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ABSTRACT

The northwest-southeast trending Safeen Anticline is located within the high folded
zone of the Zagros fold and thrust belt within the Foreland. Ten stations were selected
through an approximately north-south traverse. Different types of tension joints,
shear fractures and faults, as well as their relationships, were studied, showing the
influence of pre-existing normal faults and indicating at least two phases of
compressional stress separated by a relaxation phase. Each compressional phase
influenced the structural model. The second phase was a thrust that affected the
southwestern limb and was accompanied by synchronous strike-slip movement with
atrend of 029 °. The second was a back thrust that affected the northeastern limb at
different time periods, with a trend of 020 ° for b1. A second phase of relaxation
occurred after the back thrust. Previous studies have confirmed the variation in the
vergence between the Foreland folds, but this study confirms why the vergence varies
within the individual traverse.
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INTRODUCTION

The northwestern part of the Safeen Anticline,
which is concerned, is located between the latitudes
(36°26' 13") N and (36° 24' 49") N and longitudes
(44° 15' 33") E and (44° 17' 58") E. Figure 1.
Previous studies have shown that rock fractures or
brittle deformations are closely related to a region's

tectonic history (-9, The direction of the maximum

principal stress and the counterclockwise rotation of
the Arabian Plate led to fractures forming along the
main directions in northeastern Iraq. ('3, There are
four tectonic phases across the northeastern part of
Iraqi territory; two of them are compressional. At

the same time, the other.
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Fig. 1: Geological map of the study area (modified from 16).

phases are extensive, both phases are perpendicular
to fold axes in the NE-SW direction or parallel to

the NW-SE direction(!¥. These stresses have caused
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the fold vergences in northwestern Iraq to be either
towards the northeast or the southwest (12 19,

Stratigraphy: seven formations are exposed along
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the chosen traverse. The oldest is the Shiranish
Formation (Early Maastrichtian), which is exposed
in the core of the fold within the plunging area and
of
characterized by limestone, marl, and shale, with

consists three  lithostratigraphic  units
variable thicknesses. The unconformably overlying
the Bekhme Formation is conformably overlain by
the Tanjero Formation in the study area (19, The
Tanjero Formation (Late Cretaceous) consists of a
succession of marly limestone and marl; this
alternation of hard and soft rocks produces intense
fractures and local fault-related folds (2, left).
Kolosh Formation (Paleocene) consists of soft black
rocks, sand, silt and clay (/7. The Khurmala
Formation (Early Eocene) is found as a tongue
within the upper part of the Kolosh Formation,
which consists mainly of fossiliferous limestones
that are white to light brown, well-bedded, massive,
fractured, dolomitic and bituminous (figure 2,

right). The Gercus Formation (Eocene) consists of a
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stratified succession of red mudstone and siltstone,
with limited sandstone (7. Pilaspi Formation
(Upper Eocene) consists of white and gray
There is a bed of
conglomerate between the Gercus and Pilaspi

limestone and dolostone.

formations. The youngest Fatha Formation (Middle
of thick

mudstone, interbedded with thin layers of limestone

Miocene) consists reddish-brown
and gypsum Figure 1. It was mentioned above that
the Foreland folds have variable vergence, but field
observations indicate that the vergence of the Safeen
Anticline changes within the given traverse; hence,
the importance of the study is that the vergence
varies within a single traverse. The study aims to
provide an accurate interpretation of the tectonic
history of the study area by examining fracture
types, the effects of faults on the structural model of
the fold, and the reasons for the variation in

vergence along the given traverse.

Fig. 2: (left) Intense fracture and thin layers of marly limestone bedded with thinner layers of marl,

Shiranish Formation, (right) Khurmala Formation within Kolosh Formation.

MATERIALS AND METHODS

The fieldwork was conducted in two stages: the first
period lasted 7 days (18-24 October 2024), and the
second visit lasted 4 days (13-16 February 2025) to
complete the surveying. Checking some geological
features, including attitudes, photos and recording
data, it was necessary to collect data in the field by
measuring the attitudes of the bedding planes and
the fracture surfaces through locations of the
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exposed rocks, which includes determining (dip
direction/ dip amount). The collected data comprise
the attitudes of bedding planes, including strike, dip,
and dip direction, as well as the trend, plunge, and
rake of slickensides or slickens lines, when
necessary. In addition, fault types were identified
and verified using Google Earth imagery. The
attitude measurements were obtained using a Silva
the Right-Hand Rule

compass, following
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(R.H.R.R.) convention for consistent data recording
and stereographic representation. Some geological
software was employed for data analysis, including
FaultKinWin 7.5 (2016), developed by Richard W
11.6.1 - 2024

Allmendinger. This software was used to perform

and stereo-net versions

paleostress analysis based on fault-slip data. It plots

the fault planes and their striations and determines

the orientations of the principal stress axes (01, 02,

and 03).

RESULTS AND DISCUSSION

The fractures within the formations containing

relatively solid rocks referred to above, the
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Shiranish, Pilaspi and Fatha formations, were
measured and shown below.

Joints

The directions of the principal stress axes forming
joints and their relationships were determined in
figures (3, 4, 5, 6 and 7) and Table (1), which were
compared with the directions of the stresses forming
the faults. Joints are classified by origin and
categorized as tension or shear joints. Also
classified geometrically based on the three tectonic
axes, a, b and c (1), joints are classified as groups
when the joint surface contains two tectonic axes
and the third is perpendicular to them and as systems
when the joint surface intersects two tectonic axes
and the third is parallel to them. (1%,

Location: The northwestern plunge of Safeen Anticline
Formation: Tanjero
Attitude of bedding plane: 220°/20° NW

Type of Jolnt: be
c1(m): 023°02°, 62(@): 121%/73%, 03(A): 292°/15°

Location: The northwestern plunge of Safeen Anticline
Formation: Tanjero

Attitude of bedding plunge: 220720° NW

Type of Jolnt: hol-c

o1 (M): 3329/38°, 02(@): 209'/31°, 03( A): 94°/36°

Location: The nartiwestern plunge of Safeen Anticline
Formatien: Tasjero
Attitude of bedding plane: 220°20° NW

Type of Jaint: bko-b
GI(M): 024°/02°, e2(@): 120°74°, a3(A): 204°/16*

Fig. 3: Fractures within Tanjero Formation.

The most important and intense joints within the
rocks of Shiranish Formation, located through the
plunge area, which have a strike of 220°, are the

hko-b joints, in which the attitude of the maximum
(1) 1is 024°/02°, the
intermediate principal stress axis (b2) is 120°/74°.

principal stress axis

75
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The minimum principal stress axis (63) is 294°/16°. layers that are almost parallel to the main
They are consistent with the direction of the compressive stress axes, which affect the

principal stress axes of the be joints within the same northwestern area of the Safeen Anticline.

ocation  : Northeastern limb of the northwestern plunge of Safeen Anticline

Pitaspl

lane: 107°39° SW Altitude of beddiug plase: 298°/48° NE

Trpe of Jolat: bke

/ G1m): 195°138", 62(8): 1752, 63(A): 2867700" G1(M): 29748, 02(@): 20944, a3(A ): 120°00°

Location: Northeuster limb of the sortkwestera plunge of Safecn Asticline

Location: Southwesters limb of the northwesters plunge of Safees Asticline Form;

Pitaspt

bedilng plane: 298°48° NE
ding plane: 107739° SW Type of Joiat: hiko b

S1(M): 11T/00°, 02(®@): 208°/42°, a3(A): 025747

S1(H): 112°/00°, 62(@): 02274%°, a3(A): 202°/42°

v

o of brddis

Type ot Tolat: hol ¢
o1(m): 031°739°, 62(@): 310%/22°, 03(A ): 200°/35"

ocation: Southwestern imb of the northwestern plange of Safeen Anticine
Pilasgi

g plane: 10739 SW

2(@): 016751, 63(A ): 284700

Location: Now

Attitude of bedding plane: 295°/45° NE

Type of Jolst: be

a1(m): 110700°, a2(@): 021746, 03( A ): 200°742° . o1(H): 116700°, 62(@): 207°/44°, o3(A ): 023945

Fig. S: Tension joints within Pilaspi Formation.
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Tocat

Sauthwestern lmb of the northurestern plange of Safeen Anticine
Formutia: Kathu
Atttude of brddiag plane: L1S710° SW

Type of Tntat: hiko a
ol(m): 211'/14°, 52(@): 026°/75%, e3(A): 121°05°

Location: fecn Auticl

Form:

n: Fatha
Attitude of bedding plane: 29¢52" NE

Type ofJots bko-s

aI(m): 0207152, 02(8): 2047137, a3(A ): 1117702°

Location: § el

Formation: Fatha [
Altitade of bedding plane: 11/10° SW \
Type of Joint: bke

SI(M): 127705", 02(@): 027/82%, a3(A): 21510

Locatien: Northeawtern imb of the morthwestern plusge of Safecn Asticime

| Formation: Fatha

o of bedding plase: 290752 NE

Type of Jobut: Mo b

cl1(M): 292°/02°, c2(@): 200°/38°, a3( A ): 024°/52°

Tacation: Southwestern b of the northwestern plunge of Safeen Anticline
Formation: Fatha
Attitude of bedding plane: 115°10° SW

Type ofJoin
G1(M): 100°/58", 62(®): 303°/30°, 63(A): 20677

ol ¢

Tocation: Nartheastern lnb of the northwestern phuge of Safeen Anticline
Formation: Fatka
Attitude of bedding plane: 209°/52¢ NE

Type of Jolnt: hol ¢

GI): 209/42°, 62(@): 305°/02°, 63(A): 036748

Fig. 6: Shear fractures within the Fatha Formation.

I Anticline
Formatioa; Fathn
Attude of bedding planie: 1187/10° SW.

Type of Totat: 3¢
S1(W): 210%12°, 02(@): 024°774°, 63(A): 122°/06°

Tacation: Northeastern Hmb of the northwestern plunge of Safeen Anticline
Formation: Falba

Atttude of bedding plane: 29052 NE

52", 62(@): 2007773, a3(A): 1197703

Attitade of bedding plane: 11510° SW

Type ot Joint: be
G1(H): 128704, 62(@): 026"/80°, 63(A): 2157107

Location: Nortbeastern Lmb of the ortbwestern pluuge of Safeca Asicline
Formation: Faiha
Atthtude of bedding plane: 290°/52* NE

Type of Joiat: be
o1(m): 293%/03°, 62(@): 200%/38", 63(A): 024%/51°

Fig. 7: Tension joints within the Fatha Formation.
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Table 1: Principal stress axes and joint type

Formation and joint types | o1 (Trend/Plunge) | 62 (Trend/Plunge) | o3 (Trend/Plunge)
Tanjero — hko-b 024°/02° 120°/74° 294°/16°
Tanjero — hol-c 332°/38° 209°/31° 094°/36°
Tanjero — be 023°/02° 121°/73° 292°/15°
Pilaspi — hko-a 198°/38° 017°/52° 286°/00°
Pilaspi — hko-a 029°/48° 209°/44° 120°/00°
Pilaspi — hko-b 112°/00° 022°/48° 202°/42°
Pilaspi — hko-b 117°/00° 208°/42° 025°/47°
Pilaspi — hol-c 031°/39° 310°/22° 200°/38°
Pilaspi — hol-c 316°/42° 211°/12° 112°/42°
Pilaspi — ac 195°/37° 016°/51° 284°/00°
Pilaspi — ac 028°/48° 207°/42° 121°/00°
Pilaspi — bc 110°/00° 021°/46° 200°/42°
Pilaspi — be 116°/00° 207°/44° 023°/45°
Fatha — hko-a 211°/14° 026°/75° 121°/05°
Fatha — hko-a 020°/52° 204°/37° 111°/02°
Fatha — hko-b 127°/05° 027°/82° 215°/10°
Fatha — hko-b 292°/02° 200°/38° 024°/52°
Fatha — hol-c 100°/58° 303°/30° 206°/07°
Fatha — hol-c 209°/42° 305°/02° 036°/48°
Fatha — ac 210°/12° 024°/74° 122°/06°
Fatha — ac 015°/52° 200°/73° 119°/03°
Fatha —bc 128°/04° 026°/80° 215°/10°
Fatha — bc 293°/03° 200°/38° 024°/51°

Tension and shear joints are found within the layers
of the Pilaspi Formation. The trend of b1 was taken
into consideration, that compared with the trends of
b1 for other types of joints and faults, the plunge of
which will change with rotation or increasing dip of
the rock layers, for example, the maximum principal
stress axis forming joint systems (hko-a) that was
horizontal at the beginning of the folding stage,
when the rock layers are almost horizontal, however
as the dip of the rock layers increases with
continuous compressive stress, the plunge of the
(61) will increase. The trend of the (b1) forming the
joints (hko-a) within the Pilaspi Formation layers of
the northeast and southwest fold limbs is 029° and
198°, respectively, as shown in Figure 4. The trend
of the (b1) forming the ac tension joints is 028° and
195° for the same limbs within the same rocks,
respectively (figure 5), which corresponds to the

78

trend of the stresses forming the shear fracture (hko-
a).

The trend of the (b1) forming shear fracture systems
(hko-a) in the Fatha Formation layers of the
northeast and southwest limbs is 020° and 211°,
respectively, as shown in Figure 6. The trend of the
(61) forming ac tension joints 015° and 210° of the
northeast and southwest limbs, respectively, is
shown in Figure 7. It is noted that the trend of the
(61) forming shear fractures and tension joints
within the Fatha Formation layers is almost similar.
Another important note is that the principal stress
axes in the layers of the Pilaspi Formation differ
from those in the Fatha Formation, indicating the
presence of two distinct compressive stress stages.
The first is called the thrust stage, and the second is
the backthrust stage, as will be explained later in the
faults. These two stages are separated by a
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relaxation stage, represented by the attitudes of the
principal stress axes of the shear fracture systems
(hko-b) and the tension joint group (bc) within the
rocks of the Pilaspi Formation (figures 4 and 5).
This attitude of the principal stress axes differs from
that of the rocks of the Fatha and Injana Formations
figures (4-7). This is evidence of a second relaxation
stage that followed the second compressive stage.
Faults

The three main types of faults: strike-slip, thrust and
normal faults appeared, as will be mentioned later.
These faults provided a clear interpretation of the
tectonic history of the area and the structural model
of the fold. Angular unconformity between the
Tertiary formations indicates that folding occurred
under the same field stress. Still, there is a
noticeable change in the principal stress axes during
different stages of stress, with the exchange of major
tectonic stress axes leading to the development of
different types of fractures. A major NNE-SSW
right strike-slip fault was identified in figures (8 and
9), in addition to the thrust and back thrust faults in
figures (10 and 11). These major faults played a

¥ o oV ZAGEE
Fig. 8: strike-slip fault (Transversal fault) in the southwestern limb within the northwest plunge of

A

e
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significant role in the structural model of the fold's
northwestern plunge. Field observations show two
active phases during the Tertiary period. The first
phase occurred after the deposition of the Pilaspi
Formation (Late Eocene) by thrust may as a positive
inversion fault along pre-existing listric fault that
effect on Pilaspi Formation in the southwest limb,
that causes the rocks of the formation dip steeper
than the formation rock in the northeast limb figure
(11 and 12) most of the thrusts or detachments in
northeastern Iraq, resulting from the collision of the
Arabian and Eurasian plates, occurred along
extensional fault surfaces formed when the
northeastern margin of the Arabian Plate followed a
passive margin. (*-®. Not only variations in dip
between two limbs but also within the same limb,
the right-lateral strike movement through the
southwest limb, in which the northwestern block
dips steeper than the southeastern block. The second
phase occurred after the deposition of the Fatha
Formation (Middle Miocene), during which a
backthrust affected the Fatha Formation rocks in the
northeast limb (figures 11 and 12).

LN R

the Safeen Anticline. Note that the plunge of the Pilaspi Formation layers in the northwest block has

rotated clockwise toward the southeast, not toward the northwest, due to dextral movement.

The right-lateral strike-slip fault within the study
area may have formed. Synchronized with
compressive stresses, the most important indicator
of this is the different inclination of the layers on
both sides of the strike-slip fault. The dip of the
Pilaspi rocks in the northwest block of the strike-slip

79

fault in the southwest limb is 59°, while the
corresponding dipping of the same rocks in the
southeast block within the same limb is 45°. The
second piece of evidence for strike-slip movement
is that the structures, e.g., fault-propagation folds,
within the northwest block differ from those in the
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southeast block. Another evidence of the strike-slip a result of the clockwise rotation of the Pilaspi
movement is the northwestward plunge of the layers in the northwestern block of the southwest
Safeen Anticline along the traverse, which was limb (figures 8 and 10).

towards the southeast, not towards the northwest, as

298/39

Slip direction 01: 030°/00°, 02: vertical, 03: 300°00

Fig. 9: Fault plane shows dextral fault with principal stress axes (left). Attitude of the Pilaspi
Formation within the area that is affected by strike-slip movement (right), plunge of the anticline
toward NW except along the dextral fault, the plunge is toward SE due to the rotation of the beds by
strike movement (see Fig. 8).

Fig. 10: Fault plane shows fault trace within Pilaspi Formation (left), the image showing the fault-
propagation fold due to thrust in the northwestern block of the strike-slip fault (right).
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S

Fig. 11: Stereographic projection of the northwestern plunge of Safeen Anticline (left) through the

beds of Pilaspi Formation, with a steep dip of the SW limb due to thrusting. (right) through the beds
of the Fatha Formation, a steep dip of the NE limb due to backthrust.

Ssw

X

NNE

I:l Tanjero Fn.

|:| Gercus Fn. l:l Fatha Fn.
- Shiranish Fn. - Kolosh Fn. - Pila spi Fn.

Fig. 12: Structural model of the northwestern plunge of Safeen Anticline along a dextral fault.

Another thrust fault appeared within the rocks of the
Shiranish Formation at the plunge of the fold; it has
the same attitude of strike, dip and dip direction,
indicating that the fault that affected the Tanjero
rocks is a splay fault, which makes the fault area
higher than its surroundings (figure 13). The thrust
fault accompanies the piggy-back phenomenon.

Initially, fault no. 1 formed; after reactivation of the
main fault, fault no. 2 formed, increasing the dip of
fault no. 1; after further reactivation, fault no. 3
formed, which in turn increased the dip of the
previous two faults. Positive flower structure
accompanied fault no. 1 figure (14).

splay fault

TanjeroFn. [ 7] Gercus Fn. |:| Fatha Fn.

Shiranish Fn.[ | Kolosh Fn. R pila spi Fn.

Main thmst/

Fig. 13: The main fault affected the rocks of the Pilaspi Formation, while the splay fault affected the rocks
of the Tanjero Formation.
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Fig. 14: fault plane shows a thrust fault in the Tanjero Formation (left). The piggy-back phenomenon is

accompanied by the fault (right).

The third type of fault is a normal fault. There is a
major normal fault located within the rocks of the
Shiranish Formation, extending for arelatively long
distance in a northwest-southeast direction (figure
15). The trend of the maximum principal stress axis
is 035°/64°, the intermediate stress axis is 298°/03°,

and the minimum stress axis is 207°/24°, in addition
to local normal faults affecting the thin limestone
layers of the Avanah Formation, which appear as
lenses within the Gercus Formation, with other local
normal faults within the Fatha Formation in the

northeastern limb due to the second relaxation.

Formation: Tanjera

| Type of faults: Normal

=4

Fig. 15: Fault plane shows normal faults in the Shiranish Formation (left). Photo of the fault (right)

CONCLUSION

The stereographic projection of the measured
and Fatha
formations showed that the NE-SW stresses formed

fracture poles within the Pilaspi

the shear fractures hko-a, and the tension joints ac
have the same trend and were formed during the first
stage of compressive stresses. The NW-SE stresses
that formed the shear fractures hko-b have the same
trend as the stresses forming the tension joints bc;
the

counterclockwise rotation of the Arabian Plate, in

these stresses are often formed by
addition to the local forces. Three types of faults,
thrust, backthrust, and dextral movement, strongly
affected the structural model of the fold, causing the
vergence to change between the rocks of different
formations along the traverse. After the Pilaspi
Formation (Late Eocene) was deposited, the pre-

existing normal or listric fault, mentioned above,

82

was reactivated with positive inversion, making the
southwestern limb steeper than the northeastern
limb within rocks of the Pilaspi Formation. This
fault was accompanied by strike-slip movement that
affected the area, forming distinct structures on both
sides. A period of relaxation occurred, during which
normal faults and tension joints formed. Following
the deposition of the Fatha Formation (Middle
Miocene) and Injana Formation (Late Miocene), the
detachment fault was reactivated. Still, its impact on
the rocks of the two formations at the northeast limb
was steeper than in the southwest limb, where the
fault behaved as a backthrust. A second relaxation
stage began after the back thrust stage.
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