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ABSTRACT

The NW-SE trending Zagros Orogenic Belt was initiated during the convergence of the Afro-Arabian
continent and the Iranian microcontinent in the Late Cretaceous. Ongoing convergence is confirmed by
intense seismicity related to compressional stresses collision-related in the Zagros Orogenic Belt by
reactivation of an early extensional faulting to latter compressional segmented strike-slip and dip-slip
faulting. These activities are strongly related either to the deep-seated basement fault activities (deep-seated
earthquakes) underlies the sedimentary cover or gently dipping shallow-seated décollement horizon of the
rheological weak rocks of the Infra-Cambrian Hormuz salt. The Compressional stress regimes in the
different units plays an important role in controlling the stress conditions between the different units within
the sedimentary cover and basement. A significant set of nearly N-S trending right-lateral strike-slip faults
exists throughout the study area in the Fars area in the Zagros Foreland Folded Belt. Fault-slip and focal
mechanism data, were analyzed using the stress inversion method to reconstruct the paleo and recent stress
conditions. The results suggest that the current direction of maximum principal stress averages N19°E, with
N38°E that for the past from Cretaceous to Tertiary, (although a few sites on the Kar-e-Bas fault yield a
different direction). The results are consistent with the collision of the Afro-Arabian continent and the
Iranian microcontinent. The difference between the current and paleo-stress directions indicates an
anticlockwise rotation in the maximum principle stress direction over time. This difference resulted from
changes in the continental convergence path, but was also influenced by the local structural evolution,
including the lateral propagation of folds and the presence of several local décollement horizons that
facilitated decoupling of the deformation between the basement and sedimentary cover. The obliquity of the
maximum compressional stress into the fault trends reveal a typical stress partitioning of thrust and strike-
slip motion in the Kazerun, Kar-e-Bas, Sabz-Pushan, and Sarvestan fault zones, that caused these fault
zones behave as segmented strike-slip and dip-slip faults (Sarkarinejad et al., 2018).
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1. Introduction

There are some critical questions about the relationship between the stress regime during the
initiation of the Zagros orogenic belt and its later evolution. For example, as in some other
collisional orogens like Himalaya-Tibet orogen, is the compressional direction almost parallel to
the plate motion? What is the variation in the orientation of the principal stresses over time?
Previous work (e.g. Vernant et al., 2004 [1]; McQuarrie et al., 2003 [2]) suggested that the
convergence path between the Iranian microcontinent and the Afro-Arabian continent from the
Mesozoic to the Recent has been oblique and is deviated from N-E to the N. Is there data to support
these proposed compressional trends over time? The deformation in the sedimentary cover is
decoupled from the basement (likely at the level of the Hormuz salt). Is there any variation in the
stress direction between the sedimentary cover and the upper gneissic crust? Unlike the locations
of the studies by Lacombe et al. (2006) [3] and Navabpour et al. (2007) [4], the locations chosen
in our study were close to fault zones. In the vicinity of the main lateral fault zones (e.g., Kazerun
and Kar-e-Bas fault zones), is the stress regime similar to that in other parts of the Zagros orogenic
belt? In other words, is there any significant deviation of compressional direction in the vicinity of
the major lateral fault zone? This work will have a far reaching implication in seismicity of the
Zagros Orogenic Belt.

In this study, we inferred the paleo and recent stress regimes based on the inversion of fault-slip
data and earthquake focal mechanisms. We also used these results to test the role of the Infra-
Cambrian Hormuz salt (Mukherjee 2013 [5]) as a décollement horizon between the sedimentary
cover and the basement by comparing the results of the inversion of the fault slip and earthquake
focal mechanism data. The Fars area is a key region to understand the tectonic and kinematic
evolution of the Zagros Orogenic Belt from the Cenozoic to the recent times. The study area is
located in the central part of the Zagros Foreland Folded Belt (F-FOB) in the Fars salient (Figure
1). To evaluate the possible stress variations along the trend of the orogen from the northwest to
the southeast, the study area extends from the Kazerun to the Sarvestan fault zones (Figure 1).
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Figure. 1 Structural map and subdivision of the Iranian sector of the Zagros Orogenic Belt and location of the major

fault zones including the study area, (modified from Huber, 1977 [6]; Berberian, 1995 [7]; Sepehr and Cosgrove,

2005 [8] ; Sarkarinejad and Ghanbarian, 2014 [9]; Sarkarinejad and Zafarmand, 2017a,b [10-11]). H-FATB: Zagros
Hinterland Fold and Thrust Belt, F-FATB: Zagros Foreland Fold and Thrust Belt, F-FOB: Zagros Foreland Folded
Belt, FOD: Zagros Foredeep, ZTS: Zagros Thrust System, MRF: Main Recent fault, HZF: High Zagros fault, MFF:
Mountain Front fault, ZFF: Zagros Foredeep fault, BF: Balarud fault, IF: 1zeh fault, KF: Kazerun fault, KBF: Kar-e-
Bas fault, SPF: Sabz-Pushan fault, SF: Sarvestan fault, GF: Ghir fault. The AB black line indicates the cross-section

path of Figure 3.
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2. Tectonic and seismotectonic settings

The Zagros Orogenic Belt is the result of still continuing continent-continent collision between
the Iranian microcontinent and the Afro-Arabian continent which probably started in the Late
Cretaceous and developed during the Mio-Pliocene times (Falcon, 1974 [12]; Berberian and King,
1981 [13]; Alavi, 1994 [14]; Molinaro et al., 2005 [15], Lacombe et al.,2006 [16]; Aubourg et al.,
2010 [17]). The convergence of the Afro-Arabian continent with the Iranian microcontinent trends
N-S to NNE, with a convergence velocity ranging from 23 (Bayer et al., 2003 [18]) to 35 mm yr?
(DeMets et al., 1990 [19]) (Figure. 2). The NE-trending shortening rate increases from the
northwest to the southeast, up to approximately 10 mm yr* (Tatar et al., 2002 [20]; Vernant et al.,
2004 [1]). Some active transverse or cross-faults within the Zagros Orogenic Belt, such as the
Kazerun, Kar-e-Bas, Sabz-Pushan and Sarvestan faults, trend nearly north-south, at a high angle to
the structural trend of the orogenic belt, whereas other faults, such as the High Zagros and Mountain
Front faults, trend NW-SE, sub-parallel to the belt. Right lateral strike-slip faults cut across the
trend of the belt and terminate as thrusts parallel to the folds (Figures. 1 and 2). The lateral fault
zones through the Zagros Orogenic Belt play a major kinematic role by accommodating the change
in shortening, which is partitioned in the western central Zagros and non-partitioned in the eastern
Zagros (Yamini Fard et al., 2006 [21]).

Sarkarinejad and Ghanbarian (2014) [9] introduced new terminology that relates to Zagros
Orogenic Belt. They suggested that the Zagros Orogenic Belt could be divided into seven major
belts. In this paper we modified these divisions and introduce the new division that divides Zagros
Orogenic Belt into nine sub-parallel tectonic belts; These include from SW to NE: 1- Zagros
Foreland Folded Belt; 2- Zagros Foreland Fold-and-Thrust Belt; 3- Zagros Thrust System; 4-
Zagros Suture Zone / Ophiolite Zone; 5- Slate Belt; 6- Zagros Hinterland Fold-and-Thrust Belt; 7-
Sanandaj-Sirjan HP-LT Metamorphic Belt; 8- HT-LP Metamorphic Belt; 9- Urumieh-Dokhtar
Magmatic Belt (Figure 3). The Infra-Cambrian Hormuz salt in the Fars area lies on top of the
basement and served as the major décollement horizon during the Late Tertiary deformation. Other
décollement horizons include the Triassic Dashtak Formation (evaporites), the Cretaceous
Kazhdumi Formation (shale), and the lower Miocene Gachsaran Formation (evaporites). These
décollement horizons decoupled deformation between the basement and sedimentary cover and
also between different units within the sedimentary cover.
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Figure. 2 Structural map of the central Zagros Orogenic Belt showing geographic extent of the Gachsaran and
Hormuz evaporitic facies (Sherkati and Letouzey, 2004 [22]; Oveisi et al., 2009 [23]). ZTS: Zagros Thrust System,
HZF: High Zagros Fault, MFF: Mountain Front Fault, BF: Bala Rud fault zone, IF: 1zeh fault zone, KF: Kazerun
fault zone, KSF: Kar-e-Bas fault zone, SBZ: Sabz-Pushan fault zone, SF: Sarvestan fault. Upper right inset diagram
shows the Afro-Arabian continent and the Iranian microcontinent. White arrow shows 25-30 mm/yr motion of the
Afro-Arabian continent relative to the Eurasian continent. Lower right inset shows GPS velocities (mm/yr) in the
central Zagros with respect to stable Eurasia (Hessami et al., 2006 [24]). This map is modified from Sarkarinejad and
Ghanbarian (2014) [9].

Custal-scale cross-section of the Zagros Orogenic Belt
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Figure. 3 Crustal-scale cross section of the Zagros Orogenic Belt (divisions are modified from Sarkarinejad and
Azizi, 2008 [25]; Sarkarinejad and Ghanbarian, 2014 [9]); from SW to NE: (1) Zagros Foreland Folded Belt; (2)
Zagros Foreland Fold-and-Thrust Belt; (3) Zagros Thrust System (ZTS); (4) Zagros suture zone / Ophiolite zone; (5)
Slate Belt; (6) Zagros hinterland Fold-and-Thrust Belt; (7) Sanandaj-Sirjan HP-LT metamorphic Belt; (8) Sanandaj-
Sirjan HT-LP metamorphic Belt; (9) Urumieh-Dokhtar magmatic Belt.
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3. Inversion of Earthquake Focal Mechanism and Fault-Slip Data

To reconstruct the paleo and recent stress states within the study area, we applied two methods:
1) Inversion of the earthquake focal mechanisms and 2) inversion of fault-slip data. To determine
the present-day stress pattern in the western Fars, we used inversion of the earthquake focal
mechanisms described by previous studies (McKenzie, 1969 [26]; Otsubo et al., 2008 [27]; Yamaji
et al., 2011 [28]). Fault-slip analyses and paleostress methods are commonly applied to infer
different phases of extension and shortening (Angelier et al., 1990 [29]; Zalohar and Vrabec, 2007
[30]). We applied inversion of the slickenlines on fault planes to constrain the stresses responsible
for older phases of deformation. Both of these methods are based on the Wallace—Bott hypothesis
that expresses the slip vector of an earthquake as parallel to the resolved shear stress on the fault
(Wallace, 1951 [31]; Bott, 1959 [32]). The fault-slip inversion method assumes that (1) the rock
body is mechanically homogeneous and isotropic; (2) the rock has a linear viscous rheology (Twiss
and Unruh, 1998 [33]; Lacombe, 2012 [3]); (3) displacements on the fault planes are small with
respect to their lengths and there is no ductile deformation and, thus, no rotation of the fault planes;
(4) a tectonic event is characterized by a single homogeneous stress tensor; (5) the fault plane is a
pre-existing fracture and the slip responsible for the slickenlines occurs in the direction of
maximum resolved shear stress; and (6) the slip on each fault plane is independent of the slip on
all other fault planes. To infer the present-day state of stress in the Fars salient, we applied the
stress inversion method to the focal mechanism data. The data are the azimuth and dip of two nodal
planes and the rake of the lineations. The stress inversion methods assume a uniform state of stress.
To interpolate the P- and T- axes (approximations of maximum and minimum principal stress
directions), the method yields the principal stress axes and ratio between the principal stress
magnitudes. The misfit angle is the angle between the measured slickenlines and the calculated
relative shear stress, 1. The basic principle of inversion of slip data involves finding the best fit
between the observed directions and senses of slip on the numerous faults and theoretical shear
stress on these planes. Similar to the inversion of the earthquake focal mechanisms, the results are
reported as the trend and plunge of the three principal stress axes, 61, 62, and o3, and the ratio ® =
(0, — 03)/(0, — a3), which describes the shape of the stress ellipsoid and thus the nature of the
stress regime (for example, if o3 is vertical and ® close to 0, it is a reverse/strike-slip regime)
(Bott’s, 1959 [32]; Fossen, 2016 [34]).

4. Results of Stress Analyses
4.1. Earthquake focal mechanism inversion

Because earthquakes with higher magnitudes yield more accurate nodal plane locations and
geometries (e.g., Hatzfeld, 1999 [35] and Maggi et al., 2002 [36]), we have used earthquakes with
moment magnitudes Mw>4.2 in our analysis. Most of the thrust earthquakes (between 1968 to 2000,
Talebian and Jackson, 2004 [37]) occur along the SW Zagros margin, between the coastal plain of
the Persian Gulf and the Surmeh-Ghir thrust system while the strike-slip earthquakes are closely
associated with the Kar-e-Bas and Sabz-Pushan fault zones (Lacombe et al., 2006 [16]). The
Kazerun fault zone has both compressional dip-slip and strike-slip motion, and the Ghir fault zone
is dominantly compressional dip-slip. Because the seismicity in the central Zagros is beneath the
sedimentary cover and in the upper part of the basement (Tatar et al., 2004 [38] and Hatzfeld et al.,
2010 [39]), the results obtained from inversion of the focal mechanism refer to the foreland gneissic

42



Advance Researches in Civil Engineering g E
ISSN: 2645-7229, Vol.2, No.4, pages: 38- 49 E

basement. The results of earthquake focal mechanism inversion have been shown in Table 1 and
Figure 4.

Table 1. Results of inversion of the earthquake focal mechanisms. Te: and P61 indicate trend and plunge of
maximum compression, and To3 and Pos represent trend and plunge of minimum compression. ® is the shape
ratio (Sarkarinejad et al., 2018 [40])

location To1 Po:1 Tos Pos D
Kazerun Fault S46°W 09° N42°W 09° 0.04
Kar-e-Bas Fault N26°E 08° N65°W 08° 0.72
SabzPushan Fault | NOO°E 08° S88°E 08° 0.6
Ghir fault NO5°E 04° S63°W 83° 0.88
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Figure 4. Georlogical map of the study area showing maximum and minimum principal stress orientations based on
inversion of earthquake focal mechanism data for each fault zone (Sarkarinejad et al., 2018 [40])

4.2. Fault slip inversion

To evaluate the paleostress regime of the Kazerun, Kar-e-Bas, Sabz-Pushan, Sarvestan and Ghir
fault zones, we defined suitable sites along each fault and measured the strike and dip of the fault
plane, rake of the slickenline, and polarity of movement for each one in the field. For more
accuracy, all measurements have been done with Brunton compass. In each fault zone, the number
of sites and measurements is shown in Table 2. According to field observations and Anderson
(1951) [41], the fault systems in sites 10 and 11 in the Sarvestan fault zone and sites 12, 13, and 14
in the Ghir fault zone were back tilted prior to interpretation and analysis. Varied stress regimes
are specified by different orientations of the principal stress axes. The inversion of the fault slip
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data for the study area revealed stress regimes varying from compressional to tensional dip-slip
and strike—slip for the Kazerun, Kar-e-Bas, Sabz-Pushan, Sarvestan, and Ghir fault zones. Table 2
and Fig. 5 show the results of the analysis for each fault zone in the study area.

Table 2. Results of inversion of fault slip data. Te1, Po1, To2, P62, To3 and Po3 represent the trend and

plunge of the principal stresses (61, 62, 63 respectively). @ is the shape ratio and a is the misfit angle. b : the
sites were back tilted before interpretation (see Figure. 5).

site site latitude longitude Formation number Tol Pol To2 Po2 To3 Po3 (0 o
no. of data

01 Kazerunl,Normal Fault 29° 56" 16" 51735 10" Sarvak 9 220 78 332 05 063 12 01 | 14
01 Kazerunl,Strike-Slip Fault 29° 56" 16" 51°35" 10" Sarvak 9 260 35 074 55 168 03 05 | 7
02 Kazerun2,Normal Fault 29° 58" 40" 51°34" 19" Sarvak 5 017 69 270 06 177 20 03 | 3
02 Kazerun2,Strike-Slip Fault 29° 58" 40" 51°34° 19" Sarvak 18 031 05 250 84 121 04 05 | 16
03 Tang-e-Abulhayat,Strike-Slip 29°38" 33" 51747 23" Asmari 16 031 13 273 64 124 22 02 | 14

Fault
04 Tang-e-Abulhayat, Thrust 29°38" 15" 51747 30" Asmari 7 228 04 138 01 027 87 06 | 10
Fault

05 Kar-e-Bas1,Normal Fault 28° 54" 55" 52°16" 22" Pabdeh 8 291 67 028 03 119 24 03 | 7
06 Kar-e-Basl,Strike-Slip Fault 28° 54" 32" 52°17° 13" Asmari 7 043 22 207 67 311 06 02 | 7
07 Kar-e-Bas2 Fault 29°27° 16" 52709 26" Asmari 23 311 02 197 86 041 04 03 | 17
08 SabzPushan,Strike-Slip Fault 29° 127 13" 52°35749" Asmari 9 199 19 026 71 292 01 04 | 14
09 SabzPushan, Thrust Fault 29° 127 15" 52°35" 47" Asmari 40 018 08 288 05 167 80 08 | 7
10 Sarvestan,Sinstral Fault® 29° 00" 46" 53°19" 21" Asmari 5 355 06 101 67 261 21 01 | 3
10 Sarvestan,Dextral Fault 29° 00" 46" 53°19" 21" Asmari 10 233 27 001 50 129 27 03 | 8
11 Sarvestan, Thrust Fault 29° 00" 46" 537197 22" Asmari 5 224 20 315 02 050 71 0.5 2
12 Ghir,Strike-Slip Fault® 28°34" 17" 52° 58" 55" Asmari 16 024 00 293 70 112 20 02 | 13
13 Ghir,Thrust Fault ® 28°34" 18" 52° 58" 54" Asmari 8 042 06 309 24 145 65 0.2 5
14 Ghir,Normal Fault ® 28°347 17" 52° 58" 54" Asmari 7 152 56 300 29 039 16 03 | 13
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Figure 5. Stress orientations from inversion of fault slip data. Site numbers are listed below the spheres
(Sarkarinejad et al., 2018 [40])

5. Discussion

The stress regimes obtained by inverting the fault-slip data may be local or regional. Only results
that are consistent throughout the entire area can be considered tectonic regimes (Lacombe et al.,
2006). Thus, the results obtained from the sites with a small spread of slickenlines have been
eliminated. In each fault zone (Kazerun, Kar-e-Bas, Sabz-Pushan, Sarvestan, and Ghir fault zones),
the inversion of both the earthquake focal mechanisms and fault slip data provide information
regarding the temporal and spatial changes in the tectonic stress regime in the study area (Tables 1
and 2). These results allow us to illustrate changes in the direction of the principal compressional
stress from older deformation to the most recent deformation (Figs. 4 and 5). The inversion of the
earthquake focal mechanisms shows that the present day compressional direction averages ~N19°E
and is compatible with the general direction of the recent convergence between the Afro-Arabian
and Eurasian continents (~N13°E at the longitude of 52°E, Vernant et al., 2004 [1]). From NW to
SE (from Kazerun to Ghir fault zone), the spatial variation in the recent compressional trend has a
counterclockwise rotation. This rotation is consistent with the spatial change of the Afro-Arabian—
Eurasian convergence paths along the Zagros Orogenic Belt that has been previously suggested
(e.g., Vernant et al., 2004 [1]; Walpersdorf et al., 2006 [42]). On the other hand, the fault slip data
produce an average trend of ~N38°E for the paleo-compression direction. The relative consistency
of the results from the inversion of the focal mechanisms and the fault-slip data also suggests that
there is not a significant temporal variation in the direction of compression from Tertiary to recent
time in the study area, although there is an anticlockwise rotation of the compression through time
(over ~56 Ma). Fault slip date inversion also show an anticlockwise change of the compression
from upper Cretaceous to Oligocene (Table 4). In upper Cretaceous the compressional direction is
NE-SW, whiles in Oligocene it has rotated towards N. Although without the exact dating method,
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the actual time of faulting cannot be well constrained. Inversion According to reconstructions of
the long-term Afro-Arabian—Eurasian convergence paths (McQuarrie et al., 2003 [2]), the relative
plate motion changed from N30°E (56-33 Ma) to N25°E (33-19 Ma), NO9°E (19-10 Ma), and
NO5°E (last 10 Ma). We suggest that the variation in the compressional trend over time resulted
from changes in the continental convergence path, but that it was also influenced by the local
structural evolution, such as lateral propagation folds and the presence of several décollement
horizons that allowed decoupling of deformation between the basement and sedimentary cover
(Oveisi et al., 2007 [43]). Because the results that we have obtained from the inversion of the
earthquake focal mechanism and the fault slip data are from the foreland gneissic basement and
sedimentary cover, respectively, the relative consistency between the results suggests that the
compression has little inhomogeneity in both the overburden and the basement. Consequently,
there are few changes in the compressional trend between the upper crust and ductile Hormuz salt
décollement horizon. A comparison between the GPS surface displacement (Vernant et al., 2004
[1]; Tavakoli et al., 2008 [44]) with the early Pliocene compression in the Fars area (~ 5 Ma)
supports this suggestion.

6. Conclusion

- The compressional regimes obtained from the inversion of the fault-slip data and the
earthquake focal mechanisms are mutually consistent with the convergence between the Afro-
Arabian continent and Eurasian continent.

- In the study area within the Zagros Foreland Folded Belt (F-FOB), a comparison between the
paleo-compression directions obtained from fault-slip data and recent compression directions
obtained from earthquake focal mechanisms indicate that there was insignificant variation in the
compression direction throughout time. However, an anticlockwise rotation in the direction of the
principal compressional stress over time is compatible with the variation of Afro-Arabian and
Eurasian continental collision path. However, the NW compression direction observed in the
middle segment of the Kar-e-Bas fault is incompatible with an anticlockwise rotation.

- The compatibility of our results with those of Lacombe et al. (2006) and Navabpour et al.
(2007) indicates that there is not a significant difference in the compression direction in the vicinity
of the lateral fault zones compared to the other parts of the Zagros Orogenic Belt. Consequently,
the lateral fault zones (Kar-e-Bas, Sabz-Pushan and Sarvestan fault zones) may have initiated as
tear faults in the cover above the décollement horizon along the thrust (e.g., HZF and MFF), and
in recent times, these fault zones act as strike-slip/dip-slip faults in both the basement and the
sedimentary cover.

-The obliquity of the maximum principal stress into the fault trends reveal a typical stress
partitioning of dip-slip and strike-slip motion in the Kazerun, Kar-e-Bas, Sabz-Pushan, and
Sarvestan fault zones, that caused these fault zones behave as segmented strike-slip/dip-slip faults.

- The almost relative consistency in the compressional direction in both the sedimentary cover
and the gneissic basement suggests there is no significant change in the crustal compressional trend
between basement and cover.

- There are two sources of the fault activities either as pre-existing dip-seated reactivated faults
or shallow seated faults of the decoupling or décollement of rheological weak evaporates in the
study area.
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