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Abstract: This research assessed stress regimes and fields in eastern Iran using fault-slip data and the
tectonic events associated with these changes. Our stress analysis of the brittle structures in the Shekarab
Mountains revealed significant changes in stress regimes from the late Cretaceous to the Quaternary.
Reconstructing stress fields using the age and sense of fault movements showed that during the late
Cretaceous, the direction of the maximum horizontal stress axes (01) under a compressional stress regime
was ~N290°. This stress regime led to the uplifting of ophiolites and peridotites in eastern Iran. During
the Eocene, the o1 direction was NE-SW. The late Eocene and Oligocene stress states showed two distinct
transpression and transtension stress regimes. This transition from transpression to transtension in
the eastern Shekarab Mountains was the consequence of regional variations in stress regimes. The
Quaternary stress state indicates that the tectonic regime in the Quaternary is strike-slip and the
o1 direction is ~N046°, which coincides with the current convergence direction of the Arabia—Eurasia
plates. Our paleostress analysis revealed that four distinct stress regimes have been recognized in the
area, including compressional, transtensional, transpressional, and strike-slip regimes. Our findings
indicated that the diversity of the tectonic regimes was responsible for the formation of a variety of
geological structures, including folds with different axes, faults with different mechanisms, and the
current configuration of the Sistan suture zone.

Keywords: stress regime; paleostress; fault; Sistan suture zone; tectonics; structural geology

1. Introduction

Iran is located in a convergence zone between the Arabian and Eurasian plates
(Figure 1). The convergence in Iran is primarily accommodated in the north by Alborz,
in the northeast by Kopeh-Dagh, in the southwest and west by Zagros, in the east by NS
strike-slip faulting, and in the southeast by Iranian Makran [1-5]. GPS studies show that
the deformation in Iran is heterogeneous and different blocks and faults accommodate part
of this convergent deformation [6].

The closure of several NeoTethys oceanic domains during the late Cretaceous and
early Tertiary is visible in a number of sutures, including NainBaft between Central Iran
and Sanan-daj Sirjan, Sistan between Lut and Afghanistan, and Sabzevar between Central
Iran and Eurasia. The Sistan Suture Zone (S5Z) is adjacent to the eastern Iranian ranges
that trend north-south, close to the border with Afghanistan and Pakistan [7-9].

The closure of several NeoTethys oceanic domains during the late Cretaceous and
early Tertiary is visible in a number of sutures, including NainBaft between Central Iran
and Sanan-daj Sirjan, Sistan between Lut and Afghanistan, and Sabzevar between Central
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Iran and Eurasia. The Sistan Suture Zone (SSZ) is adjacent to the eastern Iranian ranges
that trend north-south, close to the border with Afghanistan and Pakistan [7-9].

45° 55° 60°

56° 58° 60°

Figure 1. (a) Structural zones of Iran and location of eastern Iran (black rectangle); (b) structural map
of eastern Iran, the black rectangle indicates the location of the region studied.

The northward movement of central and northern Iran relative to Afghanistan gen-
erates a north-south dextral shear of ~16 mm/yr along the eastern border [6,10]. Several
dextral fault systems bordering the Lut have been formed by the north-south shear between
Iran and Afghanistan [11,12]. The Sistan Suture Zone (S5Z), a north-south trending accre-
tionary prism, is overprinted by the Nehbandan fault system at the eastern boundary of the
Lut Block. One of the terminal segments of the Nehbandan fault with an E-W sigmoidal
trend is thought to be the North Birjand Fault (NBF), which exhibits a sinistral and reverse
mechanism [13]. Some N-S strike-slip fault systems, including the Nayband, Gowk, and
Sabzevaran, can be found along the western edge of the Lut Block [14,15]. Along these
strike-slip faults in eastern Iran, the Lut and Tabas blocks are displaced in accordance with
the overall deformation in the Arabia—Eurasia collision zone.

Strike-slip faults are primarily responsible for a number of earthquakes in Iran [16-18],
particularly from a morphotectonic and seismotectonic viewpoint [19-21], and play a signifi-
cant role in the present deformation of eastern Iran. Since the Pliocene, the dominant tectonic
mode in the Iranian plateau and surrounding belts has shifted from compressional to strike-
slip [22]. Several indicators of tectonic activity, such as the offset of drainages, instrumental
seismicity, and paleoseismology on dextral N-S faults and their sinistral conjugates related to
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NW-SE reverse faults, indicate that the SSZ has been tectonically active up until the present.
Moreover, the northern terminal of the Nehbandan fault system terminates in the NW-SE
and E-W thrust faults [12]. What caused the heterogeneous distribution of rock units and
increased outcropping of igneous rocks in the eastern part of the Shekarab Mountains is the
central question of this study. The present study aims to determine stress regime changes in
the E-W trend structures in the SSZ as the eastern border of the Iranian Plate. Therefore, we
chose the Shekarab Mountains within SSZ as a case study with an E-W trend, since the faults
of this region are well exposed with rock units of different ages.

Furthermore, fault-slip data inversion was utilized to differentiate stress changes in the
study area. This research will yield important insight into the evolution of the E-W trending
mountain ranges in the SSZ. In this study, the direct stress tensor inversion method [23]
was adopted to compute the state of stress. The eastern margin of the Dead Sea [24], Ahar
in NW Iran [25], SW Iran [26,27], Cascadia megathrust [28], south-central Vietnam [29],
south Poland [30], the eastern margin of the Sichuan Basin, China [31], the western part of
Central Iran [32], and the NW lesser Himalayan sequence [33] are some areas of the earth’s
crust where this type of research has been applied.

2. Tectonic Setting

The SSZ demonstrates a deformed accretionary prism that was emplaced during
the destruction of a small Neo-Tethys (named the Sistan Ocean). Since the Cretaceous,
the SSZ has undergone a rather complex history marked by variations in the tectonic
environment and corresponding variations in the stress regime. However, the present
configuration of the SSZ is due to the Cenozoic deformation phase, including rifting,
subductions, ophiolite emplacement, continental trench collisions, and uplift [8]. The SSZ
has been dominated by major N-S or NNW-SSE dextral faults, NW-SE reverse faults,
and E-W sinistral faults [8,34,35]. North of 32° N, dextral shear is taken up; furthermore,
the strike-slip faults terminate in the thrust faults and their displacement diminishes as
they approach their terminations [36]. The Birjand region includes a series of roughly
WNW-ESE linear mountain ranges, such as the Shekarab Mountains, Bagharan Mountains,
and Gazik Mountains [2,12,37,38]. The mountain ranges uncover the upper Cretaceous to
Eocene ophiolite units of the SSZ, which mostly have been cut by inherited faults and shear
zones [7]. The southern and northern terminals of the Nehbandan fault system, which
is characterized by a dextral mechanism, contain splays. The northern end of this fault
has rotated westward, while the southern end has rotated eastward [39]. The Shekarab
Mountains are created by one of the northern splays of the Nehbandan fault system and
are located north of Birjand (Figure 1). This area includes a complete sequence of rock
units in eastern Iran after the Cretaceous, where fault distribution is suitable for paleostress
analysis. The E-W Shekarab Mountains is a sinistral transpressional shear zone; its most
important structures include pop-ups, duplexes, triangle zones, flower structures, and
shear folds. Sedimentary, volcanoclastic, and igneous rocks are the essential outcropping
units in the Shekarab Mountains. There is an E-W thrust fault with a sinistral component in
the southern front of the Shekarab Mountains, called the North Birjand Fault (N.B.F), which
separates the Quaternary units to the south from the older units to the north [2,12]. Four
cross-sections of the Shekarab Mountains were drawn to provide a good structural view
(Figure 2). In this research, we prepared a geological map and synthetic lithostratigraphic
column for the Shekarab Mountains. As shown in Figure 3, units older than the upper
Cretaceous have not been identified in this area.
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Figure 2. The research region’s geological map, modified after ref. [37], and four geological cross-
sections. A-B, C-D, E-F, and G-H are profiles which show their cross-sections on the below part of the
figure.
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Figure 3. Synthetic log of the Shekarab Mountains. Their surface expansion is shown on the geological
map of Figure 2.

3. Material and Methods

The inversion approach of the fault-slip data is based on a decreased misfit angle (o),
which is derived as the minimum angle between the computed relative shear stress ()
and the actual striae (s) [40,41]. The technique of stress tensor inversion maximizes the
total slip shear stress in the real slip trend for the whole dataset. This total is computed
based on four independent variables of the reduced stress tensor, namely the three angular
parameters for the direction of the main stress axes, 01 > 02 > 03, and the ratio of the main
stress magnitude differences, which is defined as:

® = (02 — 03)/(01 — 03)

The & ratio gives the shape and orientation of the stress ellipsoid [23]. In the inversion of
fault-slip data, an important parameter is the minimum misfit level required for determining
good data. This study employed a scale ranging from —100%, related to the total misfit, to
100%, associated with the perfect fit. The lowest range included the maximum shear stress,
which acts in the opposite direction of slip. At the highest range, the shear stress was also at its
highest level, but it behaves similarly to the slip in both sense and direction. A zero amount of
reduced misfit angle indicated the shear stress perpendicular to the slip as the limit between
inconsistent and consistent directions of motion [23]. The right-dihedron method, one type
of paleostress inversion method, only provides a confidence ellipse that includes two of
the main stress axes [42]. All available techniques for stress calculation are based on the
stress-shear relationship described by Bott [43]. This method for stress calculation is based on
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the stress-shear relationship described by refs. [43,44]. All paleostress inversion methods were
developed in accordance with the fundamental assumptions.

The slip that is demonstrated by fault plane striations of a dataset has the sense and
orientation of the determined shear stress on each fault surface. The slips on a single
fault are not affected by interaction with other faults, which is generally correct for small
fault-slips, and each fault-slip corresponds to the single stress tensor.

In the theoretical reviews, evaluations of only four fault-slips are needed to calculate
the reduced stress tensor and magnitude of the shear stress on the fault planes, and no
technique considers that the quality of stress inversion mainly depends on the field data’s
quality [45]. Inversion computes a mean best-fitting deviatoric stress tensor from a set of at
least four striated faults by minimizing the angular deviation between the predicted slip
vector (maximum shear) and the observed striation [46]. To determine the different stress
regimes in the Shekarab Mountains, we performed a quantitative inversion of distinct sets
of the fault-slip data using the method described by ref. [46]. This method assumes that
rigid block displacements are independent. The method described by Carey [46] has also
been used by Jentzer et al. [47]. Because the Shekarab Mountains are the same area that
Jentzer et al. [47] studied, Carey’s approach [42] was used in this research. In all of the
inversion methods, the principal hypothesis is that the slip responsible for the striation
occurs in the sense and orientation of the shear stress on each fault surface. The stress regime
can be determined using the trend of the main stress axes, including the o1, 02, 03, and
® ratio; hence, a distinct stress tensor can produce only one slip orientation on a particular
fault surface [40,41]. In most fieldwork, more than one generation of slickenlines is found
on a fault surface. Often, this is due to creating multiple slips in a single event, variations in
slip orientations owing to changes in the local boundary conditions or fault strength, and
temporal variations in the regional state of stress due to variations in boundary conditions
at the scale of plate tectonics by distinct tectonic regimes have been characterized [41].

In this study, the fault kinematic data, including the orientation of the main fault planes
and associated strike, were measured at 37 sites ranging in age from the late Cretaceous to the
Quaternary (Figure 4). In order to obtain stress tensor inversion in the study area, the majority
of brittle structures, such as the orientation of fault planes, slicken lines, and indicators of the
sense of motion, were collected (Table 1). Each fault in Table 1 demonstrates the statistical
mean of many collected data points (N is the sum of the number of data on the fault-slips. in
Table 2). The dataset was separated into homogeneous subsets to reconstruct different stress
fields in order to determine the stress field and stress tensor direction in various geological
times. The brittle structures associated with different geological times were separated to
determine the orientation of the stress tensor and stress state using Wintensor software [48].
We identified the various stress regimes from the late Cretaceous to the Quaternary using
fault-slip stress tensor inversion and brittle tectonics analysis. Here, Right Dihedron and P,
B, and T axes methods were used. The Right Dihedron method only gives an estimate of
orientations of the o1, 62, and 03 axes. The moment stress axes P, B, and T demonstrate the
maximum shortening, unbiased axis, and maximum extension, respectively.

Table 1. Geometric—kinematic location of the detected faults in the research area; N.B.F = North
Birjand Fault.

Geometric Slickenline Latitude (N°)

Fault Name Position Position Fault Mechanism Location Longitude (E°)
(Trend/Plunge) (Trend/Plunge) 8
Reverse with onr/ 7
F1 NO045, 72NW N355, 60 dextral strike-slip Eastern section 230(1)2’;1223”
component ’
o / /!
F2 N120, 55NE N300, 0 Sinistral strike-slip Eastern section 33°02'30.06

59°17'55.98"
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Table 1. Cont.

Geometric Slickenline Latitude (N°
Fault Name Position Position Fault Mechanism Location L atlt.u ;’ ( EO)
(Trend/Plunge) (Trend/Plunge) ongitude (E7)
. 33°04/19.20”
E3 N340, 67NE NO070,
67 Reverse Eastern section 59°14/47 10"
Reverse with onn/ "
F4 N353, 54NE N129, 43 sinistral strike-slip Eastern section 3 03,52'02,,
59°04'40.56
component
Sinistral strike-slip onn/ "
F5 NO085, 65SE N247,18 with reverse Western section 3 02,30'05,,
59°02'53.92
component
Reverse with ona/ "
F6 N210, 85NW NO034, 32 Sinistral strike-slip Western section 33°01 ,38'34,,
58°41'19.44
component
Reverse with ona/ "
F7 N230, 30NW N290, 25 dextral strike-slip Western section 33°01 ,25'62,,
58°42'42.90
component
Reverse with ona/ "
F8 N130, 70SW N192, 67 dextral strike-slip Western section 33001 ,16'56,,
58°41'07.92
component
Dextral strike-slip ona/ "
F9 N120, 70SW N134, 37 with reverse Western section 33°01 ,19'14,,
58°39'51.24
component
Reverse with onar "
F10 N290, 55NE NO059, 47 sinistral strike-slip Western section 33°01 ,19'32,,
58°39'21.06
component
Reverse with onn/ I
Fl11 N180, 15W N210, 64 dextral strike-slip Western section 33000,44'22,,
58°42'46.98
component
Reverse with orq/ I
F12 N355, 70NE N148, 50 sinistral strike-slip Middle section 32 59,15'24,,
58°46'46.98
component
Sinistral strike-slip op! I
F13 N310, 32NE N103, 15 with reverse Middle section 32 55,49'14,,
58°51'22.98
component
Reverse with opg! I
F14 NO070, SONW NO045, 45 sinistral strike-slip Middle section 32 56,17'28,,
58°51'08.46
component
Sinistral strike-slip
. . . 32058/17.28"
F15 N238, 50SE N040,
8 with reverse Middle section 58°51/08 46"
component
Reverse with opg! I
F16 NO035, 65NW N223, 64 dextral strike-slip Middle section 32 56,37'20,,
58°51'34.74
component
dextral strike-slip
. . 32054/12.12"
F17 N165, 80SW N310, 2
5 with reverse Eastern section 58°52/29 40"
component
Normal with orol I
F18 NO030, 80SE N105, 79 dextral strike-slip Eastern section 32 58,19'62,,
58°59'32.04
component
Normal with orol I
F19 NO090, 70S NO070, 65 Sinistral strike-slip Eastern section 32058,45'66,,
58°59'24.30
component
Reverse with onn/ 1"
F20 N349, 50NE N142, 45 sinistral strike-slip Eastern section 3 00,04'80,,
59°00'00.18
component
Reverse with orol I
F21 NO090, 70S N133, 62 sinistral strike-slip Eastern section 32758 52.32

component

59°04'41.04"
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Table 1. Cont.

Geometric Slickenline Latitude (N°)
Fault Name Position Position Fault Mechanism Location Longitude (E°)
(Trend/Plunge) (Trend/Plunge) 8
Reverse with on! I
N.B.F NB8OE, 65NW NO036, 55 sinistral strike-slip Eastern section ggo(l)g,g;g,,
component ’
Reverse with onn/ "
F22 N090, 50S N092, 70 dextral strike-slip Eastern section 33002,30'06,,
59°17'55.98
component
Reverse with onp! I
F23 NO084, 50S N152, 48 dextral strike-slip Eastern section 33004,19'20,,
59°14’47.10
component
Normal with Nt I
F4 N165, 755W N272, 65 dextral strike-slip Eastern section 33003,52'02,,
59°04'40.56
component
Table 2. Reconstructed stress regimes and geological situation of brittle structures. N, number of data
on the fault-slips. ®, ratio of stress magnitude differences (® = (02 — 03)/(c1 — 03)). «, the average
angle between the calculated shear and observed slip in degrees.
Site N Stratigraphic o1 Trend, 02 Trend, 03 Trend, o “ Location
Age Plunge Plunge Plunge
1 9 Eocene 081, 23 378, 05 246, 64 0.5 18
2 11 Eocene 069, 21 162, 09 273, 67 0.45 10
3 10 Eocene 067,21 161, 09 272,67 0.45 3
4 12 Eocene 275, 31 014, 15 126, 55 0.79 12
5 11 Eocene 028, 30 294, 04 198, 57 0.5 17
6 10 Eocene 221,00 131, 67 312,18 0.4 12
7 13 Eocene 024,12 289, 22 141, 64 0.5 11
8 13 Eocene 266, 34 005, 14 115, 52 0.77 7
9 6 Oligocene 270, 86 180, 00 090, 04 0.31 11 Eastern
10 12 Quaternary 220,07 314,35 120, 55 0.83 15 section
11 12 Quaternary 221,06 313,16 112,73 0.5 11
12 10 Eocene 034, 01 125, 67 304, 20 0.5 12
13 12 UP. Cret 280, 08 173, 64 014, 25 0.5
14 12 Paleocene 286, 07 187,52 021,37 0.54 4
15 12 Oligocene 359, 8 189, 52 093, 05 0.52 8
16 13 Oligocene 008, 60 257,11 162,27 0.65 20
17 6 UP. Cret 143, 23 281, 61 045, 18 0.78 10
18 12 Eocene 241,01 151, 01 018, 88 0.71 22
19 11 Paleocene 307,11 042,24 193, 64 0.95 17
20 30 Eocene 187, 08 095, 11 311,77 0.64 21 Middle
21 14 Oligocene 218, 06 313,34 118, 54 0.8 13 section
22 10 Eocene 215, 06 112, 61 306, 24 0.64 5
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Table 2. Cont.
Site N Stratigraphic o1 Trend, o2 Trend, o3 Trend, S « Location
Age Plunge Plunge Plunge
23 10 Quaternary 272,31 015,3 128, 54 0.69 8
24 12 Oligocene 081, 03 348, 38 175, 52 0.21 3 Middle
25 12 Oligocene 244, 05 155, 05 022,90 0.68 9 section
26 5 Quaternary 060, 10 277,77 152, 08 0.5 13
27 10 Eocene 207,02 300, 16 107,70 0.55 10
28 10 Quaternary 068, 11 338, 00 246,79 0.5 11
29 10 Quaternary 064, 04 334, 01 237, 86 0.75 13
30 13 Eocene 038, 00 308, 20 128,70 0.5 19
31 12 Eocene 221,13 285, 20 139, 62 0.5 15
western
32 12 UP. Cret 100, 18 007,07 257,71 1 23 section
33 10 UP. Cret 157,26 250, 06 352, 64 0.1 7
34 9 Eocene 217,07 113,63 310, 26 0.67 6
35 10 Eocene 224,00 133,70 314, 20 0.3 8
36 9 Eocene 036, 00 127, 69 306, 21 0.5 5
37 10 Eocene 037,02 132,63 306, 27 0.5 9

—a——a— Thrust fault with strike-slip comp t Strike-slip fault + Anticline O Site

—=—=— Normal fault —*— Syncline

Figure 4. The structural map of the research area and locations of collected paleostress data. F1 to

bt Thrust fault

F24 are faults number 1 to faults number 24.

3.1. Analyses of Stress Regime Changes

In this paper, for paleostress and structural analysis of the study area, changes in the
stress directions from the late Cretaceous to younger periods have been investigated. The
strike-slip, thrust, and normal faults were all formed due to the primary compressional
stress; geometric-kinematic analyses of these structures showed that almost all faults had
a reverse component (Figure 4, Table 1), which emphasized the compressional stress. The
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direct inversion method and stress determination revealed a variety of stress regimes and
stress directions. The oldest stress state determined in the study area was the late Cretaceous
paleostress state. The paleostress state and kinematic history of the Pre-Cretaceous remained
unclear. The inversion analysis of late Cretaceous fault kinematics was conducted to validate
the stress status. The Cretaceous units were scattered throughout the entire parts of area (site
numbers 13, 17, 32, and 33) (Figures 2 and 4). There were two outcrops of the Cretaceous
period in the ophiolites and peridotite units (site numbers 13 and 17) (Figure 4). The faults
observed in site numbers 13 and 17 were reverse, and the stress regime was compressional.
The performance of the compressional stress regime in the eastern portion of the research area
resulted in the uplift of ophiolites and peridotites, and the principal stress axis (01) at sites
13 and 17 was oriented NW-SE. In western parts of the Shekarab Mountains, the data collected
from sites 32 and 33, located on the F7 and F8 reverse faults, showed a compressional stress
regime. The major stress axis (01) in site numbers 13, 17, and 32 had an NW-SE direction;
also, one outcrop (site number 33) indicated various o1 directions (Table 2). In the Shekarab
Mountains, two outcrops of the Paleocene units existed. The Paleocene data were collected
from sites 14 and 19, and inversion of the fault-slip vector indicated that o1 was oriented
toward NW-SE (Table 2). Seventeen outcrops of the Eocene period existed in the sandstone,
limestone, conglomerate, and andesite units (Figure 2). The observed faults in the Eocene
units were mainly reverse or strike-slip with a reverse component, and the stress regime in
this period was purely transpressive (Figure 5). Based on the o1 direction, two subsets were
distinguished: one with o1 ~N035° (site numbers 2, 3, 4, 7, 8, 18, 20, 30, 34, 35, 36, and 37)
and one with o1 ~N315° (site numbers 5, 6, 22, and 31), as well as one outcrop exhibiting
a different o1 orientation (site number 27). Moreover, the trend of o1 in the Eocene was
approximately N-S (Table 2).

Figure 5. (a) Field photo of F23 fault trace that is reverse with dextral strike-slip mechanism.
(b) Slickenline on the minor fault in part. (c) Trace of F22 fault which is reverse with a dextral component.
(d) Slickenline on the minor fault in part. Numbers 1, 2, and 3 in the stereonet represent the direction of
the main stress axes, while the arrow represents the trend of movement of the hanging wall.

In the Shekarab Mountains, there was evidence of both transtensional and transpressional
stress regimes during the Oligocene. The transpressional stress regimes were demonstrated
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by compressional sites along the major reverse faults (sites 12, 15, 21, and 25), whereas the
transtensional stress regime was controlled by normal faults (site numbers 9 and 16).

Normal faults were found in the area’s eastern section. As a result, transtensional
stress regimes were nearly evenly distributed along normal faults, whereas compressional
stress regimes were observed throughout the region (Figure 6; Table 2). The data col-
lected from sites 9 and 16 indicated a transtensional stress regime in the eastern section
of the area (Figures 6 and 7). The transtensional stress regime was observed in normal
faults, including F18, F19, and F25 faults. Moreover, along the F19 and F25 normal faults,
two transtensional stress tensors were controlled by fault geometries.
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Figure 6. Orientation of the main stress axes related to the upper Cretaceous to Quaternary units.
The numbers are the numbers of the sites that collected the faults data.
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Igneous rocks were only observed on a few sites; however, those sites were scattered
through the eastern part of the area (Figure 2). The geometric—kinematic data of the faults
in the dacitic and andesitic units were separated from the other Eocene and Oligocene fault
sets to determine why there were more dacitic and andesitic units in this area. Figure 8
shows images of these types of faults in the field. They had the appearance of normal faults
with a strike-slip component. The value of the ® ratio was ~0.5 at places where igneous
units were exhumed, and the stress regime was transtensional because of local variations
in stress regimes (Figure 6; Table 2). However, determining the stress regime for the study
area required careful data separation, data analysis, and stress regime calculations. The
determined stress tensors in sites 9 and 16 varied from the regional pattern of the state
stress in the Oligocene. Three sites were situated adjacent to igneous units.

Figure 8. (a) Field photo of the F18 fault trace that is normal with a sinistral strike-slip component.
(b) Slickenline on the minor fault in part. (c) Field photo of the F25 fault that is normal with a dextral
component. Numbers 1, 2, and 3 in the stereonet indicate the orientation of the maximum, medium,
and minimum stress axes, respectively.

Based on the results of the stress analysis, we deduced that local changes in the stress
regimes from transpressional to transtensional were responsible for the outcropping of the
igneous units in the eastern part of the Shekarab Mountains, where 01 was vertical, & was
~0.5, and the stress regime was transtensional. Therefore, the transtensional stress regime
was responsible for the outcropping of Eocene igneous units in the study area’s eastern
part. The Miocene stress analysis indicated that the stress regime was strike-slip.

The brittle tectonic analysis showed different trends of compression, as shown by the
reconstruction of the stress axes variations; consequently, the stress determination based on
the direct inversion method revealed a variety of different trends of o1 (Figure 6). Analysis
of the brittle structure of the Shekarab Mountains revealed three major axes of minimum
horizontal stress (chmin) running NE-SW, E-W, and NW-SE (Table 2). Furthermore,
compression in the NW-SE trend was observed in the data gathered from the upper
Cretaceous locations. On the other hand, the compressional stress regime in the area was
consistent with five stress configurations. It was determined from the calculated data of the
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five sites that the NE-SW ohmin (03) and NW-SE chmax (01) directions of the paleostress
fields accounted for 74% of the computed stress tensors.

As a result, the estimated averages of the three main stress axes were 01 = N290°,
02 = N192°, and 03 = N026°. The 0.3 value of ® confirmed that thrust faults and com-
pressional stress regimes coexisted in this tectonic regime. In the second step of the stress
regime, the N-S chmax (o1) of the paleostress field was identified at 17 sites and accounted
for 71% of the calculated stress tensors. The oriented mean stress axes of o1 = N035°,
02 = N126°, 03 = N304°, and @ = 0.5 further supported the coexistence of transpressive
regimes in this tectonic regime. Six sites—10, 11, 23, 26, 28, and 29—were used to collect
data for the Quaternary (Figures 6 and 9). The analysis of the data from site 26 is shown in
Figure 7, where the stress regime was strike-slip, and the o1 direction was toward NE-SW.
At the six sites mentioned above, the NE-SW direction of o1 in the paleostress field was
found to account for 64% of the computed stress tensors. The principal stress axes of the
estimated mean tensor were oriented as follows: 01 = N046°, 02 = N141°, 03 = N315°, and
@ = 0.5, indicating that this tectonic regime coexisted with strike-slip regimes. The configu-
ration of the Shekarab Mountains was due to the three phases of Cenozoic deformation.
Evidence of the different stress regimes is shown in Figure 10.

59°12

'
w

Figure 9. (a) Trace of North Birjand Fault (N.B.F) on the satellite image. (b) Field photo illustrating
the location of the site 10. (c) Slickenline on the minor fault part.

Figure 10. Field photo of the study area’s faults in two different stress regimes: (a) dextral and reverse
with a dextral component in site 18; (b) strike-slip with a normal component in volcanic rocks unit in
site 16; (c) dextral with reverse component and normal with a dextral component in site 13.
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3.2. Structural Analysis and Tectonic Pattern

Structural analysis of the complicated fault systems, using fault surface inversion
methods, can cause complicated and often erroneously deduced histories of paleostress.
Separating the fault kinematics data indicated the existence of three different major stress
axis (01) directions, which represented three successive and discontinuous tectonic regimes.
The earliest evidence of stress in the region dated back to the late Cretaceous. Compressive
stress (01 = N290°, 02 = N192°, 03 = N026°, and ¢ = 0.3) was operating in the study area
during the late Cretaceous, as shown by the stress analyses, leading to the uplifting of
ophiolites and peridotites in the eastern part of the area. The fault kinematics analysis in
the Shekarab Mountains was used to infer the stress state during the Eocene. The fault-slip
data collected at the nearby igneous units were normal with a strike-slip component. The
principal stress axes were oriented as o1 = N035°, 02 = N126°, 03 = N304°, and ¢ = 0.5
during the second stress step (transpressive) in the Shekarab Mountains. Strike-slip was
the third step of the stress regime in the area, with the principal stress axes oriented as
0l =NO046°, 02 = N141°, 03 = N315°, and ~0.5. Three distinct principal tectonic regimes
were identified following kinematic and structural analyses of the faults formed during the
late Cretaceous to the Quaternary. Inversion of fault-slip data collected from seven sites of
Oligocene rocks indicated that the stress regime at this time was transpressional, and in
two sites, 9 and 16, there were various stress regimes (transtensional). Regional changes
in the stress regime from transpressional to transtensional in the eastern part of the study
area indicated that the existence of different stress regimes has caused the emplacement of
igneous rocks.

Rotations of stress fields are likely to occur over geological time. In many cases, these
rotations are likely to be gradual and slow [49]. The fault datasets were used to infer stress
field rotations from tectonic features and the paleostress history of the Shekarab Mountains.
Every cluster of fault trends had a corresponding stress field orientation. Due to presence
of various stress regimes in the area, multiple fault sets were formed by various stress
regimes, accounting for a large portion of the detected complexity of the fault pattern in the
Shekarab Mountains. There was a nearly 80° clockwise rotation of the stress field from the
late Cretaceous to the Quaternary in the study area (Figure 11). The structural paleostress
indicators showed that the orientation of brittle structures was in accord with the rotation
of the paleostress (Figure 12). As deduced from earthquake fault surface solutions, the
current maximum horizontal stress is oriented N025° [47]. This trend agrees with the stress
direction derived from deduced Quaternary fault kinematics.

N

Figure 11. The o1 orientations of density stereo plots for three paleostress fields were obtained:
(a) late Cretaceous, (b) Eocene, and (c) Quaternary. The 1% contour intervals are represented in the
southern hemisphere with equal-area projections.
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Figure 12. Directions of main stress axes in the study area from the late Cretaceous to Quaternary.

4. Discussion

The fault slip data measured in the Pliocene—Quaternary conglomerates, where most
of the data were collected, were analyzed to determine the current state of stress. Based on
analysis of the maximum principal stress (01) direction and faults located in the different
geological units, three successive episodes of deformation were recognized:

1. The oldest deformation stage was characterized by nearly E-W compression (N290°).
It was documented in four outcrops (sites 13, 17, 32, and 33) with two compatible systems of
reverse and strike-slip faults. To calculate the directions of stress axes in the Cretaceous, we
removed faults in the Cretaceous with similar geometric—kinematic positions to Paleocene,
Eocene, Oligocene, Pliocene, Miocene, and Quaternary faults in the dataset. Stress axes
trends associated with the Cretaceous were obtained using the remaining faults with trends
that were not similar to any of the faults related to the previous periods.

2. The second deformation stage was characterized by NE-SW direction compression
(NO035°). This stress axis direction was obtained using the Eocene and Oligocene strata. To
determine stress axes directions in the Oligocene, fault data were collected from 6 outcrops
(sites 9, 15, 16, 21, 24, and 25), faults were removed with geometric-kinematic positions
(trends of the faults and rakes of the slickenlines) similar to those in the Pliocene, Miocene,
and Quaternary faults, and the rest of the fault’s stress axes direction was determined
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in the Oligocene. To calculate the stress axes directions in the Eocene, fault data were
collected from 19 outcrops (sites 1, 2, 3,4, 5, 6,7, 8, 12, 18, 20, 22, 27, 30, 31, 34, 35, 36, and
37), faults were separated from the primary fault dataset, Eocene fault data with similar
geometric—kinematic positions to that in the Oligocene, Pliocene, Miocene, and Quaternary
faults were removed, and stress axes directions related to the Eocene were obtained for the
remaining faults.

3. The most recent episode is characterized by two systems of reverse and strike-
slip faults consistently indicating an average N046° direction of compression (1) found
in 6 outcrops (sites 10, 11, 23, 26, 28, and 29). To obtain the direction of stress axes in the
Quaternary, the faults related to this time were separated from all datasets and used to
determine the stress tensors in the Quaternary.

The deviatoric stress tensors that were calculated and are associated with the cur-
rent stress state of the SSZ deformation domains show a homogeneous stress field. The
earthquake focal mechanisms analysis [50] conducted in the SSZ suggested that strike-slip
faulting associated with the NE-SW direction of compression has been generated. Based on
the inversion of earthquake focal mechanisms and geomorphic evidence, the present state
of stress was analyzed by ref. [51]. These authors reported that the current o1 direction
is N030°, which agreed with the axis of shortening inferred from the processing of GPS
data [52]. The modern stress field was characterized in the N046° “o1 direction for almost
all of the analyzed sites related to the Quaternary. Five of six sites, including sites 10, 11,
26, 28, and 29, indicated the o1 direction to be the same as the regional stress state pattern
(Table 2). However, the last site (site 23) showed a different and perturbed orientation from
the regional modern stress state pattern. Site number 23 is situated at a two fault systems
junction with NE-SW trending. The mean values of the o1 axes with NE-SW orientation in
the Quaternary, deduced from the kinematic analysis of the fault data, indicate a strike-slip
regime and are in accordance with the vectors of GPS in the area. Figure 7 shows the trend
of the maximum horizontal stress axes (chmax) of the current stress solutions.

The northward motion of Arabia with respect to Eurasia is controlling the active tec-
tonics of Iran, as indicated by the current mean direction of chmax (01) ~N010°, measured
by GPS motion relative to Arabia—Eurasia convergence [6,15,53]. The active subduction
of the Arabian Plate below the Iranian micro-continent is visible on the surface of the
Makran tectonic province [54]. However, the region is influenced by Makran subduction
and Arabia—Eurasia collision. Kinematic and geometric data of structural features affected
by these geodynamic processes indicate the present strike-slip regime of the Shekarab
Mountains in eastern Iran. For the Quaternary, the mean direction of o1 is NE-SW, and
the stress regime is strike-slip. The value of ® obtained from the 37 sites was ~0.5 in most
locations (Table 2).

Some faults in the Shekarab Mountains only cut units related to certain geologic
periods. For example, the F21 and F22 faults cut the Cretaceous units. Therefore, these
faults were created because of the Cretaceous stress regime and were not reactivated
by younger tectonic control. However, several tectonic regimes reactivated the F5 and
F14 faults that cut the Paleocene, Eocene, Oligocene, Neogene, and Quaternary units.
These faults occurred on rock units; hence, they were post-tectonic. Multiple-direction
slickensides did not occur in a single phase of deformation, but were created during several
stages of deformation. The presence of several slickenslides on a single fault plane were
due to changes in stress over time.

Inversion of the separate datasets helped to elucidate the significant changes in the
direction of o1, including the NW-SE trend in the late Cretaceous, the nearly NE-SW
direction in the Eocene, and the NE-SW direction in the Quaternary. Therefore, the direction
of the major stress axis (01) has rotated in the Shekarab Mountains (Figures 11 and 12).
This kind of interpretation related to stress field rotations has been used in various regions,
including the Gabriel region, California [55]; Honduras [56]; Matanuska Valley, Alaska [57];
the Lake Mead fault system [49]; SE Chalkidiki, northern Greece [58]; and the San Andreas
fault system located in southern California [59].
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5. Conclusions

The inversion of distinct datasets enabled us to determine that the Shekarab Mountains
have experienced occasional variations in stress regimes over time.

The separation of data based on fault kinematics revealed three continuous stress
regimes in the study area. Inferred from analyses of fault kinematics, the o1 direction is
~N046° for the Quaternary stress state.

The Quaternary compression direction (01) roughly coincides with the current con-
vergence direction between Arabia and Eurasia. Cretaceous and Quaternary stress tensors
differed significantly, as shown by our analyses of brittle structures in the Shekarab Moun-
tains. Our findings indicated that the compression direction (01) shifted from N290° during
the Cretaceous—Paleocene, to N035° during the Eocene, and to N046° during the Oligocene
to Quaternary.

Our compilation of paleostress data indicates that there have been different stress regimes
in the study area: compression in the Cretaceous to Paleocene, transpression from Eocene
to Oligocene, and strike-slip in the Quaternary. The results indicate that the stress regime’s
evolution corresponds to various tectonic events in the Shekarab Mountains. The stress states
exhibited two distinct transtensional and transpressional tectonic regimes from the late Eocene
to the Oligocene. Variations in the stress regime at sites 9 and 16 accounted for the transition
from a homogenous (transpression) to heterogeneous (transtension) in the Eastern Shekarab
Mountains. The information from sites 9 and 16 differed from the Oligocene stress state; in the
eastern part of the area, regional shifts in stress regime from transpressional to transtensional
caused the outcropping of volcanic rocks (andesite and dacite):

The initial phase of applied stress in the Shekarab Mountains was oblique thrusting,
with the directions of the main stress axes being o1 = N290°, 02 = N192°, and 03 = N026°
and the stress ratio = 0.3, which caused the uplift of ophiolites and peridotites.

The orientations of the principal stress axes in the second stage of transpressive stress
were 01 = N035°, 02 = N126°, and 03 = N304° with a stress ratio = 0.5.

Strike-slip was the third step in the stress regime, with the main stress axes being
ol =NO046°, 02 = N141°, 03 = N1315°, and @ = 0.5.
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