bulnes and Poblet (1999). RD: Regional datum. 

Fig. 15. The fracture density map of the Bangestan Group shows a moderate to high-density fracture zone adjacent to the Kharg-Mish Fault. The map shows the 
Gachsaran Anticline at the depth of the Bangestan Group. See Fig. 1 for location. 
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trap and seal rocks at different stratigraphic levels (e.g. Bahroudi and 
Talbot, 2003). In other words, positive inversion tectonics along the 
pre-existing faults results in the developed steep reverse faults and 
complex structures in the sedimentary cover. This might impact the 
sealing properties (e.g. Buchanan and Buchanan, 1995; Cooper and 
Williams, 1989; Holdsworth et al., 1997; Riahi et al., 2021). 

Based on the back-striping results, during the Late Cretaceous 
inversion tectonics the eastern sector of the Gachsaran Anticline placed 
at a higher level. This sector of the anticline first started folding, which is 
important to consider in terms of hydrocarbon migration and entrap
ment. Persuming hydrocarbon migration since the Late Miocene (e.g. 
Bordenave and Hegre, 2005; Baniasad et al., 2019; Vatandoust et al., 
2020), the eastern sector of the Gachsaran Anticline, over the N-S 
trending KMF, is a potential site for the accumulation of a large share of 
hydrocarbons. Generally, it could be said that the structures over the 
KMF may have a lower hydrocarbon exploration risk. 

However, note the negative impact of the KMF on the rock volume of 
the Upper Cretaceous Bangestan reservoir, where large erosion/or non- 

deposition decreases its thickness to ~10% of the total. 
Long-term fault activity and localization strain in the eastern sector 

could have fractured/enhanced the reservoirs. Based on the porosity and 
permeability of the Asmari reservoir in the Dezful Embayment were 
enhanced by fractures related to the basement fault reactivation (e.g. 
McQuillan, 1991; Al-Hajeri and Bowden, 2017; Al-Hajeri et al., 2017). 

7. Conclusions 

Through this study, we establish a tectonic connection between pre- 
existing deep-seated fault and contractional deformation in the sedi
mentary cover during the evolution of the Gachsaran Anticline. The N-S 
deep-seated KMF across the eastern sector of this anticline, as a location 
of heterogeneity or weakness, localized the deformation during the 
Zagros orogeny. Consequently, the growth strata of the Late Cretaceous 
deposits and Mio-Plio-Pleistocene Fars Group show that the Gachsaran 
Anticline at first started growing from the east and developed towards 
the west. 

Fig. 16. 3D conceptual block showing the structural evolution of the Gachsaran Anticline related to the Kharg-Mish paleo-high.  
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Kinematic analyses of the KMF in the eastern sector of the Gachsaran 
Anticline are attained by Aptian-Pliocene activity of normal and reverse 
faulting. After a relative tectonic quiescence between Barremian- 
Cenomanian times, the reactivation of the KMF with normal faulting 
in the Turonian led to the huge erosion/non-deposition in the Late 
Cretaceous (Sarvak, Ilam and Gurpi formations) on the eastern side of 
the fault. Normal faulting accompanied with gradual thinning of the 
Paleocene-Oligocene deposits (Pabdeh-Asmari formations) continued 
until the Burdigalian. During the Pliocene, a significant reverse slip 
probably related to the contraction of the Zagros orogeny occurred along 
the fault. Positive inversion along the KMF has developed a culmination 
and partly uplifted the western sector of the anticline. 

Structural evolution of the Gachsaran Anticline is divided into three 
main stages: 1) reactivation of the KMF in the Turonian in response to 
obduction of the Neyriz and Kermanshah ophiolites in the suture zone of 
the ZFTB, which uplifted the eastern sector of the Gachsaran Anticline 
probably with an N-S axial trace; 2) growth strata developed in Late 
Cretaceous – Miocene times towards the KMF possibly related to slight 
continuous uplift of the eastern secor; and 3) rapid folding and uplift 
(mainly in the western sector) in the Post-Miocene due to the main 
Zagros orogenic pulse. This is supported by the thick syn-orogenic Fars 
Group sediments and positive inversion along the KMF. 

The thin sedimentary cover in the eastern sector of the Gachsaran 
Anticline produced a fold with a smaller wavelength and styles different 
from the western sector. In other words, the different depth of the basal 
décollement layer along the structural trend of the Gachsaran Anticline 
controls the geometry of the fold during the contractional deformation. 

Complex structural evolution in the eastern sector of the Gachsaran 
Anticline along with a higher fracture intensity, and well production 
adjacent to the KMF are factors to consider for future exploration ac
tivities along the KMPH. 
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Abbreviations 
Aj Aghajari 
BH Bibihakimeh 
BGP Bangestan Group 
Bk Bakhtiyari 
BFZ BalaRud Fault Zone 
D Dorood oilfield 
Dr Dara anticline 
Eq Equation 
Fm Formation 
Fh Fahliyan Formation 
Gd Gadvan Formation 
Gs Gachsaran 
HBPH Hendijan-Bahregansar Paleo High 
Hi Hith Formation 
HPH HellehPaleo High 
HT-LP High Temperature- Low Pressure 
HP-LT High Pressure- Low Temperature 
IFZ Izeh Fault Zone 
KMF Kharg Mish Fault 
KMPH Kharg Mish Paleo High 
KZF Kazerun Fault Zone 
Kz Kazhdumi Formation 
MFF Mountain Front Flexure 
SDE South Dezful Embayment 
RD Regional Datum 
Sr Surmeh Formation 
TWT Two-Way Travel time 
UDVA Uromieh-Dokhtar Volcanic Arc 
ZFTB Zagros fold-and-thrust belt  

Symbols 
c Porosity/depth coefficient 
A Displaced area 
z Depth 
l Length 
w Fold width 
s Shortening 
f0 Surface porosity 
f porosity 
l0 Initial bed length 
At Excess area 
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