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Abstract
The Maqloub–BardaRash structure is situated at the Low Folded Zone within the NWof the Zagros fold-thrust belt in the Iraqi
Kurdistan region. One of the main goals of this work is to reveal the variation in the fold architecture and fault shape with depth to
build a plausible fold model, as well as to explain the kinematic evolution of the Maqloub–BardaRash structure. The middle part
of the anticlinal hinge line of the studied structure shows deviation and anticlockwise rotation. This character is ascribed to the
presence of a north-south trending left-lateral strike-slip fault. This fault is considered to be a deep-seated basement fault that
likely caused segmentation ofMaqloub–BardaRash structure into two parts: the northwesternMaqloub structure which exhibits a
normal asymmetry and the southeastern BardaRash structure with a reverse asymmetry. The balanced cross sections based on the
top of Middle Miocene Fatha Formation from the studied structures displays a maximum total horizontal shortening of 14% for
the Maqloub structure and 9.89% for the BardaRash segment at the same stratigraphic level. Through the Maqloub section, the
thrust-related shortening increases downsection, whereas the fold-related shortening increases upsection. Whereas along
BardaRash section, the fold-related shortening smaller irregular variations at different stratigraphic levels are evidenced. The
Maqloub segment is interpreted as a fault-propagation fold, but the BardaRash segment is interpreted as a faulted detachment fold
based on the geometrical analysis of deformed models. Based on the resulting deformed geometries from the balanced cross
sections, the propagation of the Maqloub segment is associated with the activation of an underlying basement fault, whereas the
BardaRash segment is decoupled along the Triassic ductile sequence. The structural characterization of two different models of
the fault-related deformation along the individual Maqloub–BardaRash folded structure will enhance accurate well position of
the crestal reservoir.
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Introduction

The fault detachment fold model is closely analogous to the
thrust propagation anticline, but it is a product of the transition
in deformation pattern from detachment folding processes to
progressive fault propagation folding (Mitra 2002; Mitra

2003). McClay (2004) presented a conceptual model based on
Dobson (1991). This model exhibits three different fold de-
formation models that developed at same detachment level
with progressive evolution. Here, during progressive evolu-
tion, with increasing fault displacement, the detachment fold
changes to thrust propagation anticline, and ultimately to
transported thrust propagation anticline.

The prolific oil and gas fields that were discovered within
the Iraqi Kurdistan region in the previous years motivated
several investigations (e.g., Kent 2010; Reif et al. 2011;
Bretis et al. 2011; Csontos et al. 2012; Reif et al. 2012;
English et al. 2015; Awdal et al. 2016; Koshnaw et al.
2016). Since tectonic deformation and propagation of the oil
and gas bearing structures in the northwestern Zagros fold-
thrust belt (ZFTB) segment in Iraqi Kurdistan are not well
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understood in comparison to the Iranian Zagros structures.
Therefore, this study aims to (1) reveal the variation in the
fold architecture and fault shape with depth to establish a
plausible fold model, as well as to explain the fold kinematic
evolution; (2) calculate the shortening ratio in two balanced
cross sections across Maqloub–BardaRash structure; (3) de-
duce the deflection and rotation in the middle part of the hinge
line of the studied structure; (4) decipher the abrupt rising of
Maqloub segment with respect to BardaRash segment; and (5)
infer tectonic style for studied structure.

The study area is located near the town of BardaRash,
~60 km northwest of Erbil, and bounded by longitudes 43°
21′ 40″ and 43° 45′ 0″E and latitudes 36° 25′ 0″ and 36° 33′
20″N, within the Iraqi Kurdistan region (Fig. 1). The investi-
gated area covers ~215 km2 and is subdivided into two seg-
ments: Maqloub which is located to the NW of the studied
area and BardaRash which occupies the SW portion of the
studied area. Each of these segments has its distinctive
morphotectonical, sedimentological, and structural character.
The maximum elevation of the Maqloub and BardaRash seg-
ments are 1040 and 530 m above sea level, respectively. The

fold shape of the exposed part of Maqloub anticline created
prominent topographic ridges in the area. This fold outline
was well preserved in comparison to the fold shape of the
adjoining synclines that form the broad valleys around
Maqloub Mountain. These valleys are mostly occupied either
by Pliocene rock beds or recent sediments.

Knowing the potential geometry of the fold type and
fault shape with depth in addition to their evolution is cru-
cial for the hydrocarbon exploration processes. Thereby,
the accurate balanced sections are essential for selecting
drilling locations and to identify structural traps with oil
and gas accumulations (Mitra 1990; Mitra 1992; Poblet
and Lisle 2013). The relationship between different models
is great of importance as an indicator of type of reservoir.
Mitra (2002) stated that the position and size of hydrocar-
bon reservoirs along the crest region of anticlinal fold are
switched at transition from faulted detachment fold model
to a fault propagation fold model. Accordingly, the position
and size of oil traps through the crest area of studied major
structure are altered during transition from BardaRash seg-
ment to Maqloub segment.

Fig. 1 Digital elevation model (DEM) of northern part of the Kurdistan
Region of Iraq illustrating the location of the studied structure. Polygons
enclose Fig. 3 with line of the sections A and B. Also, showing the
tectonic subdivision of the NW Zagros Fold-Thrust Belt: (1) Zagros

Suture Zone, (2) Imbricate Zone, (3) High Folded Zone, and (4) Low
Folded Zone. Additionally, illustrating the right-lateral strike fault
affected on the northwestern part of Maqloub segment and fault persists
toward north
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Methods

The methods of the present work include obtaining field data
and subsurface data and using them to construct detailed bal-
anced cross sections and conduct structural analysis.

The fieldwork was conducted by following two traverses,
perpendicular to the general trend of the hinge lines of anticline
and synclines. The first traverse (A-A¯) is 8 km in length and
passing through the Maqloub segment. This traverse includes
27 field stations. The second traverse (B-B¯) is 9 km in length
and passes through the BardaRash segment. This traverse was
covered by 29 field stations. The whole field investigation was
achieved by 82 field stations. These stations were chosen on
the basis of availability of well-exposed bedding surfaces, var-
iation in dip panels through different structural positions (i.e.,
forelimb, backlimb, hinge regions of the fold), geological for-
mation boundaries, and presence of the major fault traces.
Furthermore, the fieldwork includes lithological description
of the outcrop with determining lateral and vertical relation-
ships between various strata of the Tertiary period. This suc-
cession included seven formations which are started by
Paleocene-Eocene Kolosh Formation, and ended with
Pliocene-Pleistocene Bai-Hassan (Upper Bakhtiari) Formation.

A few new available seismic reflection lines (that were
close to selected sections) were integrated with the well data
and field data to construct two balanced cross sections. To
establish a two-dimensional geometrical model for the
Maqloub–BardaRash structure, the geological surface data
were projected with depth through their corresponding strati-
graphic levels. The projection of the surface data with depth
was constrained by the available seismic and well data, which
they were penetrated sedimentary piles and reached the
Triassic rocks.

Furthermore, hundreds of measured field data were
projected and analyzed by employing equal area net to create
fold elements that have strong relation with fold geometry.
The geological cross sections were constructed manually, uti-
lizing the kink method (Mitra 1992; Groshong 2006). In the
studied area, most of the deformed sequences consist of stiff
competent beds that conserve their orthogonal thickness and
deformed primarily by flexural slip mechanism. The balanced
cross sections were restored manually by removing the whole
cumulative effects that arise from the deformation during fold-
ing and faulting processes. This implies retrodeformation of
the strain ellipses into their corresponding unit circles via re-
moving dip angles from the rotated layers (Howard 1993). In
restoration and balancing processes of cross sections, two ver-
tical pin lines were placed at the axial surfaces of two adjacent
synclines, assuming that this region is a location of no inter-
layer slip (Woodward et al. 1985; Woodward et al. 1989;
Mitra and Namson 1989; Mitra 1992). In the next step, the
bed length balancing started from the frontal vertical pin line
rearward to hinterland vertical pin line; then, the line length

method was accomplished after several attempts to produce a
plausible and feasible thrust fault geometry.

Geological setting

Tectonics

The Zagros orogenic belt is located along the northeastern
margin of the Arabian Plate and constitutes a part of the exten-
sive Alpine–Himalayan orogenic system. It formed during the
progressive closure of the Neotethys Ocean due to the oblique
collision between the Arabian and Eurasian plates (Golonka
2004; Agard et al. 2005). The closure of the Neotethys Ocean
took place during Late Cretaceous-Cenozoic times (Talbot and
Alavi 1996). The continental collision started in the Oligocene
times and is active to present time (Fard et al. 2006). This
continental collision led to folding and thrusting and emer-
gence of the Zagros orogenic belt, as well as evolution of the
foreland basin on the northwestern edge of the Arabian plate
(Molinaro et al. 2004; Fard et al. 2006).

Depending on the intensity of deformation and the struc-
tural geometry, the Zagros orogenic belt in Iraqi Kurdistan is
subdivided into five zones that are structurally aligned in par-
allel to subparallel tectonic zones. These zones are divided by
major thrusting boundaries from foreland (SW) to hinterland
(NE) into (1) the Mesopotamian Foreland Basin, (2) Foothill
Zone (FHZ) or Low Folded Zone (LFZ), (3) High Folded
Zone (HFZ), (4) Imbricate Zone, and (5) the Zagros Suture
Zone (Jassim and Goff 2006). The studied structure of this
work, Maqloub–BardaRash structure, is a prominent faulted
anticline situated within the LFZ (Fig. 1).

Stratigraphic framework

The sedimentary pile within the FHZ is consisting of compe-
tent sequences with relatively few weak incompetent beds,
and total thickness of these mechanical anisotropy sequences
ranges between 5 and 11 km with an average of 8–10 at NW
block of the FHZ (Jassim and Goff 2006).

The Neogene sequence is exposed extensively across the
FHZ; however, within few faulted anticlinal cores, the
Paleocene beds are also observed (e.g., Maqloub anticline).
In the following, the unexposed formations found in explora-
tion well plus the exposed formations are described (Figs. 2
and 3). Starting from the Late Triassic rocks, Kurra Chine
Formation consists of 850–1150 m of alternating thin and
thick bedded limestone with intercalation of thick bedded do-
lomite and papery shale. In the subsurface section, thick evap-
orite intervals also exist within the formation, which has been
deposited in intrashelf basins (Aqrawi et al. 2010).

The active deep-seated strike-slip faults are controlled de-
position of the Phanerozoic piles at Zagros fold and thrust belt
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(Hessami et al. 2001). Accordingly, the thickness variation of
Late Triassic Kurra Chine Formation in particular evaporitic
unit possibly occurs, where passing over present deep-seated
strike-slip fault into Maqloub segment, thus changing from a
ductile mobile detachment at BardaRash segment as crossing
strike-slip fault to a frictional substrate throughout Maqloub
segment (Cotton and Koyi 2000). The most upper part of
Triassic rocks is represented by ~100 m of Rhaetic Baluti
Formation. This rock unit composed of dominantly shale and
bands of limestone and dolomite that deposited in lagoonal
evaporitic and estuarine environments (Jassim and Goff 2006).

The Early Jurassic stratigraphy is defined by 470 m of
carbonate-evaporite inner shelf succession, which are Butma,
Adaiyah, Mus, and Alan Formations (Jassim and Goff 2006).
The Middle Jurassic was defined by Sargelu Formation which
is a thin bedded, bituminous, and dolomitic limestone contain-
ing black shales and streaks of thin black chert, and it was
deposited in basinal euxinic marine environment (Jassim and
Goff 2006). Sargelu Formation thickness is about 200 m in
subsurface section. The Late Jurassic is topped by neritic oo-
litic limestone and lagoonal facies ofNajmah Formationwhich
attain its largest thickness (443 m) in well Demir Dagh-1 close
to the studied Maqloub–BardaRash structure (Sadooni 1997).

The Early Cretaceous Garagu Formation (~70 m thick) is
constituted mainly from coarse-grained oolitic limestone with
some ferruginous sandstone rocks that deposited in a high-
energy and shallow water environment (Aqrawi et al. 2010).
The Garagu Formation was capped by 140 m of Lower
Sarmord Formation and Lower Qamchuqa Formation. The
Lower Sarmord Formation (110m thick) comprises marl, with
beds of argillaceous limestone. The formation was deposited
in a deep inner-shelf to outer-shelf environment (Jassim and
Goff 2006). The Lower Qamchuqa Formation consists of
(30 m thick) of thick bedded carbonate rocks which represent
deep-ocean facies. The Albian carbonate ramp was represent-
ed by 210 m of the Upper Sarmord (marl and limestone) and
the Upper Qamchuqa Formations (carbonate). The Upper
Sarmord Formation was deposited in inner-shelf lagoons,
whereas Upper Qamchuqa Formation represents shallow
inner-shelf environment (Jassim and Goff 2006). The Late
Cretaceous is defined by two formations. The first is
Bekhme Formation, which consists of 90 m of reefal lime-
stone and fore-reef limestone. The Bekhme Formation uncon-
formably underlies by Upper Qamchuqa Formation (Bellen et
al. 1959). The second formation is the Shiranish Formation
(50 m thick) that composed of pelagic marl underlain by well-
bedded limestone (Bellen et al. 1959).

The oldest exposed rocks (Paleocene-Early Eocene) in the
eroded core of the Maqloub anticline is the clastics of flysch
deposits of Kolosh Formation (360 m thick), which is
interfingered with lagoonal carbonates of the Khurmala
Formation (Bellen et al. 1959). The Middle Eocene rock is
represented by~50 m of red clastics of molasses (Gercus
Formation), which was capped by ~310 m of lagoonal lime-
stone of Pila Spi Formation (Middle-Late Eocene). The Pila
Spi Formation consists of competent rock units that are resis-
tant to erosion and weathering in comparison to the overlying
and underlying formations. Therefore, it forms the carapace of
the Maqloub anticline. The Middle Miocene Fatha (Lower
Fars) Formation unconformably overlies the Middle-Late
Eocene Pila Spi Formation. The exposed Fatha Formation in
the study area includes~160 m of gypsum interbedded with
fossiliferous limestone, marly limestone, and marl. The Fatha
Formation represents a rapidly subsiding sag basin which oc-
casionally altered to evaporitic environment (Jassim and Goff
2006). The Late Miocene Injana (Upper Fars) Formation has
been recognized by the first occurrence of sandstone, and it
constitutes of (320–370 m thick) repetitive interbedded resis-
tant sandstone beds separated by easily erodible mudstones.
Thereby, the lower boundary of Injana (Upper Fars)
Formation with the Fatha Formation is gradational. Also, the
upper boundary with the Late Miocene Mukdadiya (Lower
Bakhtiari) Formation is gradational indicated by occurrence
of gravely sandstone (Jassim and Goff 2006). The Late
Miocene Injana (Upper Fars) Formation composed of
synorogenic sediments that was produced by the erosion of
the uplifted Zagros Mountain belt during a collision (Pirouz et
al. 2011). The Late Miocene Mukdadiya (Lower Bakhtiari)
Formation consists of 470–1380 m of mudstone and interca-
lated by sandstone and pebbly sandstone. The sandstone was
characterized by coarse- to very coarse-grained, poorly
cemented, and bluish gray in weathered color. The
Mukdadiya Formation represents fluvial deposits of a rapidly
subsiding foredeep basin (Jassim and Goff 2006). The
Pliocene-Pleistocene Bai-Hassan (Upper Bakhtiari)
Formation is regarded to be the youngest synorogenic sedi-
ments of the Zagros foreland basin. It consists chiefly of very
thick to massive conglomeratic beds with cross-bedded
gravels, sandstones, and claystone. The Bai-Hassan
Formation reflects alluvial fan deposits originated from the
Zagros suture and High Folded Zone (Jassim and Goff 2006).

Structural analyses

In order to obtain a three-dimensional structural analysis for
the studied structure, this section is subdivided into the plan
view and cross-sectional view description, and the geometri-
cal analysis.

�Fig. 2 Stratigraphic column of the studied structure illustrating the
formation names, lithology, age, thickness, and competency based on
the field and well data, with major tectonic megasequence (Sharland et
al. 2001) and tectonic events (after Sissakian 2013)
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Plan view description

The Maqloub–BardaRash is bounded from the southeast by
the Dusara syncline, and Merge syncline and from the
northeast through the Gr kal-Amyan syncline. The de-
formed sequence that exposes at this major structure ranges
from the Paleocene-Early Eocene Kolosh Formation to the
Pliocene-Pleistocene Bai-Hassan (Upper Bakhtiari)
Formation. The Pila Spi and Upper Fars Formations out-
crops compose most of the crestal domains and surround-
ing area of the hinge at the Maqloub and BardaRash seg-
ments. The entire Maqloub–BardaRash structure is 35 km
long and 4 to 2.5 km wide with a maximum elevation of
up to 1040 m in the middle part of the Maqloub segment.
The Maqloub–BardaRash structure extends from Taq Hama
village at the northwestern plunge to Biyuk village at SE
plunge (Fig. 3). The overall geometry of the Maqloub seg-
ment is an arcuate outward convex shape that can be ob-
served from satellite images (Fig. 1). In general, the anti-
clinal hinge line along the Maqloub segment is trending
303°–123°, but deflecting to 282°–102° at the BardaRash
segment. Thus, the difference between hinge line trend in
both segments approaches 20°.

The Maqloub segment is affected by three emerging major
thrust faults that dip between 72° and 78°, either foreland
(SW) verging or hinterland (NE) verging and dip slip dis-
placement partitioned among them. These thrusts, from the
northeast toward the southwest, were labeled first Maqloub
thrust (MT1), second Maqloub thrust (MT2), and third
Maqloub thrust (MT3) (Fig. 3). The MT1 is back thrust with
hinterland (NE) verging, whereas MT2 and MT3 are forelimb
imbricate thrusts with foreland (SW) verging. The maximum
dip slip displacement is observed across (MT3) through which
the forelimb of the anticline is cut by MT3 and leading to
transport the entire anticline toward foreland on the top of a
gently dipping beds in the footwall. In other words, the lower
part of the Fatha (Lower Fars) Formation (MiddleMiocene) in
the forelimb of the Maqloub segment overrides the upper part
of Injana Formation (Late Miocene) in the trough of the
Merge syncline, with an estimated stratigraphic separation of
250–300 m (Figs. 3 and 4). Here, in the vicinity of the fault
surface MT3 within the evaporite strata of Fatha (Lower Fars)
Formation, slicken side striations were detected. These stria-
tions exhibit two different orientations. These striations prob-
ably developed either as a result of rotation of the bedding
plane with respect to the stress field or rotation (i.e., change

293 Page 6 of 20 Arab J Geosci (2018) 11: 293

Fig. 3 Geological map of theMaqloub–BardaRash structure. This structure exhibits the Cenozoic formations that divided by a major strike-slip fault into
two segments: the western Maqloub segment and the eastern BardaRash segment



in orientation) of the stress field with respect to the bedding
plane. The existence of more than one set of striations or
curved slickenside striation is resulted from more than one
generation of movement. MT1 broke through the backlimb
of the Maqloub structure, and placed the Paleocene-Early
Eocene Kolosh Formation over the Middle Eocene Gercus
Formation (Fig. 3). In contrast, the MT2 broke through the
southwestern flank of the Maqloub segment, where Middle-
Late Eocene Pila Spi Formation overrides itself across MT2
(Figs. 3, 4, 5a, b, 6, and 7).

Toward the extreme northwest and southeast along the
MT1 and MT2, the displacement declines to its minimum
value, where the Pila Spi Formation overrides itself. At this
fault, the whole fault dip slip of MT1 and MT2 is transferred
progressively to the Maqloub anticline on its high-angle thrust
ramp tip. This fault behavior gives an impression that the
thrust-related anticline is reflecting a fault propagation folding
processes that will be discussed later.

Along the middle parts and the periphery of the Maqloub
segment, the distribution pattern of the geological boundaries
reflects existence of a major double-plunging asymmetrical
anticline. The southwestern forelimb of the Maqloub anticline
is shorter (narrower) and steeper (partly overturned in places)
than their corresponding backlimb. In general, on the fore-
limb, the dip panels of beds rapidly vary toward the southwest.
It steepens to nearly vertical and then becomes overturned
between MT2 and MT3. Rock beds exposed on the forelimb
are Pila Spi Formation and lower part of the Fatha (Lower
Fars) Formation. These subvertical to overturned beds of the
Pila Spi Formation, which bounded between two adjacent
major thrusts (MT2 and MT3), indicate that these two thrusts
evolved along the preexisting axial surfaces bounding a dip

panels within the frontlimb. Accordingly, formerly developed
axial planes are reasonable sites for generating thrust planes.
Also, the field investigations support this consideration via
existence of some smaller thrusts with dip displacement of
4–6 m in the vicinity to the axial surfaces that separated dip
panels. Such type of secondary thrust faults are considered as
fold-accommodation thrusts and most probably developed
during progressive tightening of the fold (Fig. 8).

The entire northeastern backlimb plus parts of the hinge
zone of the adjacent Merge syncline were buried beneath the
Maqloub thrust faults. Rock units exposed on the southwest-
ern forelimb of Merge footwall syncline are Injana (Upper
Fars) and Fatha (Lower Fars) Formations, and the dips of
strata increase from 6° NE close to the hinge zone to around
25° NE at the inflection line.

The hinge zone of the Maqloub anticline is broad and seg-
mented into dip panels. The hinge region is limited by traces
ofMT1 andMT2. The hinge area becomes broader toward the
northwestern and the southeastern plunges owing to reduction
in thrust displacement values along imbricated thrust faults
(MT1, MT2, and MT3), as well as a decrease in steepness of
frontlimb. This variation in the Maqloub anticline geometry
along its strike reflects variations through time (Fig. 9).

The northeastern limb of the Maqloub anticline occupies
most of the area limited by MT1 or the hinge trace of the
Maqloub anticline and rearward to the northeast inflection line
with adjoining Gr-Kal footwall syncline. The exposed se-
quences across the backlimb are Gercus and Pila Spi
Formations. The rock beds on this limb are dipping toward
NE, and the dip angle increases from 4° at the hinge zone to
~46° close to the inflection line. The inflection line between
the backlimb of the Maqloub anticline and the southwestern

Fig. 4 Field view of the
southwestern forelimb of
Maqloub segment showing the
two major thrusts MT2 and MT3,
which are bounded subvertical
beds of the Middle-Late Eocene
Pila Spi Formation
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limb of the Gr-Kal syncline passes roughly along the top of
Pila Spi Formation (Fig. 3).

The Maqloub thrust-related fold is cross cut by two distinct
map scale strike-slip faults. The first strike-slip fault affects the
Maqloub structure at the northwestern plunge and it continues
toward the north (Fig. 1). This right-lateral strike-slip fault is
oblique to hinge line of Maqloub anticline and caused rotation
and/or shifting of the hinge line. The measured horizontal dis-
placement on it is ~140m. The second strike-slip fault oriented
NE-SW with a shorter trace affected the Maqloub structure
near to the southeastern plunge of Pila Spi Formation. This
strike-slip fault has left-lateral movement and led to abrupt
bending of the Pila Spi–Fatha Formation boundary with hori-
zontal displacement estimated by ~350 m (Fig. 3).

The BardaRash segment is affected by two major opposite-
ly directed thrust faults. These emerging thrust ramps dipping
of 64°–68°, based on calculations from seismic profile. These
thrusts from the northeast toward the southwest are first
BardaRash thrust (BT1) southwest dipping and NE verging,
while second BardaRash thrust (BT2) is SW verging. The
frontal thrust BT2 broke through the forelimb of BardaRash
anticline and placed the lower part of Late Miocene
Mukdadiya Formation over the middle part of same formation
(Fig. 3). The back thrust BT1 broke through the backlimb of
the BardaRash segment and brought the lower part of the
Pliocene-Pleistocene Bai Hassan over the upper parts of the
same Formation with a stratigraphic separation that ranges
between 650 and 750 m (Fig. 10).

The southwestern limb of the BardaRash segment consists
of most of the area bounded by the hinge trace and inflection
line between this forelimb and Dusara footwall syncline. The
inflection line passes approximately along the upper parts of
the Mukdadiya (Lower Bakhtiari) Formation. The outcropped
rock units across the forelimb are Late Miocene Injana (Upper
Fars) and Mukdadiya Formations. The rock strata are dipping
toward SW, and the angle of dip increases from ~8°SWat the
hinge region to ~38°SW close to the inflection line. Thus, the
southwestern limb demonstrates four dip domains, which
from hinge area to inflection line are dip angles of 8° (Injana
Formation), 16° (Injana–Mukdadiya Formation boundary)
29°, and 47° (Mukdadiya Formation). On the other hand, the
northeastern backlimb divided into five dip panels that from
higher level to lower level correspond to 6° (Injana
Formation), 19° (Injana–Mukdadiya Formation boundary),
28°, 37° (Mukdadiya Formation), and 54° (Bai-Hassan
Formation). The anticlinal crest was recognized with an
~1000-m-wide smoothly rounded surface. Such characteristic
was interpreted as fault detachment fold that will be discussed
later. In the cross-section profile, this wide crestal region has
been divided into four dip domains (Figs. 11 and 13).

Geometry at depth the Maqloub–BardaRash anticline

Two structural balanced and restored cross sections were con-
structed across the Maqloub–BardaRash anticline. The cross
section across the Maqloub anticline extends from the surface
to the Pre-Cambrian basement, whereas the cross section
across the BardaRash anticline reaches the Upper Triassic
Kurra Chine Formation (Fig. 13). In both sections, the study
area includes the Maqloub–BardaRash thrusted anticline and
their adjacent footwall synclines. The hinge lines of the both
Maqloub and BardaRash segments are trending NW-SE, and
their axial surfaces are dipping at a high angle either toward
NE as in the Maqloub part or directed to SW as in the
BardaRash segment. In the Maqloub segment, the hinge zone
is broad and the interlimb angle is ~100° and gradually in-
creases toward the plunges to ~120°, where the hinge zone is

Fig. 5 a The photograph illustrating location (red rectangle) of the
slickenside striations that were detected in the vicinity to the fault
surface MT3 within the evaporite strata of the Middle Miocene Fatha
(Lower Fars) Formation. b Two different orientation of striations which
marked by different color
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broadening relatively. The overturned beds were observed in
the Maqloub hanging wall anticline toward the southeast of
section A-A¯, particularly between MT2 and MT3, which
might be rotated to overturning during the late stage move-
ment on the MT2 and MT3, and thereby, these rotated beds
continue to reasonable depths. These overturned beds are con-
sidered to represent the further shortening within the Maqloub
segment as consequence of the dip angle increasing on the
frontlimb (Mitra 1990; Jabbour et al. 2012) (Fig. 12).

The cross-sectional geometry of the BardaRash segment
indicates existence of a major hanging wall thrust anticline with
a pop-up structure that developed upsection between BT1 and
BT2. It appears that the back thrust cut up from the associated
forethrust and led to the development of the pop-up structure.
The BardaRash segment has rounded to sub-rounded hinge
zone with relatively curved limbs. The fold amplitude and fold
aspect ratio of the Maqloub segment that measured from the
balanced section A-A¯ (Fig. 12) at the top of Pila Spi
Formation are ~710m and 0.26, respectively.Whereas, the fold
amplitude and fold aspect ratio of the BardaRash segment that
were calculated from the section B-B¯ (Fig. 13) at the top of the
same stratigraphic level are ~590 m and 0.19, respectively.

Along part of the back thrust BT1 in the BardaRash anti-
cline, the complicated variations in the fault slip resulted in
nonuniform variations in dip displacements within Jurassic
and Upper Triassic formations. While, along MT1 and MT2
(Fig. 12) in the Maqloub segment, the fault slip pattern dem-
onstrates a uniform variation and the displacement decreases
progressively upsection. For instance, updip, the displacement
decreases from ~500 to ~60m along theMT2. The reduction in
the thrust dip displacement updip (i.e., decrease in the fault-
related shortening) is balanced by an increase in the fold-related
shortening (Mitra 1986; Pennock et al. 1989). The decrease of
the displacement upsection provides a mechanism by which
thrust can lose displacement upward. In this mechanism, the
major fault ramp loses displacement by bifurcating into numer-
ous smaller and minor splays and distributing its displacement
among them (Dahlstrom 1969; Mitra 1986). In the section B-
B¯, there is a thickening in the Upper Triassic Kurra Chine
Formation in the core of the anticline. This may be owing to
the existence of thick incompetent units possibly containing
evaporites and shale (Fig. 13).

The thickness variation of the Mukdadiya Formation was
detected along both flanks of the BardaRash segment

Fig. 6 Aerial field view showing
the northeastern backlimb of the
Maqloub segment which is
breaking through by a back thrust
and led to climbing of the middle
parts of the Kolosh-Khurmala
Formation on the Gercus
Formation

Fig. 7 View showing crest area
and the northeastern backlimb of
the Maqloub segment. The NE
flank is breaking through by the
back thrust MT1. The Pila Spi
Formation, which forms the
carapace of this anticline, can be
observed forming the NE flank at
the lower part of the photograph
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(Fig. 13). Shaw et al. (2005) point to that the thickness varia-
tions of the synorogenic growth units are constrained princi-
pally by the deformation kinematics and relative rates of the
sedimentation and uplift. So that, where sedimentation rate
exceeds uplift rate, the syntectonic growth bed thins onto the
structural high (anticlinal crest) (Shaw et al. 2005).
Consequently, the thickness change of the Mukdadiya
Formation along both limbs within footwalls of BardaRash
thrusted structure is probably ascribed to the differential sed-
imentation rate and uplifting rate across both sides of major
structure. On the other hand, syntectonic growth assemblages
have been employed for knowing time of deformation in
many compressive settings (Masaferro et al. 2002; Horton et
al. 2002; Sun and Zhang 2009; Koshnaw et al. 2016). In the
current work, the thickness variation of the Mukdadiya
Formation across both limbs of the BardaRash segment likely
indicates that this segment was active during deposition of the
Late Miocene Mukdadiya Formation.

Cross-sectional geometry A-A¯ and B-B¯ (Figs. 12 and
13) revel that the southwestern frontal synclines are higher
than the northeastern synclines. This abnormal structural fea-
ture is possibly ascribed to existence of the underlying thrust

fault that rooted either within Phanerozoic stratigraphic suc-
cession or Precambrian basement.

Geometrical analyses

Depiction of fold geometry is an important aspect in this study
as it permits us to do geometrical comparison between the two
segments of the major structure.

Maqloub segment was analyzed geometrically through sec-
tion A-A¯. The stereographic projection of the bedding plane
within the different stratigraphic formations shows three sep-
arated pole clusters, representing three main dip domains
across the backlimb. The mean attitude of front and backlimbs
are 213°/44° and 023°/34°, respectively, which indicate the
existence of a normal asymmetrical anticline with a greater
dip value in the forelimb. The hinge line plunges 4° toward
299°, while the hinge surface is dipping 85° toward 028°.
Consequently, the vergency of theMaqloub segment is toward
the southwest (foreland). The folding angle and interlimb an-
gle values are 79° and 101°, respectively; therefore, the
Maqloub anticline represents an open fold and upright
subhorizontal fold as well (Fig. 14).

Fig. 8 Crest area of the Maqloub
segment illustrating smaller
thrusts that are growing in the
vicinity to the axial surfaces.
These small thrusts separated the
dip panels and bifurcated into
minor faults from thrust fault

Fig. 9 Photograph illustrating the
decrease in steepness of the
Maqloub segment toward SE
plunge. In this photo, Kink band
geometry well recognized with
their dip panels separated by axial
surfaces
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The synoptic stereographic representation of strata at differ-
ent stratigraphic units from the BardaRash segment reveals
different structural characteristics. The average orientation of
the front and backlimbs are 197°/25° and 015°/31°, respective-
ly, which point to presence of a reverse asymmetrical anticline
with a greater dip amount at the backlimb. The orientation of
hinge line and hinge surface are 286°/1° and 196°/83°, respec-
tively. This indicates a discrepancy in the vergency between the
BardaRash segment that directed toward northeast (hinterland)
and the Maqloub segment. Also, folding angle and interlimb
angle exhibit different values which are 56° and 124°, respec-
tively. Hence, the BardaRash segment represents an open to
gentle fold with a curviplanar axial surface (Fig. 15).

Discussion

Calculation of shortening in different time and space

The total horizontal shortening is the sum of shortening result-
ed from displacement on the major thrusts and folding pro-
cesses as well as the shorting produced from the internal de-
formations. In the current study, the internal deformations are
very rare and negligible in comparison to the folding and
thrusting processes.

The balanced cross sections exhibit vertical variation, as
well as, along strike variation in the values of shortening at
the different stratigraphic levels. The details of these variations
in both sections were measured and recorded in Table 1. In
general, section A-A¯ (Fig. 12) shows that shortening due to
faulting increases downsection. The increasing of the shorten-
ing due to thrusting is directly related to the dip angle in addi-
tion to displacement value along the thrust surface. The dip
angles exhibited little variation in their values within different
stratigraphic levels based on a proprietary seismic profile.
Therefore, this increase in shortening due to thrusting is pri-
marily ascribed to progressive increment in the displacement
values downsection. Thus, the minimum amount of shortening
due to thrusting was calculated at the top of the Gercus
Formation (Middle Eocene) and indicated 138 m. The greatest
amount of shortening due to faulting is 346 m and was mea-
sured at the top of the top Alan Formation (Early Jurassic). In
contrast, the largest amount of shortening was due to folding
calculated upsection at the top of the Fatha Formation (Middle
Miocene) and indicated 834 m. This value is related to rela-
tively high folding amplitude within this stratigraphic horizon.
The lowest amount of shortening measured downsection is
estimated by 294 m, which is measured at the top of the
Alan Formation (Early Jurassic). This low value of shortening
is ascribed to low amplitude and long wavelength of the fold

Fig. 10 Photograph illustrating
thrust fault BT2 with
southwestern vergency breached
the southwestern forelimb of the
BardaRash segment. This thrust
was brought older units of the
Late Miocene Mukdadiya
Formation over younger parts
formation itself

Fig. 11 Field view showing the
wide anticlinal crest area of the
BardaRash structure. The Late
Miocene Injana (Upper Fars)
Formation occupies the hinge
area of this anticline. The smaller
scale thrust fault with
displacement ~30 m developed at
crestal area which caused
discontinuity in crestal dip
domain
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within this stratigraphic level. At section A-A¯, it seems that
the intensity of folding and thrusting reach to their maximum
magnitude along the studied structure. The greatest displace-
ment observed is in the middle part of the Maqloub segment,
which denote to the thrust fault nucleation region (e.g., Ellis

and Dunlap 1988; McConnel et al. 1997; Tavani et al. 2006).
Thereby, the Maqloub anticline hanging wall generated as
open anticline and became tighter with incremental dis-
placement as observed in the central parts of the anticline
(Table 1).

Fig. 12 Balanced cross section and its restored counterpart for the Maqloub segment through section line A-A¯

293 Page 12 of 20 Arab J Geosci (2018) 11: 293



The section B-B¯ (Fig. 13; Table 1) displays smaller verti-
cal variations in the magnitude of shortening that related to
thrusting in comparison to the section A-A¯ (Fig. 12). Such
smaller values are possibly due to the lesser variations in dip
slip displacement along the thrusts within the different strati-
graphic levels. Also, the section B-B¯ (Table 1) is exhibiting
smaller vertical variations in the amount of shortening due to
folding in comparison to the section A-A¯; this is mainly due

to lesser vertical variations in the wavelength and the ampli-
tude ratio within the various folded stratigraphic units. In other
words, these smaller vertical variations in the wavelength and
amplitude ratio are reflecting small variation in the anticlinal
length. Such difference in the BardaRash and Maqloub seg-
ments reflects variation in their models of fold evolution. The
current results of shortening are in agreement with other esti-
mations of shortening across the ZFTB that estimated to be

Fig. 13 Balanced and restored cross sections of the BardaRash segment through section B-B¯

Fig. 14 Stereographic projection representing beta diagram (a) and Pi diagram (b) of the Maqloub segment
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ranged 10–15% (McQuarrie 2004; Emami et al. 2010; Verges
et al. 2011; Frehner et al. 2012; Omar and Syan 2016;
Koshnaw et al. 2016). These measurements are estimated by
using structural balanced cross sections either across an anti-
cline or more than one structures.

Strike-slip fault

As mentioned in the previous section, the difference in the
hinge line trend between Maqloub segment and BardaRash
segment is about 20°. The deflection and anticlockwise
rotation were prompted by a major left-lateral strike-slip
fault that trends north-south oblique to the major structural
hinge line. Burberry (2015) has suggested that the strike-
slip fault could be a deep-seated fault, associated with the
activation of an underlying basement fault underneath the
studied structure. Also, the same strike-slip fault possibly
caused translation of strain from foreland at Maqloub
segment, and toward hinterland at the BardaRash
segment. Maleki (2015) studied a structure at the SE
Zagros of Iran, and obtained similar results with regard to
the translation strain from foreland toward hinterland.
Depending on the fault trend, the strike-slip fault may be-
long to the Nabitah transpressional fault system, which is
recognized as oldest fault system within the Arabian plate
that evolved during the Nabitah orogeny 680–640 Ma
(Quick 1991; Burberry 2015). This basement fault is pass-
ing through the middle part of Maqloub–BardaRash struc-
ture nearby Khazr River, and this fault shows continuity at
both ends (Fig. 3).

The present basement strike-slip fault has a great impact to
the cover shortening. Thus, interaction between traces of the
basement fault and thrusts in the Maqloub–BardaRash struc-
ture led to formation of the bend in Maqloub–BardaRash
structure, and Rhombus outline with wavy pattern to the de-
formation front of the present structure (Koyi et al. 2016)
(Figs. 1 and 3).

Analyzed data suggest that each segment has its own struc-
tural geometrical elements. The sense of a normal asymmetry
at the Maqloub segment changed to the sense of a reverse
asymmetry at the BardaRash segment. In comparison with
Maleki (2015), the studied strike-slip fault might be rooted
from basement. Maleki (2015) recorded anticlinal segment
inversion in the Phanerozoic strata, in which segmented by a
traverse basement fault become asymmetric, and sense of the
asymmetry would reverse where the anticline cuts by base-
ment fault.

Also, right-lateral strike-slip fault was observed in the
Maqloub structure at the northwestern plunge. This fault is
oblique to the general trend of the Maqloub anticline and
resulted in shifting and/or deflection of the hinge line. This
denotes to that right-lateral strike-slip fault developed during
late stages of folding.

Fault-related fold model of the studied structure

The geometry of balanced cross section is a useful tool for
establishing a plausible model for structures. Various models
will be discussed based on the analysis of fold geometry and
kinematic of evolution of thrust-related fold. The fault bend
fold model for both segments of the present structure is ex-
cluded due to the absence of the upper flat. Additionally, in the
fault bend fold model, the geometry of the anticline-syncline
pair should reflect the shape of the bended fault (i.e., the rel-
atively long flat and short ramp). This is also in disagreement
with the present cross-sectional geometry. Moreover, the pres-
ence of the warped beds in the footwall of the major thrust
rather than in the horizontal beds is an indicator that these
wrapped beds were undergone folding processes prior to cut-
ting by the thrust ramp.

The detachment folds are growing as a consequence of
folding of the rock units over a basal ductile detachment.
Subsequently, with progressive folding and tightening, the
thrust ramp propagates through the frontlimb and backlimb

Fig. 15 Stereographic projection representing beta diagram (a) and Pi diagram (b) of the BardaRash structure
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of the anticline. These changes in the detachment fold geom-
etry lead to complex anticlinal geometry and may result in
misinterpretation with a fault propagation fold (Mitra and
Namson 1989; Mitra 2002). In order to constrain the fold
model of the Maqloub segment whether it is a detachment
fold or a fault propagation fold, several characters were taken
into consideration. First, both disharmonic detachment and
lift-off detachment fold models are mostly symmetrical fold
(Mitra and Namson 1989; Mitra 2003). The present anticline
(Maqloub segment) is asymmetrical. Second, the geometry of
the flat-topped detachment fold is a wide hinge region and
with a steep to vertical orientation than at both flanks (Mitra
and Namson 1989). The anticlinal geometry of the Maqloub
segment shows somewhat broad hinge zone with shorter
steeper forelimb than their backlimb. These structural proper-
ties of the aforementioned detachment models are different
from structural geometry of the Maqloub segment anticline.
Therefore, the detachment fold model is excluded.
Alternatively, fault propagation fold model appears to be more
reasonable interpretation for the Maqloub segment anticline
due to the following evidences. First, the Maqloub thrust-
related anticline was characterized by the existence of
emerged ramps without any connection with the upper flat
which seems to be absent. Second, the Maqloub structure is
a very asymmetrical anticline. Third, the progressive increase
of displacement was downsection along the Maqloub faults
(MT1 and MT2). Fourth, increase in the thrust displacement
downdip coincides with the tightening of the Maqloub anti-
cline downsection. Fifth, the Maqloub thrust fault cuts
through the hinge surface of the adjacent Merge syncline.

Based on the balanced cross section B-B¯ (Fig. 13), the
BardaRash segment anticline seems to be representative of a
faulted detachment fold model. According to Mitra (2002), in
the faulted detachment fold model, the fault ramps propagate
through rotated panels on both flanks. This model is apparent-
ly similar to the fault propagation fold, but it is a product of the
transition in deformation behavior from detachment folding to
progressive fault propagation folding (Mitra 2002, 2003). In
this sense, the following discussion concerns characteristic
features of faulted detachment fold (Mitra 2002), which are
more compatible with BardaRash fold geometries rather than
fault propagation fold owing to the following. First, the cur-
rent sectional geometry of the BardaRash segment fold is
generally more open and rounded in comparison to the
Maqloub fault propagation fold. Second, along part of the
back thrust BT1 (Fig. 13) in the BardaRash anticline, the
displacement distribution exhibits a nonuniform variation,
which possibly related to the behavior of the fault propagation.
This nonuniform variation somewhat increases or decreases
downsection, or may remain constant within the Upper
Triassic and Jurassic stratigraphic units. However, the dis-
placement pattern in the Maqloub fault propagation fold has
a uniform variation and decreases progressively upward along

both MT2 and MT1. Third, in the Maqloub fault propagation
fold, the backlimb dips at an angle that is not steeper than the
fault ramp dip angle. In the BardaRash faulted detachment
fold, a domain on the backlimb dips by an amount greater
than the ramp dip. Fourth, adjoining syncline across
BardaRash faulted detachment has sunk below the original
position in comparison with the Maqloub fault propagation
fold. This sink is generally agreed to the faulted detachment
folds’ model of Mitra (2002). Fifth, the structural geometries
of the balanced cross section and its restored counterpart are
indicating smaller variations in anticlinal length of the
BardaRash segment in comparison to the Maqloub fault prop-
agation fold.

Kinematic of the Maqloub–BardaRash thrusted
anticline

The oldest exposed folded stratigraphic units over the present
level of the ramp thrust at theMaqloub thrust propagation fold
are Kolosh and Khurmala Formations. This implies that these
rock units folded prior to the thrust ramp breaking through
them (Mitra 1990; Suppe and Medwedeff 1990). The less
competent Campanian-Maastrichtian Shiranish and Middle
Eocene Gercus Formation successions possess significant an-
isotropic mechanical behavior. These rock units are possibly
affected by minor thinning on the forelimb of the Maqloub
segment anticline. The thickness changes occur in the
frontlimb within the unfaulted folded rock units, and when
the thrust ramp breaks through the folded succession, the
thickness variations ceases (e.g., Jamison 1987; Mitra 1990;
Suppe and Medwedeff 1990; Chester and Chester 1990).
Based on this mechanism, fold amplification and hinge zone
tightening with partial overturning might have taken place in
the frontlimb of the Maqloub anticline before the propagation
of the thrust ramps through the Shiranish and Gercus
Formation succession. The competent successions that under-
lain Shiranish Formation (i.e., Bekhme Formation) and over-
lain Gercus Formation (Pila Spi Formation) are considerably
maintained their thicknesses in all units. These competent
units have deformed primarily by flexural slip mechanism
(layer parallel shear), reflecting the parallel fold style: class
B of Ramsay (1967). Subsequently, in the next stage of pro-
gressive deformation, the major thrust ramps cut the whole
folded rock units with a footwall shortcut and a foreland
vergency propagating from the major thrust ramp. During this
stage rotation and modification in the geometry of Maqloub
thrust propagation, anticline occurred through ramping within
both flanks. Hence, overall, the Maqloub structure represents
a synclinal breakthrough transported thrust propagation fold.

In contrast, the BardaRash faulted detachment fold is pos-
sibly developed above a horizontal to subhorizontal detach-
ment surface that mostly lies within the less competent ductile
evaporites of lower Triassic units with low frictional
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resistance. In the case of the BardaRash faulted detachment
fold, both Dusara and Amyan synclines initiated at the same
time of the initiation of the BardaRash symmetric anticline.
Accordingly, the interlimb angle of the BardaRash anticline
decreased with the progressive shortening (Mitra 2002).
Furthermore, there is a minor increase in the BardaRash anti-
clinal area and in turn a minor decrease in the adjoining syn-
clinal area which is raised from material migration (Mitra
2002). The evidence of this migration can be detected at the
crestal domains of BardaRash structure within Late Miocene
Injana (Upper Fars) Formation, in which smaller-scale thrust
fault propagated with displacement ~30 m (Fig. 11). This
thrust fault is possibly developed as a response to migration
and squeezing of material at crestal region, and it regarded to
be a fold-accommodation thrust. During this stage, both flanks
of the BardaRash anticline had mostly same dip and length.
Thereby, the growth of the thrust ramps BT1 and BT2 of the
steep flank domains took place at same time on both flanks
(Mitra 2002). Later, the major forethrust (BT2) linked with the
lower detachment surface and governed the subsequent asym-
metric propagation of the BardaRash anticline, while the back
thrust BT1 ended against the major fault BT2 (Mitra 2002).
During further propagation of the BardaRash symmetric anti-
cline, deformation relatively concentrated on the backlimb,
and led to alteration of the symmetrical geometry to a slightly
reverse asymmetry anticline (Mitra 2002).

The thickness variation in the Mukdadiya and Injana
Formations across both limbs of the BardaRash and
Maqloub segments, respectively, may denote that these varia-
tions in thickness suggest that the structures were active dur-
ing deposition of the formations. This interpretation is in good
accordance with Koshnaw et al. (2016). They regarded
syntectonic growth strata of the Mukdadiya Formation as in-
dicative of synkinematic deposition at the Kirkuk frontal fault
structure. It has been considered that the Kirkuk frontal thrust
was active during deposition of the Mukdadiya Formation.

Thin- and thick-skinned tectonics

In general, there are two scenarios concerning the tectonic
style of the ZFTB, which are thin- and thick-skinned tectonics.
The thin-skinned tectonic model was characterized by nonin-
volvement of the Precambrian basement structures in the
younger Phanerozoic stratigraphic column deformation. The
ZFTB is a NW-SE trending mountain belt that was evolved
from the Oligocene-Pleistocene Zagros orogeny (Fard et al.
2006). The Zagros orogeny caused contraction and deforma-
tion of the overlying Phanerozoic sedimentary covers without
structural contribution of the underlying crystalline basement
(Davis and Engelder 1985; Blanc et al. 2003; Sepehr et al.
2006). In contrast, the thick-skinned deformation style in-
cludes involvement of the basement faults through inversion
(i.e., reverse-reactivation) of sets of the preexisting faults, as

well as basement segmentation into separate blocks. These
basement faults and blocks played essential role in the short-
ening and deformation of the younger sedimentary succession
(Stoneley 1981; Edgell 1996; Bahroudi and Talbot 2003;
Sherkati and Letouzy 2004). Some researchers deemed coex-
istence of both thin-skinned tectonics and involvement of
basement in the shortening of Zagros belt. For instance,
Molinaro et al. (2005) and Mouthereau (2007) regarded the
southeastern part of the ZFTB subjected to a Miocene-
Pliocene thin-skinned shortening and to a Pliocene-Recent
thick-skinned tectonics. On the other hand, Molnar and
Tapponnier (1975) highlighted the influence of the strike-
slip fault on cutting and rotation of anticlinal hinge traces
across the Himalayas fold thrust belt. These faults are oriented
oblique to the regional trend of the Himalayas belt and origi-
nated from underlying basement (Baker et al. 1993); therefore,
these basement faults are contributing to the deformation of
the belt as well. Whereas, Islam and Shinjo (2010) deduced
that thrust faults with strike-slip component are prevalent
through deeper crustal horizon within ZFTB and at depth ex-
ceed 10 km in ZFTB.

Based on the line length balanced cross sections form this
study, the segments of the Maqloub–BardaRash structure re-
flect their particular model of fold evolution. From the cross-
section A-A¯ geometries (Fig. 12), the Maqloub segment
structural propagation is mostly affected by a thrust fault that
rooted from basement and led to slipping of the basement.
Thus, the Maqloub segment was interpreted as a thick-
skinned deformation style. This interpretation can be support-
ed by existence of a frontal thrust fault with strike-slip com-
ponent within the Maqloub structure (Fig. 3). Moreover, the
elevation values of the structural relief (i.e., uplifting) across
the Maqloub and BardaRash segments (A-A¯ and B-B¯ sec-
tions) are exhibiting remarkable different results. This can be
calculated by comparison between a specified regional marker
horizon at the hinges of the synclines across A-A¯ and B-B¯
sections. For instance, by taking top of Fatha (Lower Fars)
Formation, it reveals that the difference in uplifting across
section A-A¯ is greater than section B-B¯ and estimated to
be 1700 m. However, here, we must take into consideration
the effect of sinking of syncline according to Mitra (2002).
Sinking syncline occurs only across the section B-B¯
(BardaRash faulted detachment fold), which led to increase
of the differential uplifting values between the two segments.
The amount of the syncline sinking is relatively small; it is
assumed to be between 100 and 300 m. Thus, the rest of the
uplifting value is more than 1400 m. In the light of basic
principles of the section balancing technique, the regional
marker horizon has had the same original regional level prior
to shortening (Woodward et al. 1989). As noted, the calculated
shortening across Maqloub segment is small relatively, but it
is in agreement with other measurements of shortening across
the ZFTB that estimated to be ranged 10–15% (McQuarrie
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2004; Emami et al. 2010; Verges et al. 2011; Frehner et al.
2012; Omar and Syan 2016; Koshnaw et al. 2016). Moreover,
few workers pointed to the necessity of basement involved
shortening for balancing the differential uplift between abut-
ting synclines across northwestern ZFTB in Iran (Blanc et al.
2003; Sherkati and Letouzey 2004). By taking the aforemen-
tioned information into account, the small value (11.2%) of
the estimated average shortening is impossible to be respon-
sible for creating the current uplift of Maqloub segment, par-
ticularly with absence of a very thick incompetent weak se-
quence (i.e., mobile horizon). Accordingly, the extra elevation
along Maqloub segment occurs solely via involvement of
basement thrust faulting which necessitated to preserve the
present topographic reliefs. Also, seismic activity that was
documented in the Iraqi Kurdistan Zagros belt back up this
interpretation, so that the deformation of the basement drive
by thrust faults and basement segmentation (basement blocks)
within the upper part of Earth’s crust (Jassim and Goff 2006).
The strongest evidence comes from a seismic line that passes
through northwestern plunge of the Maqloub segment. In this
reflection seismic image, it demonstrates that the southwestern
frontal thrust was penetrated most rock units of the Lower
Paleozoic sequence by high angle (~60°). This possibly sug-
gests that southwestern frontal thrust at Maqloub segment is
not detached and flattened within Phanerozoic stratigraphic
units, but is rather rooted within the Precambrian basement.
In contrast, from the section B-B¯ geometry (Fig. 13), it was
observed that BardaRash segment floored and decoupled
within detachment of the incompetent evaporite layers of the
lower Triassic Kurra Chine Formation without involving
basement fault. Therefore, BardaRash segment can be a rep-
resentative of a thin-skinned style of deformation.

Conclusions

The Maqloub–BardaRash structure is deemed to be a special
and a unique anticline in the northwestern of ZFTB within
Iraqi Kurdistan that exhibits two unlike geometrical models
along their strike. The Maqloub segment is interpreted as a
thrust propagation anticline, whereas the BardaRash segment
is a faulted detachment fold.

The structural characteristics of the Maqloub–BardaRash
anticline change along strike fromMaqloub normal asymmet-
rical anticline to BardaRash reverse asymmetrical anticline.

The transverse left-lateral strike-slip fault led to an abrupt
deviation and rotation of the anticlinal hinge of Maqloub–
BardaRash structure by ~20° and show persistence to the ad-
jacent structures. This strike-slip fault is regarded to be a base-
ment fault.

The longitudinal basement thrust fault involved in accom-
modating the differential uplifting along the strike of Maqloub–

BardaRash structure. Consequently, the Maqloub segment has
been uplifted by ~1.4 km compared to the BardaRash segment.

It is interpreted that each segment has a different detach-
ment level from another. Thus, along the studied structure, the
tectonic style changed from thin skin deformation at
BardaRash segment to basement involved, thick skin defor-
mation within Maqloub part.

It seems that via overall structural geometries, understand-
ing of the two different models of the fault-related deforma-
tion along the individual Maqloub–BardaRash anticline will
possibly help to identify more accurate well location of the
crestal reservoir.

The intensity of deformation along the Maqloub structure
that lies within the LFZ is greater than the nearby folds in the
HFZ, such as the Pirmam anticline in the less deformed (outer)
part of the HFZ (Fig. 1). Hence, we suggest that in the future
proposed tectonic division of Zagros belt in Iraqi Kurdistan,
the subsurface structural portioning should be taken into ac-
count rather than just the surface geological features.
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