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A comprehensive understanding of structure and kinematic characteristics of fold and thrust belts provides
significant information for hydrocarbon exploration and production. The kinematic evolution and structural style
of three subsurface oilfields, Zeloi, Lali and Karun, in the northern part of the Dezful Embayment, a significant
petroleum province of the Zagros Fold-Thrust Belt in SW Iran, were investigated using 2D seismic data. Inter-
pretation of the 2D seismic profiles with up to 5 km depth consisting of upper Jurassic to Pleistocene sediments
and the balanced cross-sections constructed revealed diverse geometries and kinematics along the oilfields. These
results demonstrate that the structural style of the oilfields was controlled by the Gachsaran and Dashtak for-
mations as upper and middle detachment levels, respectively. Tear faults affected the along-strike variations in
structural style of the oilfields. Based on the analysis of growth strata, folding evolved as limbs rotated and hinges
migrated, beginning in the mid-Miocene. During the later stages of deformation, the initial detachment folds

transformed into fault-bend folds.

1. Introduction

In convergent regimes, relationship between faults and folding is one
of the essential mechanisms that controls the structural style of the fold-
thrust belt. Fault-related folds play an important role in developing
hydrocarbon traps in fold-thrust belts (Mitra, 1990; Kent and Dasgupta,
2004; Kent, 2010; Brandes and Tanner, 2014; Ali et al., 2023).

The Zagros fold-thrust belt (ZFTB; Fig. 1a), one of the world’s most
oil-rich areas, formed due to the compression of Paleozoic-Mesozoic
successions on the NE margin of the Arabian Plate, which in-turn
resulted in deposition of thick foreland sequences during the Ceno-
zoic. Foreland sequences (Berberian, 1995; Falcon, 1974; Sepehr and
Cosgrove, 2004). The continental collision between the Afro-Arabian
and Central Iranian lithospheric plates shortened crust significantly in
the ZFTB and consequently folded and faulted the basement and over-
lying sedimentary cover (Berberian, 1995; Hessami et al., 2001a; Blanc
et al., 2003; McQuarrie, 2004; Sepehr and Cosgrove, 2005; Alavi, 2007;
Mouthereau et al., 2007b).

Recent studies have shown that the reactivation of basement faults
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(Hessami et al., 2001a; Bahroudi and Talbot, 2003; Sepehr and Cos-
grove, 2005; Ahmadhadi et al., 2007; Mouthereau et al., 2007a, 2007b;
Farzipour-Saein et al., 2009a; Nilfouroushan et al., 2013; Burberry,
2015) and the mechanical properties of sedimentary layers deposited in
the ZFTB (Bahroudi and Koyi, 2003; Sherkati and Letouzey, 2004; Far-
zipour-Saein et al., 2009b) played a crucial role in shaping the geometry
of the Zagros deformation front and its foreland basin.

Oblique-slip transverse faults in the ZFTB (Baker et al., 1993; Ber-
berian, 1995; Hessami et al., 2001b; Bahroudi and Talbot, 2003; Sepehr
and Cosgrove, 2005; Ahmadhadi et al., 2007; Farzipour-Saein et al.,
2009a; Allen, 2010; Joudaki et al., 2016) have often been recognized as
basement faults (Berberian, 1995; Hessami et al., 2001a; Bahroudi and
Talbot, 2003). In many cases, these faults operated as tear faults and
especially account for differences in the lateral geometric variation of
the folds (Sherkati and Letouzey, 2004; Sepehr et al., 2006).

The configurations of the Neogene folding across the tear fault sys-
tems indicate that the fault systems are contemporaneous with or post-
date folding (Sherkati et al., 2005; Sepehr et al., 2006; Ghanbarian and
Derakhshani, 2022). Furthermore, the thicknesses and facies changes of
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the overlying sedimentary cover are reflected in the present surface
expression of most of these tear fault systems (Talbot and Alavi, 1996;
Sherkati and Letouzey, 2004). On the other hand, mechanical stratig-
raphy is another important factor that controls structural styles in the
ZFTB (Farzipour-Saein et al., 2009b). In particular, detachment levels
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have acted as controller of change
(Farzipour-Saein and Koyi, 2014a, 2016).
Fold and thrust belts usually do not have a substantial quantity of
hydrocarbon. However, the converse is the case with the Zagros
orogenic belt-it is one of the prolific petroliferous terrains with ~12% of

in folding mechanism
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Fig. 1. (a) Structural map of the ZFTB and its subdivisions (Sherkati et al., 2005), (B) Geological map of the northern Dezful embayment (Modified after Abdollahie

Fard et al., 2006). Black rectangle: study area.
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the global hydrocarbon reserves (Razavi Pash et al., 2021; Alipour,
2024). The Dezful Embayment in the central Zagros is one of the
structural subdivisions of the ZFTB (Fig. 1b). In this region subsurface
anticlines trapped huge volumes of hydrocarbon and accommodated a
major part of the oilfields of the ZFTB (Sherkati and Letouzey, 2004;
Sarkarinejad et al., 2018). The structural complexity of folds can be
observed both vertically and laterally in the Dezful Embayment (Razavi
Pash et al.,, 2020, 2023). Thus, recognition of structural styles and
folding mechanism are very important in hydrocarbon exploration and
production from this region.

The Lali, Karun and Zeloi oilfields, are some of the very prolific
oilfields in the northern Dezful Embayment (Fig. 1b), but our geo-
scientific knowledge about them is limited. A number of researchers
have published studies about these anticlines (e.g., Asgari et al., 2019;
Derikvand et al., 2019) but main aspects such as regional structural style
and relationship of oil fields are still unknown.

In this study, we aim to document the folding mechanism, structural
style and structural relationship between the Lali, Karun and Zeloi oil-
fields in the northern Dezful Embayment based on the interpretation of
2D seismic data and construction of balanced and restored cross
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sections.
2. Geology

The sedimentary cover and associated basement in the ZFTB expe-
rienced 50-84 km of crustal shortening (McQuarrie, 2004, Vergés et al.,
2011; Mouthereau et al., 2012; Saura et al., 2015) including faulting and
folding caused by ongoing oblique convergence which started since the
upper Cretaceous between the Afro-Arabian and Central Iranian litho-
spheric plates (Takin, 1972; Stocklin, 1974; Berberian and King, 1981;
Ghanbarian et al., 2021; Alipour, 2023). The ZFTB is located in the
central part of the Alpine-Himalayan orogenic system and extends
~1800 km from SE Turkey to the straits of Hormuz, SW Iran (Berberian,
1995; Hessami et al., 2001a; McQuarrie, 2004; Sepehr and Cosgrove,
2005; Alavi, 2007; Sarkarinejad et al., 2008; Faghih and Nourbakhsh,
2015) (Fig. 1a).

From SW to NE the ZFTB is divided into three parallel structural
zones including the foredeep, the Simply Folded Zone and the Imbricate
Zone (Stocklin, 1968; Falcon, 1974; Berberian, 1995; Blanc et al., 2003;

McQuarrie, 2004) (Fig. 1a).
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In addition to orogen-parallel zonation, based on structural features,
the Simply Folded Zone can also be divided (along strike from east to
west) into the Fars, Izeh, Dezful Embayment, Lurestan and Kirkuk
Embayment (Sherkati and Letouzey, 2004) (Fig. 1a).

The Kirkuk and Dezful Embayments were the main foredeep basins
of the Zagros orogen that accommodated a thick pile of the post-collision
deposits (Berberian and King, 1981; Abdollahie Fard et al., 2006). The
foredeep depression began after deposition of the lower part of the
Asmari Formation (Sherkati et al., 2006; Van Buchem et al., 2010) and
migrated southwest towards the Persian Gulf (Abdollahie Fard et al.,
2006)

The Dezful Embayment is one of the most productive petroleum
provinces worldwide, which is bound by the Zagros Foredeep Fault
(ZFF) to the southwest, the Mountain Front Fault (MFF) to the northeast
and the Izeh- Hendijan Fault (IZHF) zone to the southeast, the Balarud
Fault Zone (BFZ) to the west, and the Kazerun Fault Zone (KFZ) to the
east (Berberian, 1995; Sepehr and Cosgrove, 2005; Abdollahie Fard
et al., 2006; Allen and Talebian, 2011) (Fig. 1).

The Dezful Embayment displays sharp differences in geological and
morphological properties compared to the adjacent zones. In the Lure-
stan, Izeh and Fars zones, the exposed units in the core of the anticlines
are carbonates of the Khami Group (Lower Cretaceous), Bangestan
Group (Upper Cretaceous) and Asmari Formation (Oligo-Miocene) that
form rough topography in these zones. In contrast, the Fars Group
(Middle Miocene-Quaternary) crops out in the Dezful Embayment with
gentle topography (Fig. 2). This distinct difference is caused by the ac-
tivity of the main faults, which mark the boundaries of the Embayment
(Sherkati and Letouzey, 2004; Vatandoust et al., 2020b; Shamszadeh
et al., 2022a,b). The Dezful Embayment is divided into two subdivisions
including northern and southern parts. Due to basement steps and deep
stead faults, these parts are characterized by distinct
tectono-sedimentary histories (Fig. 1).

3. Mechanical stratigraphy

Based on mechanical properties, the stratigraphic columns in the
different parts of the ZFTB display noticeable variations (Sherkati and
Letouzey, 2004; Sepehr et al., 2006; Ezati-Asl et al., 2019; Faghih et al.,
2019; Sarkarinejad and Goftari, 2019).

The 10-14 km thick sedimentary cover of the ZFTB contains car-
bonates, evaporites, marls, shales and sandstones (James and Wynd,
1965; Colman-Sadd, 1978; Alavi, 2007) (Fig. 2). These sediments were
deposited in various tectono-sedimentary environments during the Late
Proterozoic to Cenozoic time (Alavi, 2004). From a mechanical strati-
graphic point of view, the sedimentary succession of the ZFTB is divided
into four groups. Evaporites of the Hormuz Series (Late Proterozoic-
Early Cambrian) are covered by epicontinental sediments (including
sandstones and shales with interbedded evaporites and carbonates) of
Cambrian-Early Permian age (Alavi, 1994, 2004) (Fig. 2). The sedi-
mentary successions associated with continental rifting of the initial
Neo-Tethys Ocean during Permian-Triassic time is composed of silici-
clastic rocks and carbonates, which unconformably overlie the older
units (Alipour et al., 2021). Throughout the lower Jurassic-upper
Turonian, stable passive margin conditions were marked by both
shallow and deep-water carbonates and also some evaporites and sili-
ciclastic sediments. After that, the Neo-Tethys Ocean started closing in
the Late Cretaceous and therefore, the Zagros basin entered the
compressional regime. During the Late Turonian to the Recent, marine
and continental sedimentary rocks were deposited along the active
margin of the Arabian plate (Stocklin, 1974; Berberian and King, 1981,
Koop et al., 1982; Alavi, 1994, 2004, 2007) (Fig. 2).

Accordingly, the stratigraphic column of the Dezful Embayment
(Fig. 2) contains a series of competent and incompetent rock units. The
competent units are divided into two groups as the lower competent
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units (Bangestan Group and Asmari Formation) and the upper compe-
tent units (Aghajari and Bakhtiari formations) (Fig. 2). The competent
units are detached by the incompetent units including the Kazhdumi and
Pabdeh-Gurpi shales as intermediate detachments, and the Gachsaran
evaporites, as the main upper detachment (Sherkati and Letouzey, 2004;
Derikvand et al., 2018).

The Hormuz Series or their equivalents (Eo-Cambrian-Cambrian
evaporites or shales) on the crystalline basement formed the basal
detachment horizon in the folding phase of the Dezful Embayment and
the Paleozoic rocks are a competent unit in the different parts of the
ZFTB (Sherkati et al., 2006; Farzipour-Saein et al., 2009b). The Dashtak
Formation (Triassic evaporites) is considered as an intermediate
detachment horizon in most parts of the ZFTB (Najafi et al., 2014).
Towards the northeast of the Zagros belt, these evaporites were replaced
by competent units of the Khaneh Kat carbonates (Szabo and Kheradpir,
1978; Alipour et al., 2021).

The activity of the Izeh and Kazerun faults during the Jurassic-
Cretaceous is reflected by changes in the thickness and facies from
evaporites and shales (e.g., from Adaiyeh up to the Garau formations) to
carbonates (e.g., the Surmeh Formation and the Khami Group) in the
Lurestan and Dezful Embayment. During the folding process, the Khami
and Bangestan group carbonates and Asmari Formation, as main reser-
voirs of the study area, acted as a thick competent units (Abdollahie Fard
et al., 2006; Sherkati et al., 2006; Hosseinpour et al., 2023).

The Late Cretaceous-Eocene Pabdeh-Gurpi formations are a potential
to act as a detachment horizon. These formations in the northern part of
the Izeh zone (Sepehr et al., 2006), the southwestern part of the Lurestan
zone (Farzipour-Saein et al., 2009b; Farzipour-Saein and Koyi, 2016),
and the southeastern parts of the Dezful Embayment (Carruba et al.,
2006) formed a strong detachment horizon. Evaporites of the Kalhur
Member (i.e., at the base of the Asmari Formation) can act as a subor-
dinate and minor detachment horizon in some part of the ZFTB (Vergés
et al., 2011; Mehdipour et al., 2024).

In the Dezful Embayment, the most important detachment horizon is
the Gachsaran Formation (Sepehr et al., 2006; Sherkati et al., 2006). The
Gachsaran Formation contains seven members. Members 2-5 mainly
include salt and marl, and form a strong detachment horizon. High
mobility of the evaporitic Members 2-5 developed disharmonic folding
from surface to depth so that these units decoupled small emergent folds
from large subsurface folds. In contrast, Members 1, 6 and 7 are
competent units, which harmonically deformed together with older and
younger units, (Motiei, 1994; Sherkati et al., 2006).

The Gachsaran Formation in the Dezful Embayment separate the
smaller folds on the surface from the larger buried anticlines which are
in most cases producing oilfields (Abdollahie Fard et al., 2006; Sherkati
et al., 2006). These subsurface anticlines in the northern Dezful
Embayment formed between two décollement horizons including upper
décollement (Gachsaran Formation) and intermediate décollement ho-
rizons (especially Garau and Dashtak formations) (Ghanadian et al.,
2017a, b, ¢; Sarkarinejad and Zafarmand, 2017). The presence of growth
strata in the Gachsaran Formation indicates folding in the northern
Dezful Embayment started in the Middle Miocene time (Sherkati et al.,
2006).

The growth strata (Aghajari and Bakhtyari formation) affected the
mechanical evolution of the folds in the Dezful Embayment. These for-
mations accumulated in this basin as syn-tectonic deposits and were
produced by uplift and then erosion of the hinterland during the Zagros
orogeny (Abdollahie Fard et al.,, 2006; Sarkarinejad et al., 2018;
Vatandoust et al., 2020b)

The position of such intermediate incompetent layers is an important
factor controlling both structural style and fold wavelength
(Farzipour-Saein and Koyi, 2014b, 2016). The competent strata are
influenced by a series of anticlines and synclines associated with thrusts
and reverse faults with NW-SE strikes within the Dezful Embayment
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(Allen et al., 2011; Allen and Talebian, 2011).
4. Data and method

To study the lateral variations of the structural style in the northern
Dezful Embayment, geological maps, seismic profiles and well data were
used to interpret the structures at depth and construct balanced cross
sections (Fig. 3). All data was provided by National Iranian South Oil
Company (NISOC).

Several scientific software packages such as Petrel (v. 2016.3) and
2D Move (v. 2018.1) were used to analyze the subsurface data. Petrel
software allows us to model structural elements such as faults and ho-
rizons to construct 3D structural models. Cross-section balancing was
performed using the 2D Move software. The kink method applied for
preparation of cross sections because the dip of layers in folds changes at
small distances. In other words, the fold exhibits a series of kinks rather
than smooth curvature.

Software used in this study aided the followings: (1) data uploading
and creating a database, (2) data verification, (3) data processing, (4)
interpretation of seismic data based on VSP and well data, (5), con-
structing 3D structural model, (6) check for data accuracy and QC, (7)
constructing balanced cross sections by 3D Move software and (8) final
QC and export the results.
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5. Results
5.1. Data interpretation

In this study several subsurface data such as 2D seismic profiles, well
data and underground contour maps (UGC maps) (Fig. 3) were used to
better understand of subsurface structural style of the Zeloi, Lali and
Karun oilfields (Fig. 4). Seismic profiles including 21 inline (perpen-
dicular to axial plane) and 11 xline (parallel to axial plane) were
interpreted in Petrel using well and check shot data (Figs. 5-9). We have
adequate data and check shots from 19 wells in the Zeloi oilfield, 36
wells in the Lali oilfield and 7 wells in the Karun oilfield (Fig. 3). For
better visualization, the geometric shapes of the subsurface anticlines
were constructed, using 3D structural modeling in Petrel. The horizons
identified and interpreted in the seismic sections across the studied
oilfields range from the top of the Khami Group to Recent sediments.

We interpreted several seismic data by Petrel software and some of
most important of them are presented in this study (Figs. 5-9). Figs. 5-9
display several parts of the subsurface anticlines (e.g. the NW plunge of
the Zeloi anticline in Fig. 5, the SE part of the Zeloi anticline in Fig. 6, the
NW plunge of the Lali anticline in Fig. 7, the middle part of the Lali
anticline in Fig. 8 and the Karun anticline in Fig. 10).

These seismic profiles were interpreted very exactly and targeted
reflectors were checked by wells data and check shut data (VSP data).
Wells data allowed us to identify all stratigraphic surfaces from recent
sediments to top of the Khami Group. The most complex unit in data
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Fig. 3. Map showing the location and distribution of the seismic and well data used in this study.
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interpretation is Gachsaran Formation because of flowing and mobility
of this formation, but fortunately, all members of this formation have
been identified in well profiles carefully and we interpreted this for-
mation with very high precision.

5.2. Balanced cross-sections

For investigation of the variations of structural style of deformation
along the study area, five balanced and restored cross sections were
constructed. Locations of these cross sections are shown in Fig. 4. The
NW-SE trending Zeloi anticline is a regional fold that extends thorough
the study area and the Karun and Lali anticlines are parallel to the Zeloi
anticline. This is evident on Fig. 4 and appears in the following.

5.2.1. Cross sections across the Zeloi and Karun anticlines

Two cross sections across the Zeloi and Karun anticlines (Fig. 10a
and b) were selected to investigate the structures and geometry of the
Karun anticline and southeastern part of the Zeloi anticline. The cross
section A-A’ (trending NE-SW) constitutes southeastern plunge of the
Zeloi anticline (Fig. 10a). Length of this section is ~27 km. Shortening
percentage in this section is calculated ~25 %, which equals ~9.15 km.

The cross section B-B' is across the southeastern part of the Zeloi
anticline (Fig. 10b). Length of this section is 26.8 km. The section also
constitutes the northwestern part of the Karun anticline. Shortening
percentage in this section is calculated to be ~19 %, which equals ~6.2
km.

The study of seismic lines (Fig. 9) and cross sections A-A’ and B-B'
(Fig. 10a and b), reveals another anticline between the Zeloi and Karun
anticlines. This structure has hitherto been unknown and can be a po-
tential prospect for hydrocarbon exploration.

5.2.2. Cross sections across the Zeloi and Lali anticlines
For better understanding of structures and geometry of the Karun
and Zeloi anticlines we constructed two cross sections across the Zeloi

and Lali anticlines (Fig. 10c and d). These sections contain the Lali and
northwestern part of the Zeloi anticlines and demonstrate the relation-
ship of the oil fields and their structural style.

The 22.5 km long cross section C-C' is across approximately the
middle part of the Zeloi anticline (Fig. 10c). The Lali anticline is located
in east of the Zeloi anticline and this section is across both of them.
Shortening percentage along this section is calculated to be ~13 %,
which equals ~3.4 km.

The 23 km long cross section D-D’ is across northwestern part of the
Zeloi anticline (Fig. 10d). The section is also across of northwestern part
of the Lali anticline. Shortening percentage in this section is calculated
~20 %, which equals ~6 km.

5.3. Geometry of the oilfields

In the following section, the structures that appear in the interpreted
2D seismic profiles and the constructed balanced cross sections are
described (Figs. 5-10). The Zeloi, Lali and Karun anticlines (Fig. 4) are
the important oil fields of the ZFTB in north of Dezful Embayment
(Fig. 1b) that are separated by a number of main thrusts.

The Zeloi anticline trends NW-SE and verges towards SW. According
to the cross sections (Fig. 10), this anticline has interlimb angles of a =
160° (A-A' section), 146° (B-B' section), 164° (C-C' section) and 166°
(D-D’ section), and is classified as a gentle anticline (Fleuty, 1964). As
per Ramsay’s (1967) scheme, it is a class 1B fold. The Zeloi anticline has
different kink-shaped folds. In northwest, the fold is asymmetric and
toward southeast its geometry changes to symmetric. The fold origi-
nated by detachment folding mechanism.

The Karun anticline trends NW-SE and verges SW. According to the
cross sections, this anticline has interlimb angles of a = 164° (A-A’
section), 160° (B-B' section), and is classified as a gentle anticline
(Fleuty, 1964) and as per Ramsay’s (1967) scheme it is also a class 1B
fold. Seismic data quality towards the east of the fold is not good but it
seems that fold shape of the Karun changes between asymmetric and
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1000 ms
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Fig. 5. (a) Uninterpreted and (b) interpreted of the 2D seismic profile across NW plunge of the Zeloi anticline with three times magnification in vertical scale. Top of

each formation is labeled by colored continuous lines (see Fig. 3 for location).

symmetric and the fold has a detachment folding mechanism.

The Lali anticline trends NW-SE and verges SW. As per the cross
sections, this anticline has interlimb angles of « = 156° (C-C' section)
and 162° (D-D' section), and is classified as a gentle anticline (Fleuty,
1964). As per Ramsay (1967) scheme, it is a class 1B fold. The Lali
anticline has an asymmetric shape with detachment folding mechanism.

The hitherto unknown anticline between the Zeloi and the Karun
anticlines formed like a pop-up structure being governed by a forethrust
and a backthrust. The fold is a disharmonic detachment fold with double
hinges that can be subject of a new study (Fig. 10a and b).

5.4. Syn-tectonic sediments

The surface synclines accommodated syn-tectonic deposits (growth
strata) in the Dezful Embayment (Fig. 1b). In the study area the synclines
on both sides of the anticlines are filled by the Bakhtyari, Aghajari and

Mishan formations (Fig. 4). The thickness of these units is up to 4 km in
the study area. The growth strata include a series of sediments from the
Bakhtyari Formation to the top of competent members of the Gachsaran
Formation. The Gachsaran Formation plays an important role in ge-
ometry and style of its upper and bottom unites. Actually, variation of
vertical structural style in the basin occurs by the mobility of this for-
mation. The Gachsaran Formation has flowed during progressive
deformation in structures. Flow and accumulation of the Gachsaran
Formation during the structural evolution of the area has caused the
formation of thrust faults. The structural style of the strata beneath the
Gachsaran Formation has played a key role in the behavior of the
Gachsaran incompetent units. It should be noted that during progressive
deformation and evolution of the sedimentary basin and structures, a
collection of factors played role simultaneous. Meanwhile, the mobility
of the Gachsaran Formation has more fundamental role in the current
feature of this formation (Abdollahie Fard et al., 2011; Ghanadian et al.,
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Fig. 6. (a) Uninterpreted and (b) interpreted of the 2D seismic profile across SE part of the Zeloi anticline with three times magnification in vertical scale. Top of

each formation is labeled by colored continuous lines (locations in Fig. 3).

2017b).

The geometry of syn-tectonic sediments is affected by fault-related
folding. During folding by kink-band migration, material moves across
the axial surfaces and therefore the width of the limbs increases, but the
dip is maintained constant (Suppe et al., 1992). Migration of material
through the axial surfaces progressively extends the rock volume.

5.5. Depth of detachment

Several methods have been presented to estimate the depth of basal
detachment in constricted cross sections based on seismic data or in
regions where detachment surface are not outcropped (Groshong Jr,
1994, Groshong Jr, 2015; Bulnes and Poblet, 1999). We followed
Chamberlin’s (1910) and Bulnes and Poblet’s (1999) method to estimate
the detachment depth beneath the studied anticlines. Chamberlin’s
(1910) method, based on the area-conservation principle, predicts that

the detachment depth equals the excess area beneath a particular hori-
zon uplifted above the regional, divided by the shortening undergone by
this horizon. This method is based on plotting the depth levels and
thickness of stratigraphic surfaces on a diagram. In such a way that
thickness of each formation and cumulative thickness of all stratigraphic
units are plotted on a diagram. Then depths of surfaces are calculated
and by drawing a best-fit graph, depth of basal detachment will be
estimated. Thus, the detachment depths (excess area divided by short-
ening) and cumulative stratigraphic thicknesses were calculated for
different horizons and then the results were plotted (Fig. 11). Finally, by
the best-fit detachment depth graph technique, the intersection between
the best-fit line through the plotted points and the y-axis shows the
position of the detachment surface within the stratigraphic section.
Based on these methods, the depth of the detachment level for the an-
ticlines was estimated (Fig. 11).
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3000 m

Fig. 7. (a) Uninterpreted and (b) interpreted of the 2D seismic profile across NW plunge of the Lali anticline with three times magnification in vertical scale. Top of

each formation is labeled by colored continuous lines (locations in Fig. 3).

3000 m

Fig. 8. (a) Uninterpreted and (b) interpreted of the 2D seismic profile across middle part of the Lali anticline with three times magnification in vertical scale. Top of

each formation is labeled by colored continuous lines (locations in Fig. 3).

5.6. Along-strike structural variation in the oilfields

Along-strike or arc-parallel structural variation of orogens have been
studied for pure and applied aspects of research (Dutta et al., 2019;
Biswas et al., 2022). To better understand the structural style and ge-
ometry of the studied anticlines, a constructed 3D structural model,
interpreted 2D seismic sections and balanced cross sections were pro-
vided for the Zeloi, Lali and Karun oilfields (Figs. 5-10). According to
these results, the geometry of the anticlines varies from NW to SE in the
study area, that is, along the trend of the anticlines and the attitude of
the axial plane varies also from place to place. From NW to SE, the Zeloi
anticline appears as a pop-up structure in the NW to the central part of
the study area (Fig. 5). In the SE part, the Zeloi anticline does not display
the same backthrust and the pop-up geometry (Fig. 6).

Both of the Karun and Lali anticlines become tighter from the SE to
the NW, but, the Zeloi anticline has the same interlimb angle in most

parts along the NW-SE trend. It shows a tighter interlimb angle in the
B-B' cross section (Fig. 10).

The axis of the anticlines has a curved shape in particular along the
Zeloi anticline, and the greatest amount of deformation has occurred in
the SE part of the study area. This may be due to the different amount of
slip along faults.

6. Discussions
6.1. Structural styles and folding mechanism

Determination of fold geometry is very important in hydrocarbon
exploration. Folding of more competent layers above a weak detach-
ment or decollement occurs at various scales in the uppermost crust
(Motamedi et al., 2012; Vatandoust et al., 2020a). The detachment is
typically overpressured shale or salt, overlain by more competent layers
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5000 m

Fig. 9. (a) Uninterpreted and (b) interpreted of the 2D seismic profile across the Karun anticline and new introduced anticline with three times magnification in
vertical scale. Top of each formation is labeled by colored continuous lines (locations in Fig. 3).

of sandstone or limestone. The folds may be concentric, chevron or box
shaped, showing symmetric, asymmetric, disharmonic, lift-off and
multi-detachment styles (Nabavi and Fossen, 2021). However, the folds
vanish abruptly towards the underlying detachment. These folds are
commonly found in the fold-thrust belts, such as the ZFTB and have
played a dominant role in the kinematics of thin-skinned tectonics
(Dahlstrom, 1969; Jamison, 1987; Poblet and McClay, 1996; Mitra,
2003; Brandes and Tanner, 2014).

In the study area, folded competent units located between two main
detachment surfaces, Gachsaran and Dashtak formations (Fig. 2),
developed concentric detachment folding as per Dahlstrom (1969) and
Sherkati et al. (2005). Few researchers (Bordenave and Hegre, 2005;
Sherkati et al., 2005; Abdollahie Fard et al., 2006; Derikvand et al.,
2018, 2019; Razavi Pash et al., 2020, 2023; Vatandoust et al., 2020b)
have also reported a detachment folding mechanism in the northern
Dezful Embayment (see Tables 1 and 2 for more information).

As occurred in the right limb of the Lali anticline, existence of a
minor detachment level (originated from the Pabdeh-Gurpi formations)
caused rabbit ear structures (Le Garzic et al., 2019) (Figs. 7 and 8).

The Zeloi anticline is a pop-up structure related to two thrust faults in
the NW part of the fold (Figs. 5 and 10c, d). Because of the existence of
the intermediate detachment horizons, the kinematic evolution of this
symmetric pop-up structure can be explained by the model of symmetric
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faulted detachment folds (Mitra, 2002) (Fig. 12). The geometry of the
Lali and Karun anticlines and also the geometry of SE part of the Zeloi
anticline display a similar geometry of fault-propagation folds.
Although, fault-propagation folding mechanism is dominant, because of
the complexity of the region, it seems fault-bend folding also can be
considered or, at least there is a combination of both fault-propagation
and fault-bend folding mechanisms (Suppe et al., 2004). Also the new
discovered unnamed fold in this study is deciphered to be a detachment
fold. However, these anticlines show mutually different evolutionary
steps associated with different shortening percentage. Detachment
folding is the main folding style at least for the initial stages of defor-
mation. This was followed by fault-bend folding in most parts of the
study area (Fig. 12).

In the study area, there are evaporite units as detachment horizons,
which separate the competent units (Fig. 2). The thickness ratio of
competent units to the incompetent ones controlled the geometry of the
fold. The relation between the activity of the incompetent layers and the
structural style in the foreland fold-and-thrust belt has been studied
(Sherkati et al., 2005; Abdollahie Fard et al., 2011; Farzipour-Saein and
Koyi, 2016).

Intensity of deformation and geometry of folds in the underlying
competent units influenced deformation of the Gachsaran Formation
(Bahroudi and Koyi, 2004; Mashal et al., 2014). The Gachsaran



M. Joudaki et al. Marine and Petroleum Geology 170 (2024) 107122

' Aghsian

Mishan
Giachsama
Ao
Fabdelr
Ginepa
Hasgesian

b Zeloi Ant. Karun &nt. B
0m 4
00

0w

Zelol Ant.

| B
Mistan
Ciachastae.
Asma

Pabdeh
Gitapi
ey iy Bagesn

| E
Missan

Encen

Asctend
Fabdely
Ginapl

| Enprsn

Fig. 10. (a) A-A' balanced and restored cross section across the Zeloi and Karun anticlines and the deciphered anticline between them. (b) B-B' balanced and restored
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Fig. 11. The graph of the best-fit detachment depth for the study area (methods
of Chamberlin, 1910; Bulnes and Poblet, 1999).

Formation has moved from anticlinal areas into synclinal areas during
folding of the underlying competent layers (Fig. 10). This incompetent
layer flowed from anticlinal to synclinal parts and accumulated in syn-
cline in limbs of anticlines (O’Brien, 1957; Abdollahie Fard et al., 2011).
Then, thickness of the Gachsaran Formation in crest of the anticline is
less than in both limbs of the fold due to salt ductile flow, as observed in
the study area (Figs. 5-10). Hence, thickness of Gachsaran Formation in
the crest of subsurface anticline is less at the limbs particularly in the
footwall syncline in the forelimb. This observed phenomenon in the
study area is presented throughout the Dezful Embayment (Abdollahie
Fard et al., 2011). Due to migration of the Gachsaran Formation dis-
harmonic folding is developed across the uppermost parts of the fold
profiles (Sepehr et al., 2006; Abdollahie Fard et al., 2011; Mashal et al.,
2014). On the top of the Gachsaran Formation, the Aghajari Formation
collapsed due to salt’s ductile flow. Normal faulting in Aghajari For-
mation i.e., extensional tectonics within the compressional orogen is
possibly a result of gravitational collapse.

Vertical variation in style and geometry of the folds can be followed
by the synclines in uppermost of the sedimentary succession of the area.
As mentioned before, because of flowing the Gachsaran Formation
during the progressive deformation, geometry of folds has been changed
in vertical scale where synclines developed atop the anticlines.

Folding in the growth strata are found in the 2D seismic profile of the
studied anticlines. It seems that the folding started in the Middle
Miocene (coeval to the upper Gachsaran’s deposition) in the study area.
The pattern of the reflectors of growth strata in the upper Gachsaran
Formation at the forelimb of the anticlines indicates combined hinge
migration and limb rotation during the fold growth (Figs. 5-9).

In addition to the Gachsaran Formation as the upper décollement
horizon at the north Dezful Embayment, there is another main
décollement known as the middle décollement horizon. Component
layers folded between the upper and the middle décollement horizons
form subsurface anticlines in north of the Dezful Embayment and act as
the main oil reservoirs in this region. The Garau to Dashtak formations
(Fig. 2) act as intermediate décollement levels that controlled the ge-
ometry of competent layers in the study area (Sherkati et al., 2006).
Folding style of the studied anticlines beneath the Gachsaran Formation
was controlled by thickness variation of the intermediate detachment
horizon (Garau to Dashtak formations) along strike of these anticlines.

In the foreland ZFTB, structural style varies due to the presence of
thrusts, tear faults and intermediate and upper décollement horizons.
The Miocene compressional tectonic regime was associated with the
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Table 1
Summary of work, approaches and terrain of several references about the tec-
tonics of the Dezful Embayment.

Authors Summary of work Approaches Terrains

Dezful
Embayment,
Zagros

Sherkati and Surface and
Letouzey

(2004)

This study suggests
ongoing movement along
faults in the Zagros
basement before the
Neogene Zagros folding.
It also indicates a
southwestward migration
of depocenters over time
and basement
involvement below some
folds during the Zagros
orogeny.

In the Zagros region,
detachment folds formed
during a thin-skinned
phase of deformation,
followed by the current
thick-skinned stage. This
can be observed clearly in
the Eastern Zagros,
where basement faults
cut across early
detachment folds
obliquely.

The study suggests that
Zagros folding started
around 10 million years
ago and continued
through the Late Miocene
and Pliocene. It also
indicates that oil
expulsion from the
Kazhdumi and Pabdeh
source rocks began
between 8 and 3 million
years ago during the
Aghajari Formation
deposition, depending on
the location.

This study reveals a
variety of fold styles in
the Dezful Embayment.
Toward the foreland, the
folds are gentle and
upright, showing initial
detachment folding.
Toward the hinterland,
fault-propagation
folding, fault-bend
folding, and duplexes are
found in stiff limestone.
In this study, a restored
cross-section shows an
11.5% shortening in the
region and discusses the
involvement of the
crystalline basement in
thrusting, the deep
structural style, and their
implications for
earthquake mechanisms
and structural analysis.
This study demonstrates
that the Zagros folding
started in the northeast
part of the Dezful
Embayment after the
Mishan Formation
deposition ended 12.5
Ma ago.

The arrangement of
structures in the study
area is influenced by the

subsurface data
analysis

Dezful
Embayment,
Zagros

Surface and
subsurface data
analysis

Sherkati et al.
(2005)

Dezful
Embayment,
Zagros

Bordenave and
Hegre (2010)

Laboratory
analysis of
samples and
subsurface data

Abdollahie
Fard et al.
(2006)

Dezful
Embayment,
Zagros

subsurface data
analysis

Dezful
Embayment,
Zagros

Surface and
subsurface data
analysis

Carruba et al.
(2006)

Bordenave and
Hegre (2010)

Dezful
Embayment,
Zagros

Laboratory
analysis of
samples and
subsurface data

Dezful
Embayment,
Zagros

Surface and
subsurface data

Derikvand
et al. (2018)
analysis

(continued on next page)
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Table 1 (continued)

Authors Summary of work Approaches Terrains

interaction of competent
and incompetent units, as
well as the growth-strata
of the Miocene-Pliocene
deposits in later stages of
deformation.

In the northern Dezful
Embayment, anticlines
are observed to form
through the evolution of
the anticline on the
middle décollement
horizons. They initially
manifest as detachment
folds, transition into
fault-propagation folds,
and eventually develop
into fault-bend folds in
the later stage of
deformation.

In the central part of the
Zagros foreland fold-and-
thrust belt, there are tear
fault systems caused by
the differential lateral
propagation of folds.
These tear faults
accommodate different
structural styles during
compressional tectonics
in the Zagros belt.

In the Middle Miocene,
detachment folding with
limb rotation started and
continued with the
migration of the basal
detachment horizon into
the core of the anticlines.
The development of a
disharmonic folding style
was controlled by the
upper detachment
surface through
migration and by the
reactivation of the

Dezful
Embayment,
Zagros

subsurface data
analysis

Sarkarinejad
et al. (2018)

Dezful
Embayment,
Zagros

subsurface data
analysis

Razavi Pash
et al. (2020)

Dezful
Embayment,
Zagros

subsurface data
analysis

Vatandoust
et al. (2020b)

basement faults. The total
shortening amounts
changed between 21%
and 12% from the
northwest to the
southeast part of the area.
Shamszadeh The study suggests that
et al., 2022a, the basic structure of the
b sedimentary basin,
influenced by basement
structures and salt layers,
plays a vital role in the
formation and evolution
of geological structures
and their timing.
This study demonstrates
how various factors like
overburden pressure,
deformation rate, and
uplift interacted to move
and accumulate the
Gachsaran Formation
towards both limbs of the
anticlines.

Dezful
Embayment,
Zagros

Analogous
modeling and
subsurface data
analysis

Dezful
Embayment,
Zagros

subsurface data
analysis

Razavi Pash
et al. (2023)

activity of the pre-existing inverted basement fault. These reactivated
pre-existing basement tear faults caused a change in location of the
anticlines relative to each other. In the foreland fold-and-thrust belts,
tear faults run across the strike of the belt to accommodate differential
displacement or various structural styles between two segments of the
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Table 2
Summary of work, approaches and terrain of several references about the
studied oil fields and the North Dezful Embayment.

Authors Summary of work Approaches Terrains

North Dezful
Embayment,
Zagros

subsurface
data analysis

Derikvand This study show that the
Zeloi Anticline is symmetric
and asymmetric faulted
detachment fold in the
central part and SE plunge,
respectively.

But the reduction of the
thickness of the Garau to
Dashtak formations to the
NW plunge led to the
formation of shear fault-
bend fold.

This study show that in situ
stress magnitudes in the Lali
oil wells are consistent with
a strike-slip regime, while in
the Zeloi oilfield, normal
faulting regime is estimated.
In this study, the role of
incompetent strata and fault
geometry on the folding
mechanism of the Karun oil
field are investigated. The
results of these
investigations showed that
the structure style of the
Karun anticline was
controlled by the interaction
of stratigraphy units and
faults and folding
mechanism of the Karun
anticline is the faulted-
detachment fold and
changing in the thickness of
the Dashtak Formation
changed the geometry of the
Karun anticline.

etal.
(2018)

North Dezful
Embayment,
Zagros

subsurface
data analysis

Talebi et al.
(2018)

North Dezful
Embayment,
Zagros

subsurface
data analysis

Asgari et al.,
2019

ZFTB.

Several tear fault systems exist in the central part of the ZFTB
(Fig. 1), which have been attributed to inherited basement-level faults
(Falcon, 1969; Berberian, 1995; Talbot and Alavi, 1996; Hessami et al.,
2001a; Bahroudi and Talbot, 2003; Authemayou et al., 2006; Mouth-
ereau et al., 2006, 2007b; Allen, 2010; Farzipour-Saein et al., 2013;
Joudaki et al., 2016). The High Zagros Fault (HZF), the Mountain Front
Fault (MFF) and the Zagros Foredeep Fault (ZFF) are the important
basement faults. The N-S trending basement faults and the
Izeh-Hendijan Fault (IZHF), the Kharg-Mish Fault (KMF) and the
Kazerun Fault (KZF) formed in the latest Proterozoic and the Early
Cambrian in the Arabian basement and the Triassic and Late Cretaceous,
respectively (Beydoun, 1991) (Fig. 1).

The existence and orientation of the IZHF has been investigated in
the neighboring anticlines of the study area (Falcon, 1974; Sherkati and
Letouzey, 2004; Ahmadhadi et al., 2008). It seems that the Karun and
Lali anticlines were influenced by Izeh fault system and its associated
tear faults also played a role in deformation in the study area.

Deformation transition is accommodated by tear faults (Razavi Pash
et al., 2020; Seraj et al., 2020). Major boundary of this variation is a
NE-SW lineament located between the Karun and Lali anticlines and in
the middle part of the Zeloi anticline. Interpretation of 2D seismic pro-
files reveals an important tear fault located between the Karun and Lali
oilfields. Location of these anticlines on both sides of the tear faults
suggests a left-lateral strike-slip. Syn-tectonic sediments have covered
the effect of these tear faults at surface and there is no field evidence of
these faults at the surface.
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Fig. 12. (a) Kinematic evolution model for asymmetric faulted detachment fold and (b) symmetric faulted detachment fold (Mitra, 2002).

6.2. Kinematic evolution

Following Poblet and McClay (1996), four different geometric and
kinematic models may be considered for the kinematics of individual
folds with a detachment mechanism in which a homogeneous competent
unit detached over a ductile unit (Fig. 13).

In Model 1 (Mitchell and Woodward, 1988) the dip of the fold limb is
maintained constant and limb lengthening results in fold amplification.
In Model 2 (Sitter, 1964) the limb rotates maintaining its same length
and leads to deformation. The basis of Model 3 (Dahlstrom, 1990) is the
law of conservation of area for both the competent and the ductile unit,
and both mechanisms of limb rotation and lengthening are responsible
for the crustal shortening. Model 4 (Blay et al., 1977) indicates that both
limb rotation and limb lengthening accommodate fold amplification,
but the point of intersection of the axial surface is fixed such that it
occurs on the detachment surface (Fig. 13).

Both of forelimb lengths and dips of the studied anticlines vary
spatially. Comparing the shape of the best-fit functions with these
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models (Poblet and McClay, 1996) demonstrate that the kinematic
evolution of the Zeloi, Lali and Karun anticlines are in accordance with
Model 3 of Poblet and McClay (1996). Subsurface anticlines such as
Zeloi, Lali and Karun anticlines formed on a thick middle décollement
horizon (Sherkati et al., 2005).

The presence of growth strata in the upper parts of the Gachsaran
Formation can be observed that indicates the start of folding simulta-
neously with the deposition of the Gachsaran Formation in Middle
Miocene (Sherkati and Letouzey, 2004). This time has already proven
using magnetostratigraphic, sedimentology and low-temperature ther-
mochronometry of Miocene detrial sediments ~19.7-14.8 Ma (Khadivi
et al., 2010).

In the earlier stages of the folding process, migration of incompetent
formations towards the core of anticlines produced detachment folds.
The folding was followed by a change in structural style due to pro-
gressive deformation and increasing shortening (Fig. 14). Limb rotation
and/or hinge migration took place during folding (Poblet and McClay,
1996).
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)

Fig. 13. Kinematic evolution of the detachment folds based on limb dip and limb length (Poblet and McClay, 1996). Models 1 and 2 evolves with the limb migration
(changeble limb lenght and constant limb dip) and limb rotation (constant limb length and changeble limb dip) respectively, while, the model 3 and 4 evolves both
limb migration and limb rotation (variable limb rotation and variable limb dip) (Poblet and Mcclay, 1996).

Upper Detachment

E—
o

Basal Detachment (intermediate décollement)

Increase in deformation

Fig. 14. Kinematic evolution model of the subsurface anticlines in the study
area. (a) undeformed layers, (b) first step of deformation and formation of
detachment fold, (c) increase of forelimb dip and generation of faults, (d)
propagation of thrusts upward and corporation of them in deformation and
generation of second thrust and back-thrust and (e) propagation of second
thrust and back-thrust upward and formation of imbricate structure.
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In all cases, the underlying detachment horizons flow into the core of
fold until no more material is available (Sherkati and Letouzey, 2004;
Sherkati et al., 2005) whereupon the shortening is accommodated by
faulting (Fig. 14). The upper detachment gradually thickens above the
shortened competent layers and flows into the synclines (Fig. 14). As
shortening is then accommodated by faulting, and the synclines are
overridden by the faulted anticline limbs, the overlying detachment
horizon thickens and the layers above, the Mishan and the Aghajari
formations, are in turn folded as the Zagros orogeny progressed. Then,
the Gachsaran Formation underwent upward ductile flow due to
ongoing shortening. These processes led to the propagation of a thrust
fault in the upper competent strata. This finally led the Gachsaran For-
mation to crop out (Fig. 14).

Faulting of fold limbs and development of faulted detachment folds
usually occurs due to high strains on fold limbs during limb rotation
(Mitra, 2002). In the context of the Zeloi anticline, if the two limbs are
symmetric and faults propagate through steep limb segments simulta-
neously on both sides of the anticline, this phenomenon occurs. This
results in a symmetric pop-up structure bound by two faults (Fig. 14e).
According to the model of detachment folding presented by Mitra
(2002), finally, one of these two faults connects with basal detachment
and controls future asymmetric growth of the structure, whereas the
other fault terminates against the main fault. This stage can be observed
on the cross-sections C-C' and D-D’. Pop-up structure in the Zeloi anti-
cline continues from NW to the central part of the anticline and mech-
anism of folding spatially changes to a fault propagation geometry
(Fig. 10c and d).

More deformation can be observed in the Lali anticline. A significant
element at this stage is generation and development of a double thrust in
the forelimb of the Lali anticline. During progressive folding, thrusts
developed in the steeper forelimb. These thrusts accommodate strain
variations during folding. Thrusts formed in middle décollement with
upward growth during progressive folding from faulted décollement
fold (Mitra, 2002, 2003). These thrusts are restricted to the upper
décollement above and the middle décollement at the base (Fig. 14).

Distribution of deformation of the Karun anticline differs from the
other two anticlines. Due to thrusting on both sides of the fold as well as
more overburden thickness, the Karun anticline has subsided and lies
deeper than the Lali anticline.

Kinematic evolution of subsurface anticlines in the northern Dezful
Embayment involved several steps: buckling of undeformed layers and
migration of middle décollement horizons (Garau and Dashtak forma-
tions) towards the anticline’s core and formation of décollement folds.
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Also, progressive deformation is associated with migration and flow of
the Gachsaran Formation towards the footwall syncline (Fig. 14). This
happened by limb rotation and hinge migration. In this stage, thrusting
started to accommodate shortening in underlying units and a footwall
syncline formed in the forelimb. Through time, second stage of thrusting
formed as an out-of-sequence fault and grew upward with increasing
shortening (Fig. 14). These thrusts that formed between different anti-
clines are in-sequence faults. Thrusting in forelimb happens as an out-of-
sequence event. Geometry of thrusts in the forelimb plays particular role
in final shape of the anticlines. As a consequence, the final geometry of
the anticline in kinematic evolution, from décollement fold to fault-bend
fold, depends on the geometry of formed thrusts during progressive
shortening of the anticline’s forelimb.

7. Conclusions

We examined the kinematic evolution and structural style of three
oilfields (Zeloi, Lali and Karun) in the northern Dezful Embayment of SW
Iran using 2D seismic data. Through interpretation of the 2D seismic
profiles and balanced cross-sections, we discovered a wide range of
geometries and kinematics among the oilfields. Oilfields’ structural style
was influenced by the Gachsaran and Dashtak formations, acting as
upper and middle detachment levels, respectively. Additionally, the
presence of tear faults played a role in the along-strike variations in the
oilfields’ structures. Analysis of the growth strata indicated that limb
rotation and hinge migration were involved in the evolution of the folds
that initiated in the Middle Miocene. Initial detachment folds trans-
formed into fault-bend folds during the later deformation. Results from
this study provide new insights about styles of deformation and geo-
metric configurations of hydrocarbon target levels (i.e., the Asmari
reservoir and Bangestan Group reservoirs) in the study area. These
findings can be very useful in future exploration/production and field
development activities in the NW part of the prolific Dezful Embayment.
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