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Abstract

The Ashdagh anticline, located in the Low Folded-Thrust Zone of
the northwestern Zagros Fold-Thrust Belt in the Kurdistan Region of
Iraq, exhibits complex structural geometry influenced by thrust-related
deformations. This study uses detailed surface geological observations,
manually constructed geological sections, and stereographic projections.
Furthermore, the interpreted subsurface seismic data has been utilized
to build eight structural cross-sections that traverse the anticline strike.
The anticline displays asymmetry, characterized by a steeper forelimb, a
narrow crestal area, and a hinge line with convex curvature oriented to
the northwest toward the hinterland and southeast toward the foreland
depocenter. The main result shows that the variations in fold geometry
along the strike are caused by structural segmentation resulting from the
Strike-slip and thrust faulting. It also enhances the Comprehension of
the folding style and structural framework of the studied area, offering
valuable insights into the Tectonic developments of the Low Fold Thrust
Zone, within the Western Zagros Fold Thrust Belt.

1. Introduction:

their scale and shape significantly shaped by the rheological
characteristics of the Phanerozoic stratigraphic column. The

The western Zagros Fold-Thrust Belt (WZFTB) is a signifi-
cant geological structure formed by the continuous collision
of the Arabian and Eurasian (Iranian) tectonic plates, a pro-
cess that has been occurring since the late cretaceous period
[1], [2], [3]. This belt is characterized by a thick sequence of
folded and faulted successions, ranging from 7 to 12 km in
thickness, composed of Paleozoic to Cenozoic sediments with
varying lithological competence [4],[5], [6].

The present morphology of the WZFTB is characterized
by prominent folds that trend northwest to southeast, with
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belt is further divided into four subparallel tectonic zones,
each with distinct structural characteristics Figure 1 The Low
Folded Zone in Kurdistan region and Iraq including the study
area, holds importance. Especially concerning hydrocarbon
reservoirs. This zone is bounded by the High Folded Zone to
the northeast and the Mesopotamia Foredeep to the southwest.
The Zagros foreland basin subsided due to the combined loads
of the surface topography and the subducting slab during the
early Miocene and was affected by dynamic topography due
to the Neotethys horizontal slab tear propagation during the
middle-late Miocene. This tear propagation was associated
with a northward mantle flow above the detached slab segment
in the NW and a focused pull on the attached portion of the
slab in the SE [7].
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The region is characterized by folds that are topped with
Miocene strata. A significant décollement horizon is rep-
resented by the Fatha Formation, which consists mainly of
evaporitic deposits interspersed with substantial layers of Pa-
leocene shale and marl [8].

The Ashdagh anticline is a significant geological structure,
situated alongside the Khwelen and Qarawais anticlines within
the Low Fold-Thrust Zone, as described by [9] in [10]. It
forms part of an echelon fold pattern within the larger Sangaw
structure, which extends over 65 km in strike direction and
spans approximately 10 km in width [11]. This structure
is located southeast of Sangaw township in the Garmiyan
province, approximately 45 km south-southwest of Sulaimani
city Figure 1 & 2a.

The geometry and structural style of folds, such as the
Ashdagh anticline, are critical to understanding the tectonic
and deformation history of the region. Recent advancements
in hydrocarbon exploration, engineering stability and assess-
ing potential hazards. have renewed interest in the structural
analysis of such folds [12], [13], [14], [15]. Although several
studies have depicted the Ashdagh anticline with varying di-
mensions and structural styles [9], [16], [17], [18], significant
uncertainties remain regarding its detailed structural configu-
ration. This lack of comprehensive analysis has left gaps in
our understanding of the fold’s geometry and its implications
for regional tectonics.

This study aims to address these uncertainties by conduct-
ing a detailed geometrical analysis of the Ashdagh anticline.
By examining its fold shape, structural style, and deformation
patterns, this research seeks to enhance our understanding of
the tectonic evolution of the Low Folded Thrust Zone. The
findings are expected to contribute not only to the academic
field of structural geology but also to practical applications in
the hydrocarbon industry and water resource management in
the Garmiyan province.

2. General Geology of the Study area:

The Ashdagh anticline is a complex and highly deformed
structure located within the Low Fold-Thrust Zone of the
Western Zagros Fold-Thrust Belt. Unlike most other struc-
tures in this zone, which typically exhibit simple geometries
and fold shapes [15], [19]. The Ashdagh anticline is character-
ized by intricate deformation patterns influenced by numerous
faults. The anticline is bounded to the west by the Qarawais
anticline, to the north-northeast to southeast by the Darbandi
Bazian-Sagrma-Qaradagh anticline series, and to the south
by the Kurdamir subsurface anticline Figure 2a. The Chami
Sangaw River flows north-south along the eastern flank of the
anticline, where it shifts course and cuts through the struc-
ture. Additionally, the Awa Spi River originates from several
springs in the southeast part of the anticline and flows south-
westward out of the study area. The area is characterized
by significant karst formations, such as sinkholes, caves, col-

lapses, and natural bridges, which have developed due to the
interaction of sulfuric water with the underlying rock layers.
Additionally, oil seepage has been detected in the Darzila wa-
ter tributary, suggesting the movement of hydrocarbons from
deeper geological layers [9].

The Ashdagh anticline, along with the Khwelen and
Qarawais anticlines, forms part of an echelon fold pattern
within the larger Sangaw structure, a prominent feature in the
Low Fold-Thrust Zone. This structure rises to a peak elevation
of 1350 meters above sea level, over 600 meters higher than
the surrounding terrain. It is separated from the High Folded
Zone by the Sangaw syncline, a broad synclinal depression
approximately 8 kilometers wide. Although the area has likely
been extensively explored by oil companies, the data remains
confidential and inaccessible for scientific research. Conse-
quently, the subsurface geology of the Ashdagh anticline has
been interpreted based on a conceptual model of the West-
ern Zagros Fold-Thrust Belt [20]. The stratigraphy of the
Ashdagh anticline has been the subject of extensive research,
with numerous studies documenting its exposed succession
[9], [21], [22], [23], [24], [25], [26], [27] ,[28]. The strati-
graphic sequence comprises several Paleogene formations,
ranging from the Late Eocene (Avanah Formation) to recent
deposits. These units exhibit varying mechanical properties
and thicknesses, which significantly influence the structural
expression of the anticline. More competent carbonate units,
such as the Avanah, Bajwan, Anah, and Jeribe formations,
form a prominent ridge along the fold, while the mechani-
cally weaker Fatha Formation, dominated by evaporites and
interbedded marl-clastic sediment, occupies the eroded limbs
of the structure. Overlying these Paleogene units are Neogene
deposits, represented by the Injana and Mukdadiya forma-
tions, which are present on both limbs of the anticline Figure
2b & c, while the Bai Hasan formation recorded in the SW
limb but not recorded in the NE limb. These clastic-dominated
units display upward-coarsening and thickening sequences,
reflecting changes in depositional environments over time.
The interplay of these lithological variations has played a
critical role in shaping the structural and geomorphological
characteristics of the Ashdagh anticline. The preserved lithos-
tratigraphic units document variations in provenance and bed
competency structure. Furthermore, they exhibit a trend of
increasing coarseness from fine-grained deposits in distal ar-
eas to coarse-grained deposits in proximal regions [3]. The
detailed stratigraphic description of the Ashdagh anticline
is shown in Figure 3 It’s important to mention that the ex-
pose succession manifests the variations from the TMSAP.
10 to TMSAP. 11, which is also the Time for the Miocene
deformation in the Zagros Fold thrust belt [3], [7], [29], [30].

3. Material and Methods:

To analyze the fold style and shape of the Ashdagh Anti-
cline, a combination of field data collection and remote sens-
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Figure 2. a: Ashdagh Anticline and surrounding structures (modified from [17]). b: Geological map of Ashdagh Anticline. c:
Field photo of the southwestern limb of Ashdagh Anticline.
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Thickness

Era Period Age Formation | Lithology (m)

Descriptions

Thick mudstone intercalated with poorly cemented,

unknown gray, coarse to very coarse-grained pebbly sandstones.

Mukdadiya |

Coarse and medium-grained carbonate-rich sandstone
alternating with brownish-red siltstones, mudstones,

>300
2 and marls.

Injana

Neogene Miocene

CENOZOIC

Several repeated cycles (red claystone, green marl,
Limestone, and gypsum) Fine-laminated, yellowish
brown claystone and silty claystone. Grey, green or
yellow, yellowish grey, laminated to thickly bedded
marl. Yellowish grey, thinly bedded to laminated and
generally fossiliferous Marly limestone. Whitish grey,
~220 visibly detrital with fossils, very hard, thinly bedded
Limestone. Fine- crystallized, generally porous,
containing trace fossil Dolomite. White and creamy,
greenish-white, laminated and thick to very thick-
bedded Gypsum.

_,/ Well bedded Limestone and
/' dolomitic limestone, occasionally thin
/  parallel laminated arenaceous dolostones.

M Fatha

Gray, brecciated, detrital, recrystallized,
9 and coralline limestone

Jeribe

Thick-bedded, highly jointed fossiliferous
11 Limestone

Oligocene | L Bajwan

Paleogene Recrystallized Limestone, marly limestone, and marl

saewae L Rvana rich with large foraminifera

Figure 3. Stratigraphic Column of Ashdagh Anticline.
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ing techniques was employed. Structural and stratigraphic
data were gathered through extensive fieldwork along eight
traverses across the fold axis. Field measurements were plot-
ted on a comprehensive topographic base map at a scale of
1:10,000. A new geological map and structural cross-sections
were created utilizing Surfer 14 and ArcMap 10.8, which in-
corporated Digital Elevation Model (DEM) data alongside
field observations. Additionally, eight stereographic projec-
tions of the anticline were produced and examined with the
aid of Stereonet 11 software. All geological information was
thoroughly analyzed, and the parameters related to fold styles
were meticulously calculated and interpreted. The new ge-
ological map and cross-sections were created at a scale of
1:250,000.

4. Results:

The Sangaw is a major fold structure with NW-SE oriented
and double plunged fold axis, which is located near the Za-
gros Mountain Fold Flexure (MFF) and covers a part of Low
Folded Thrust Zone of ZFTB. The Ashdagh anticline, which
is a component of the significant Sangaw structure, extends
approximately 20 kilometers in length and has a width of
around 4 kilometers, with a crest elevation of approximately
1,350 meters.

The hinge line of the Ashdagh Anticline exhibits a convex
curvature, oriented toward the foreland in the southeastern and
the hinterland in the northwestern. A significant shift in the
axial trend and fold geometry corresponds to the intersection
of the structure with a system of strike-slip faults. These
fault systems play a crucial role in structurally segmenting the
anticline.

The structural evolution of the Ashdagh Anticline has
been significantly influenced by three thrusts with opposite
vergences and parallel to the anticline’s hinge line disturbing
the geometry of the Ashdagh structure. Two of them are fore-
limb thrusts (Fore thrusts), while the remainder are back limb
thrusts (back thrusts). The first fore thrust, a blind fault with
no surface expression, has displaced the main body of the
anticline over a small syncline situated between the Ashdagh
and Qarawais anticlines. This indicates significant subsurface
deformation, which adds to the overall structural intricacy of
the area. The second fore thrust is located between the crestal
segment and the southwestern limb of the anticline. In the
map view, the thrust exhibits either straight or very gently
curved traces directed towards the hinterland Figure 4.

The back thrust fault affects the back limb of the structure,
which brought the Avanah Formation over the upper part of
the Fatha Formation for about 8km lateral length. The SW
limb is steeper than the NE limb which makes the vergency
of this anticline toward the SW direction. The hinge line is ar-
cuate with the inner ward (hinterland) convex shape. The fold
plunged Northwestern near Sangaw township which makes

an echelon pattern with Qarawais Anticline, while the south-
eastern plunge is dissected by the Awa Spi fault, which is
indicated as lineament. The anticline on the NE side sepa-
rated from the Darbandi Bazian- Sagrma- Qaradagh anticline
Sangaw Synclines. The Ashdagh Anticline exhibits an asym-
metrical cross-sectional geometry characterized by a steeply
dipping southwest (SW) forelimb and a foreland-vergent ori-
entation. The SW forelimb is notably shorter and steeper than
the northeast (NE) back limb, as observed in cross-sections
BB and CC. In several sections (DD, EE, and FF), the anti-
cline assumes a box-shaped geometry with a broad hinge zone.
Thrusting activity has significantly influenced the structure,
resulting in the exposure of the Avanah Formation and the
Kirkuk Group as prominent fault scarps along the forelimb.
Near both plunges of the anticline (sections AA and GG),
the fold geometry transitions to a more rounded and broader
box-shaped form in cross-section Figure 5 & 6.

The geometrical analysis of the Ashdagh Anticline was
conducted along eight representative profile traverses using
stereographic projection, incorporating 219 bedding plane
measurements (RHR) , labeled AA through HH, to capture the
variability in fold geometry across the structure Table 1. Each
profile was systematically classified according to multiple
fold classification schemes, including the Ramsay and Huber
classification, Fleuty’s classification, Richards’ classification
[31], and dip direction/dip angle measurements. The results
indicate a diverse range of fold styles along the anticline. Sec-
tions AA and HH exhibit broad, upright, and symmetrical
folds, classified as Class 1A and 1B under Ramsay’s scheme,
with interlimb angle of approximately 152° and 160°, respec-
tively, consistent with Fleuty’s designation of upright folds.
In contrast, sections BB and CC display tighter, more asym-
metrical folds with interlimb angle of 76° and 68, classified
as Ramsay Class 2 and Class 1C/2, respectively. These folds
are inclined to upright according to Fleuty’s classification and
reflect steeply dipping axial planes. Intermediate profiles such
as DD, EE, and FF show open, upright folds with moderate
asymmetry (Class 1B), with interlimb angle ranging from 91°
to 115, highlighting gradual changes in fold tightness and
symmetry along the structure. Section GG is characterized by
a gentle asymmetrical fold with a 142° axial plane dip, classi-
fied as Ramsay Class 1A/B, illustrating a transition between
symmetrical and asymmetrical fold forms.
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Figure 4. a: Faults across Ashdagh Anticline, b: Field photo of SW limb of Ashdagh Anticline, show the two main front thrust
c: Field Photo of NE limb of Ashdagh Anticline.
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Table 1. Geometrical analysis of Ashdagh Anticline.

Avg. NE limb 285/24
< Avg.. SW limb 159714 Asymmetrical, Horizontal
< Axial plane 122/84 _ Uprieht
Fold axis 302/06 Prg
Interlimb angle 152
Avg. NE limb 302/27
, Avg. SW limb 130/78 .
g::‘: Axial plane 307/65 Horlzczgtcaﬁn—eiteeply
Fold axis 309/04
Interlimb angle 76
Avg. NE limb 320/30
. Avg. SW limb 147/82 .
8 Axial plane 325/64 Horlzoitriglh;(iteeply
Fold axis 326/04
Interlimb angle 68
Avg. NE limb 322/36
A Avg.. SW limb 147/57 Asymmetrical, Horizontal
A Axial plane 325/81 _ Upricht
Fold axis 325/2 prg
Interlimb angle 91
Avg. NE limb 325/32
m Avg.. SW limb 134/40 Asymmetrical, Horizontal
m Axial plane 319/86 _ Uprisht
Fold axis 139/04 pre
Interlimb angle 108
Avg. NE limb 316/28
o Avg.. SW limb 124/36 Asymmetrical, Horizontal
i Axial plane 309/85 _ Uprieht
Fold axis 129/04 prg
Interlimb angle 115
Avg. NE limb 328/26
o) Avg.. SW limb 123/33 Asymmetrical, Horizontal
) Axial plane 133/84 _ Uprisht
Fold axis 134/07 pre
Interlimb angle 142
Avg. NE limb 336/07
e Avg: SW limb 120714 Asymmetrical, Horizontal
= Axial plane 301/87 _ Upricht
Fold axis 121/5 pre
Interlimb angle 160

*The bold black lines are limbs; the blue dotted lines are the axial plane; the small red squares are the fold axis.
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5. Conclusion:

The Ashdagh Anticline represents a geologically intricate
fold located in the Low Fold-Thrust Zone of the Western Za-
gros, characterized by complex deformation patterns shaped
by various faults and thrusts. It spans roughly 20 kilometers in
length and reaches a width of around 4 kilometers. The struc-
ture exhibits an asymmetric shape, featuring a steeply inclined
southwest (SW) forelimb and a more gradually dipping north-
east (NE) backlimb, with interlimb angles that vary from open
to gentle. The hinge line exhibits a convex curvature, directed
toward the foreland in the southeast and the hinterland in the
northwest. The axial surface has a slight dip, varying between
southwestward in certain locations and northeastward in oth-
ers. The anticline is interrupted by both strike-slip and thrust
faults, resulting in differences in the geometry of the folds.
Variations in stratigraphy, especially the mechanical differ-
ences between carbonate and clastic units, have significantly
influenced the structural and geomorphological features of the
fold. Although there has been considerable oil exploration
in the area, the availability of subsurface data is still limited,
necessitating the use of conceptual models for geological anal-
ysis. The combined application of classification methods and
dip measurements reveals a complex fold architecture within
the Ashdagh Anticline, which likely reflects variations in local
deformation conditions and mechanical stratigraphy.
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