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Berberian (1995), Berberian and Yeats (1999), Hessami 

et al. (2003), Nazari et al. (2013), and Fathian et al. 

(2016). Tectonic units and Arabian plate faults are 

modified after de Lamotte and Leturmy (2013) and 

Fathian et al. (2021). ....................................................... 9 

Figure 2: Seismotectonic setting of Iran. Faults are 

compiled and modified after Berberian (1995), Berberian 

and Yeats (1999), Hessami et al. (2003), and Fathian et 

al. (2016, 2021). Red, blue, and black beachballs 

symbolize fault plane solutions from the body waveform 

(Maggi et al., 2000; Talebian and Jackson, 2004; Nissen 

et al., 2011), the first motions (Shirakova, 1967; 

McKenzie, 1972; Jackson and Fitch, 1981; Ni and 

Barazangi, 1986; Nissen et al., 2019), and the Global 

Centroid Moment Tensor (GCMT; 

https://www.globalcmt.org) catalogs. Compared to a 

large number of historical earthquakes (red ellipses; 

Ambraseys and Melville, 1982; Berberian, 1995; 

Berberian and Yeats, 1999, 2001) in northern Iran (e.g., 

the Alborz), the Zagros in the southwest reflects much 

fewer in number historical events but intense 

instrumental seismicity. Orange circles denote the 

epicenter of the earthquakes (IRSC; http://irsc.ut.ac.ir). 

The study areas and the corresponding chapters of the 

thesis are demonstrated by transparent blue rectangles. 12 
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Figure 3: a) Regional tectonic setting of the Zagros 

orogen. White arrows and the numbers show the 

convergence velocity of the Arabian plate relative to the 

Eurasia fixed frame (Nocquet, 2012). Faults are 

compiled and modified after Berberian (1995), Berberian 

and Yeats (1999), Bahroudi and Talbot (2003), Hessami 

et al. (2003), Nazari et al. (2013), de Lamotte and 

Leturmy (2013), and Fathian et al. (2016). UDMA: 

Urmia-Dokhtar Magmatic Arc. b) Map of the Zagros 

orogeny structural subdivisions (see text for details). 

Orange circles highlight the earthquake epicenters from 

the Iranian Seismological Center online bulletin (IRSC; 

http://irsc.ut.ac.ir) for the period 2006 to 2018 

highlighting the nucleation of the earthquakes on the 

slabs and edges of the tectonic salients and recessions 

(i.e., Kirkuk embayment, Lurestan Arc, Dezful 

embayment and Fars arc). Dark grey ellipses represent 

the meizoseismal area of the documented earthquakes 

(Ambraseys and Melville, 1982; Berberian and Yeats, 

2001; Berberian, 2014). Red vectors show GPS 

velocities relative to the stable Eurasia frame (Khorrami 

et al., 2019). BF: Borazjan Fault; BRF: Bala Rud Fault 

system; DF: Dehshir Fault; HZF: High Zagros Fault; KF: 

Kazerun Fault; KhF: Khanaqin Fault; MFF: Main Front 

Fault; MRF: MISF: Masjid-i-Soleyman Fault; Main 

Recent Fault; MZRF: Main Zagros Reverse Fault; SF: 

Surmeh Fault; SPF: Sabz Pushan Fault; WF: Widyan 

Fault; ZFF: Zagros Foredeep Fault. c) Seismotectonic 

context of the study area. Orange circles show the 

earthquake epicenters from the IRSC online bulletin for 



i 
 

the period 2006 to 11 November 2017-the day before the 

Mw 7.3 Azgeleh earthquake. Green hexagons symbolize 

historical earthquake records (e.g., Ambraseys and 

Melville, 1982; Berberian and Yeats, 1999; Berberian, 

2014) and the numbers in transparent rectangles 

represent the dates of the events. Black and red fault 

plane solutions indicate the earthquakes (1948-2017) 

from body waveform (Maggi et al., 2000; Talebian and 

Jackson, 2004; Nissen et al., 2011) and the Global 

Centroid Moment Tensor (GCMT; 

https://www.globalcmt.org) catalogs, respectively. Blue 

beach balls denote first motions focal mechanisms 

(Shirakova, 1967; McKenzie, 1972; Jackson and Fitch, 

1981; Ni and Barazangi, 1986; Nissen et al., 2019). Red 

star marks the epicenter of the Azgeleh mainshock. Solid 

orange, blue and green rectangles indicate the location of 

the SAR image frames used for the coseismic 

deformation of the Azgeleh, Tazehabad, and Sarpol-e 

Zahab events, respectively. The orange rectangle frames 

also represent the SAR dataset applied to retrieve the 

postseismic deformation. .............................................. 27 

Figure 4: a) Tectonic setting of the Arabia-Eurasia 

collision illustrating the sub-domains of the Zagros 

orogen (modified after Fathian et al., 2021). White 

arrows exhibit the convergence velocities (Nocquet, 

2012) relative to a fixed Eurasia frame. KE: Kirkuk 

Embayment; LA: Lurestan Arc; DE: Dezful Embayment; 

FA: Fars Arc. b) Seismotectonic configuration of the 

southwestern Zagros. Faults are compiled and modified 

after Fathian et al. (2021) and references therein. Grey 
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ellipses are the documented meizoseismal areas of the 

seismic events, and the green hexagons represent the 

historical earthquakes (e.g., Ambraseys and Melville, 

1982; Berberian, 2014). Black, blue, and red beach balls 

denote the fault plane solutions from the Global Centroid 

Moment Tensor (GCMT; https://www.globalcmt.org), 

first motions (Jackson and McKenzie, 1984; Ni and 

Barazangi, 1986), and Swiss Seismological Service 

(ZUR-RMT; http://www.seismo.ethz.ch) catalogs, 

respectively. Red arrows indicate GPS velocities in a 

Eurasia fixed reference frame (Khorrami et al., 2019). 

Transparent green polygon demonstrates the Kazerun-

Qatar lineament zone outlining the incipient Qatar 

syntaxis (modified after Talbot and Alavi, 1996). Black 

lines network in the Persian Gulf illustrates the offshore 

2D seismic lines (NIOC). BF: Borazjan Fault; HZF: 

High Zagros Fault; KbF: Karehbas Fault; KF: Kazerun 

Fault; MA: Mand Anticline; MFF: Main Front Fault; 

QF: Qatar-South Fars Fault; SF: Sabzpushan Fault; SuF: 

Surmeh Fault; ZFF: Zagros Foredeep Fault.................. 40 

Figure 5: Map showing the geologic and morphologic 

units of the study area. Black stars represent the OSL 

dating values and the red stars indicate the radiocarbon 

ages from the marine terraces. The values are in ka BP. 

See Figure 6 for the AA′ profile. ZFF: Zagros Foredeep 

Fault; Fm: Formation; Bk: Bakhtiari; Lmb: Lahbari 

Member; Aj: Aghajari; Mn: Mishan; Gs: Gachsaran; As: 

Asmari; Pd: Pabdeh; Gu: Gurpi; Il: Ilam; Sv: Sarvak; 

Kz: Kazhdumi; Dr: Dariyan; Gv: Gadvan; Fa: Fahliyan; 

Hi: Hith; Sm: Surmeh; Hs: Hormuz Series. .................. 42 
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Figure 6: Schematic profile across the North Bushehr 

and Abtavil faults utilizing the Copernicus GLO-30 

DEM (see Figure 4-2 for the location of the profile). Ql 

unit—the lacustrine and playa deposits—is located 

between two older units of aeolian deposits (Qe) to the 

northeast and the alluvial flooded plain deposits (Qafp) 

to the southwest. Inset sketch indicates the deposits are 

not chronologically in order; the young deposits have 

been emplaced between the old and older deposits due to 

the movements of the active faults. ............................... 43 

Figure 7: Seismotectonic configuration of the Fars Arc in 

the Simply Folded Belt (SFB) of the southwestern 

Zagros. Red star denotes the epicenter of the Mw 6.3 

Shonbeh earthquake of April 9th, 2013 (IRSC; 

http://irsc.ut.ac.ir). Dashed blue rectangle shows the 

frame of the RADARSAT-2 images used to calculate the 

coseismic deformation of the Shonbeh earthquake. Red 

rectangles outline the frames of the COSMO-SkyMed 

SAR dataset applied for the postseismic phase of the 

event. Green hexagons and dark grey ellipses highlight 

the historical earthquakes and meizoseismal areas of the 

documented events, respectively (Ambraseys and 

Melville, 1982; Berberian and Yeats, 1999, 2001; 

Berberian, 2014). Black, grey, blue, and red beachballs 

symbolize the earthquakes from the Global Centroid 

Moment Tensor (GCMT; https://www.globalcmt.org), 

body waveform (Maggi et al., 2000; Talebian and 

Jackson, 2004; Nissen et al., 2011), first motion 

(Shirakova, 1967; McKenzie, 1972; Jackson and Fitch, 

1981; Ni and Barazangi, 1986), and Swiss Seismological 
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Service (ZUR-RMT; http://www.seismo.ethz.ch) 

catalogs, respectively. ................................................... 49 

Figure 8: a) Tectonic background of the 2017 Sarpol-e 

Zahab earthquake. The colored dots are the earthquakes 

(from 1976 to 2021) from the Global Centroid Moment 

Tensor (GCMT) catalog (https://www.globalcmt.org). b) 

Detailed tectonic map of the seismogenic area. The blue 

beach balls are from the GCMT catalog. Colored dots 

are the earthquakes (from 2006 to 2021 with M > 3.5) 

from the Iranian Seismological Center (IRSC; 

http://irsc.ut.ac.ir). Dark green boxes indicate the spatial 

extent of the Sentinel- 1 imagery used in this study. The 

coseismic slip distribution is given with the anti-listric 

fault model. Black beach balls are from Nissen et al. 

(2019). Red beach balls are the focal mechanisms of the 

2017 Sarpol-e Zahab mainshock and two smaller 

aftershocks. The green rhombuses represent the rupture 

time of the mainshock, which is mapped after Nissen et 

al. (2019). ZFF: Zagros Foredeep Fault; MRF: Main 

Recent Fault; HZF: High Zagros Fault; MFF: Mountain 

Front Fault. .................................................................... 57 

Figure 9: Seismotectonic configuration of the 

southeastern termination of the Zagros fold-and-thrust 

belt, southern Iran. Light blue and red stars represent the 

foreshock (Mw 6.2) and the mainshock (Mw 6.3), 

respectively. Dashed blue and orange rectangles outline 

the ALOS-2 and Sentinel-1 images, respectively. Dark 

brown ellipses and orange hexagons indicate the 

meizoseismal areas of the documented earthquakes and 

the historical events, respectively (Ambraseys and 
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Melville, 1982; Berberian and Yeats, 1999, 2001; 

Berberian, 2014). Black, grey, blue, and red beachballs 

denote the earthquakes from the Global Centroid 

Moment Tensor (GCMT; https://www.globalcmt.org), 

body waveform (Maggi et al., 2000; Talebian and 

Jackson, 2004; Nissen et al., 2011), and first motion 

(Shirakova, 1967; McKenzie, 1972; Jackson and Fitch, 

1981; Ni and Barazangi, 1986) catalogs, respectively. 

Red polygons highlight the outcropped diapirs. ........... 63 

Figure 10: Schematic 3D block diagram showing 

indenter tectonics in the Northwest Zagros controlled by 

lateral extrusion of the Lurestan Salient along the 

Khanaqin and Bala Rud transverse faults. Aseismic 

deformation uplifts the inner Lurestan Arc and the 

seismicity is concentrated on the front and the edges of 

the boundary between the Lurestan Arc and the 

Mesopotamian foreland basin (including the Kirkuk and 

Dezful Embayments). Two of the largest earthquakes 

documented in the Zagros (concentric black circles), the 

Saimareh (~9000 BCE; Mw 7.0) and Azgeleh (12 

November 2017; Mw 7.3) events, are analogically 

located on the slab of Lurestan Salient lateral boundaries. 

Solid red line and dashed red line with triangles 

represent the surface projection of the modeled faults in 

this study. Black solid lines are the compiled and 

modified faults. Light and dark grey 3D arrows denote 

the horizontal, southwestward extrusion of the Lurestan 

salient, and vertical strain partitioning in the Lurestan 

Salient; brittle deformation concentrates in the front 

while the inner parts uplift mainly aseismically. Hatched 
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arrows show regional dextral and sinistral movements 

along the Khanaqin and Bala Rud shear zones, 

respectively. Blue circles represent the relocated events 

in this study. Red beach balls indicate fault plane 

solutions of the Azgeleh, Tazehabad, and Sarpol-e Zahab 

events. Thick solid black lines in the section represent 

the faults from this study and the dashed black lines 

denote the inferred imbricate faults. Grey beach balls 

denote all fault plane solutions (see Figure 3-1c for 

references) within the study area. KhF, MFF, ZFF, HZF, 

and MRF are similar to the abbreviations in Figure 3-1; 

LAZF: Listric Azgeleh Fault; PAZF: Postseismic 
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MicMac open-source software. Red lines illustrate the 
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November 1990). .......................................................... 78 
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Abstract 
The northward movement of the Arabian plate 

has resulted in forming the Zagros orogen as one of the 

most tectonically active intracontinental fold-thrust belts. 

The ongoing rapid convergence presents a remarkable 

seismic and aseismic crustal deformation across the 

Zagros. This thesis copes with the crustal deformation 

and active tectonics within the Zagros front employing a 

multidisciplinary approach integrating Interferometric 

Synthetic Aperture Radar (InSAR) as well as 

seismology, earthquake geology, tectonic 

geomorphology, field investigations, photogrammetry, 

quaternary geochronology, and seismic data 

interpretation. 

In this thesis, in order to obtain an accurate, 

quantitative measurement across the tectonically active 

Zagros front, stacks of SAR images have been employed 

to provide important constraints used to model the 

mechanisms of stress accumulation along the active 

faults. I use the standard two-pass Differential SAR 

Interferometry (DInSAR) and Small Baseline Subset 

(SBAS) InSAR method (Berardino et al., 2002) to 

process a large number of SAR images to measure the 

coseismal and post seismic deformation due to the 

designated earthquakes-i.e., the Azgeleh, Tazehabad, and 

Sarpol-e Zahab (Chapter 3 and Chapter 6) earthquakes as 
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well as the Shonbeh (Chapter 5) and Fin earthquakes 

(Chapter 7). 

Chapter 3 and Chapter 6 address the largest 

earthquake in the Zagros -the Azgeleh event- and the 

following seismic sequence with a hugely destructive 

impact on a widespread area on the Iran–Iraq border. 

With a strong focus on the application of the remotely 

sensed SAR data, I investigate three significant 

earthquakes and the relevant postseismic phase utilizing 

the constraints from our exclusive, temporary local 

seismic stations network. I quantify and introduce, for 

the first time, a complex fault setting involved in the 

seismic sequence. I additionally introduce the existence 

of unrecognized NE-SW trend and E-W trend for dextral 

and sinistral faulting within the Northwest Zagros. 

Providing the characteristics of the seismic sources, 

which is of high importance to the seismic hazard 

assessment, I also discuss the Coulomb stress changes 

within the region and emphasize some potential areas 

with a likelihood for future earthquake(s). 

The Bushehr area (Chapter 4) provides a 

textbook example of fold-and-thrust belts, manifesting 

contemporaneous uplift, truncation, folding, faulting, 

and syn-kinematic offshore sedimentation. I provide 

detailed morphotectonic and Quaternary maps of the 

Bushehr area and document geomorphic markers 

associated with newly identified active faults and young 
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Quaternary folds in the area, such as the youngest and 

frontal-most active structures in the Zagros fold-and-

thrust belt. Utilizing RTK GNSS/GPS surveys and 

Quaternary geochronology, I investigate and quantify the 

slip rates of the faults and the uplift rate within the 

Bushehr Peninsula. I interpret the offshore 2D seismic-

reflection data and identify the subtle and young folding 

in the Persian Gulf. Integrating the onshore and offshore 

data, I evaluate and quantify the Quaternary and 

kinematic evolution of the truncated and uplifted 

structures in the Bushehr area, located in the lowland 

Zagros Foredeep. 

I examine some of the reactivated, basement-

involved Pan-African faults within the Zagros front. The 

Khanaqin fault (Chapter 3) and the Kazerun-Qatar 

lineament (Chapter 4) control the western boundaries of 

the Lurestan Arc and Fars Arc, respectively. This study 

presents a regional scale overview of the linkage 

between the identified active structures and the N-S 

orientation of these transverse faults outlining the 

indenter tectonics in the Zagros. The Darang fault 

(Chapter 5), identified in the Shonbeh seismic sequence, 

is another N-S-oriented strikeslip fault elongated east of 

the Kazerun-Qatar lineament. 

I present a study on the Shonbeh earthquake of 9 

April 2013 and the relevant seismic sequence (Chapter 

5). I quantify the coseismic and postseismic deformation 
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fields and reconstruct the sources, validated by the 

relocation and fault plane solutions of the aftershocks, 

recorded by a local seismic stations network, which 

reveals a complex set of faulting involved in the seismic 

sequence. I also study the Fin doublet earthquake 

(Chapter 7) in the easternmost corner of the Zagros 

Simply Folded Belt (SFB). The InSAR and back-

projection analyses reveal the characteristics of the 

mainshocks and the sub-events along a low-angle, south-

dipping thrust zone within the eastern termination of the 

Zagros fold-and-thrust belt. The thesis synthesizes and 

concludes the data and results provided in this study on a 

regional scale, and describes the indenter and escape 

tectonics within the Zagros, showing a successful 

application and integration of the InSAR, seismology, 

and neotectonics to elaborate on the mapped and 

unmapped tectonically active structures (e.g., active 

faults) as well as to hypothesize the interaction of the 

identified sources with the present-day morphology 

within the deformation front of the Zagros orogen. 

 

1 Scope  

1.1 Motivation and societal relevance 

The study of the seismic cycle deformation 

within a region is of high relevance in seismic hazard 

assessment. Historical and instrumental seismicity data 
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only constitute a minor part of the seismotectonic 

characteristics (including seismic potential) within a 

seismic region, to the extent that the existing catalogs are 

insufficient to cover the length of the earthquake cycle of 

the seismogenic faults, even in lands with ancient 

civilizations (e.g., Iran, China, and Italy), where 

earthquake events have long historical records. 

Locating in the Alpine-Himalayan orogenic belt, 

Iranian territory is frequently menaced by strong 

earthquakes, this earthquake-prone plateau has 

experienced a vast number of historical and instrumental 

earthquakes that devastated many cities, and actually, 

some of the most populated cities of Iran, such as Tehran 

and Tabriz are in the vicinity of and/or adjacent to, or 

even crossed by seismogenic faults. The Rubar-Manjil 

area in northern Iran, the Bam and the Birjand areas in 

central and eastern Iran have experienced strong and 

deadly earthquakes during the last decades. Tehran, the 

capital, and the most populated city of Iran is surrounded 

by a set of seismogenic faults (e.g., the North Tehran, 

Mosha, and Taleghan faults). Tabriz, the highly 

populated city in NW Iran, is close to one of the most 

active faults in the Iranian plateau. 

In fact, since 1900 A.D., several Iranian cities 

destroyed by great historical earthquakes have 

experienced weak instrumental seismicity (e.g., 

Ambraseys and Melville, 1982). This fact places these 
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cities in a critical condition since they have grown 

rapidly in terms of population, area, and economy in the 

last century, whereas seismic risk has not been strongly 

taken into consideration at the societal level. Drawing 

upon different approaches, plenty of researchers have 

studied the seismogenic behaviors of the active faults of 

Iran; nonetheless, little is known about their seismic 

cycle. Hence, it seems essential to apply cutting-edge, 

multi-disciplinary approaches in the identification of the 

characteristics of strain accumulation and release, in 

order to enhance our knowledge of the behavior of the 

seismogenic and tectonically active structures. This will 

actively contribute to developing the dataset necessary 

for the seismic hazard assessment within the seismically 

active regions in Iran. 

 

2 Introduction 

2.1 Study area 

2.1.1 Regional setting 

Iran is an active intra-continental collision zone 

(Figure 1) belonging to the Alpine-Himalaya orogenic 

belt (Jackson, 1992; Jackson and McKenzie, 1984). The 

belt contains convergence zones known as the African-
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Eurasian, Indian-Eurasian, and Arabian-Eurasian zones, 

respectively. Iran belongs to the central portion of the 

belt, where its recent surface morphology is a result of 

the young (since Miocene) collision between Arabia (to 

the south) and Eurasia (to the north) plates (e.g., Agard 

et al., 2005). Within this portion of the belt, the 

deformation has been generally concentrated on two 

active zones—the Caucasus-TaleshAlborz (to the north) 

and the Zagros (to the south) zones (e.g., Berberian and 

King, 1981). The Red Sea Rifting causes a northward 

motion in the Arabian Plate against the Eurasian Plate 

situated in the northern region (e.g., Stöcklin, 1968; 

Falcon, 1974). Based on the GPS measurements, the 

convergence rate reaches 22–25 mm/yr (Nilforoushan et 

al., 2003; Vernant et al., 2004). Almost 50% of the total 

shortening that occurred within the Iranian territory is 

concentrated within the Zagros domain (e.g., Vernant et 

al., 2004; Mouthereau et al., 2012). 

Seismicity in the Iranian plateau primarily 

focuses on the collisional areas that constitute the 

Makran to the south, the Zagros to the southwest, the 

Talesh, the central Alborz, and the Kopet Dagh to the 

north (e.g., Jackson and McKenzie, 1984). There is also 

a seismicity pattern along the major NNW-SSE strike-

slip faults in central Iran (Figure 2). Based on historical 

seismic catalogs, over 450 destructive earthquakes have 

been recorded in Iran since 600 B.C. (Ambraseys and 

Melville, 1982; Berberian and Yeats, 1999, 2001; 
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Berberian, 2014). During the last century, strong 

earthquakes (M > 6.5) have occurred, with an average 

frequency of 5–8 years (Berberian, 2014; e.g., Salmas 

(1930; Ms = 7.4), Buin Zahra (1962; Ms = 7.2), Dasht-

eBayaz (1968; Ms = 7.4), Tabas (1978; Ms = 7.7), 

Rudbar-Manjil (1990; Ms = 7.3), Furg (1990; Ms = 6.7), 

Qayen (1997; Ms = 7.3), Fandoqa (1998; Ms = 6.6), 

Bam (2003; Mw = 6.5), Khash (2013; Ms = 7.8), 

Azgeleh (2017; Mw = 7.3), and so on). 
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Figure 1: Tectonic context of the Arabia-Eurasia collisional zone. 

Faults are compiled and modified after Berberian (1995), Berberian 

and Yeats (1999), Hessami et al. (2003), Nazari et al. (2013), and 

Fathian et al. (2016). Tectonic units and Arabian plate faults are 

modified after de Lamotte and Leturmy (2013) and Fathian et al. 

(2021). 

2.1.2 The Zagros Mountains 

Extending from the Taurus Mountains 

(northeastern Turkey) to the Strait of Hormuz (southern 

Iran), the 1800-km long Zagros is one of the world’s 

most active and youngest orogens. This range, with ca. 
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300 km in width, accommodates a high rate of 

deformation and seismic activity (Falcon, 1969; Haynes 

and McQuillan, 1974; Berberian, 1995; Hessami et al., 

2001; Talebian and Jackson, 2004). The closure of the 

Neo-Tethyan Ocean due to the NE-dipping subduction of 

the Arabian plate below the Iranian micro-continent and 

a subsequent collision -beginning in the Neogene- has 

formed this fold-thrust belt (Stöcklin, 1968; Falcon, 

1974; Berberian and King, 1981; Berberian et al., 1982; 

Berberian, 1983, 1995; Alavi, 1994). 

The Zagros seismicity is delimited to a ca. 200 

km wide zone of small- to mid-sized earthquakes 

between the Main Zagros Reverse Fault (MZRF) and the 

Persian Gulf (Figure 2). The earthquakes mainly occur 

along the oblique-slip faults (e.g., the MZRF and the 

Kazerun fault), the high-angle reverse faults that strike 

parallel to the trend of the fold axes, and/or the master 

blind thrust faults (Jackson and McKenzie, 1984; Baker 

et al., 1993; Ni and Barazangi, 1986; Berberian, 1995; 

Karasözen et al., 2019). Unlike in the other 

seismotectonic provinces of Iran (e.g., the Alborz and 

Central Iran), both large earthquakes and surface 

ruptures in the Zagros are rarely observed (Ambraseys 

and Melville, 1982; Talebian and Jackson, 2004; 

Berberian, 2014). 



Active tectonics of the Zagros front 
 

11 
  



Active tectonics of the Zagros front 
 

12 
 

Figure 2: Seismotectonic setting of Iran. Faults are compiled and 

modified after Berberian (1995), Berberian and Yeats (1999), 

Hessami et al. (2003), and Fathian et al. (2016, 2021). Red, blue, 

and black beachballs symbolize fault plane solutions from the body 

waveform (Maggi et al., 2000; Talebian and Jackson, 2004; Nissen 

et al., 2011), the first motions (Shirakova, 1967; McKenzie, 1972; 

Jackson and Fitch, 1981; Ni and Barazangi, 1986; Nissen et al., 

2019), and the Global Centroid Moment Tensor (GCMT; 

https://www.globalcmt.org) catalogs. Compared to a large number 

of historical earthquakes (red ellipses; Ambraseys and Melville, 

1982; Berberian, 1995; Berberian and Yeats, 1999, 2001) in 

northern Iran (e.g., the Alborz), the Zagros in the southwest reflects 

much fewer in number historical events but intense instrumental 

seismicity. Orange circles denote the epicenter of the earthquakes 

(IRSC; http://irsc.ut.ac.ir). The study areas and the corresponding 

chapters of the thesis are demonstrated by transparent blue 

rectangles. 

The Zagros Fold-Thrust Belt (ZFTB) is the 

external subdomain of the Zagros orogen (e.g., Alavi, 

2007) where approximately one-half to one-third of the 

present-day convergence rate (22 ± 2 mm/y) is 

represented by seismic deformation. In this thesis, I have 

focused on the very outer part of the ZFTB -the Zagros 

front-where significant seismic events have occurred 

close to the borders of the domain (Figure 2). 

2.2 Methods and data 

In this thesis, to complete the dataset necessary 

for seismic hazard assessment in Iran, I try to provide 

brand new data by focusing on active tectonics in the 

Zagros front utilizing a multidisciplinary approach. A 

wide range of methods, including Space-borne 

http://irsc.ut.ac.ir/
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Interferometric Synthetic Aperture Radar (InSAR) 

techniques, morphotectonics, seismology, 

paleoseismology, and remote sensing come together 

combined with data modeling and field surveys to 

accomplish the study. Since the methods are explained in 

detail in Chapters 3–7, in this section, I briefly elaborate 

on some of the methods applied in the thesis. 

2.2.1 InSAR 

Crustal deformation is one of the most important 

parameters used for the observation and modeling of the 

seismic cycle of strain accumulation and release. The 

improvements in satellite Earth Observation data and 

methods over the last two decades have provided a way 

to measure crustal movements with good accuracy and 

spatial coverage. In particular, multi-temporal Synthetic 

Aperture Radar (SAR) satellite data sets and SAR 

interferometric techniques have demonstrated the 

capacity to obtain information on the dynamics of the 

deformation occurring during an earthquake and then the 

following post-seismic phase. Table 1 lists the SAR 

dataset used in this thesis. 

Synthetic Aperture Radar Interferometry 

(InSAR) can measure the projection of the deformation 

vector onto the Line of Sight (LOS) direction providing 

unique capabilities for the study of crustal deformation 

and active processes. In fact, InSAR is a remote-sensing 
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technique and does not require fieldwork, and can be 

available practically worldwide. SAR is a coherent 

active microwave image instrument, which can acquire 

data during daytime or nighttime, and virtually under all 

meteorological conditions. The phase difference between 

the two acquisitions can be related to the changes in the 

geometric distance of the radar antenna from the 

illuminated object, provided the backscattered signals are 

sufficiently correlated (Bürgmann et al., 2000; 

Massonnet et al., 1993; Zebker et al., 1994). 

Several issues, however, may complicate the 

application of InSAR to a single image pair. Firstly, 

several sources (e.g., vegetation, ground movement, soil 

erosion, etc.) may cause the SAR phases at the two 

acquisitions to be statistically decorrelated (Zebker and 

Villasenor, 1992), and thus unrelated to the changes in 

the geometric distance from the radar. The recovery of 

the integer multiples of 2π, and hence the determination 

of the phase gradient between any two interferogram 

pixels, represents a 2D phase unwrapping problem, for 

which only approximate solutions can be found. Finally, 

the measured differences in travel times (or distances) 

can also be influenced by unmodeled effects, e.g., due to 

variable propagation velocity through the variably 

refractive atmosphere (mainly due to water vapor content 

in the troposphere and Total Electron Content in the 

ionosphere) and to uncertainties in the satellite position. 
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Nevertheless, the accuracy of the obtained measurements 

affecting the surface after an event is about 1–2 cm. 

To overcome the aforementioned limitations 

relative to using a single differential SAR interferometry 

(DInSAR) pair, in the last 2 decades Multi-Temporal 

InSAR techniques (MTInSAR) were developed which 

exploit the redundancy offered by tens or hundreds of 

image pairs to reduce such issues (e.g., Bürgmann et al., 

2000). The output of these techniques are the ground 

displacement time series and the mean velocity along the 

LOS, temporally referred to the first acquisition date of 

the analyzed image stack, and spatially referred to a 

reference point or area within the studied area of interest. 

 

Table 1: Space-borne Synthetic Aperture Radar (SAR) images used 

to estimate the coseismic and postseismic phases of the selected 

earthquakes in this thesis. JAXA: The Japan Aerospace Exploration 

Agency; ESA: The European Space Agency; ASI: The Italian Space 

Agency; CSA: The Canadian Space Agency. 

**The table is presented on the next page 
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The existing MT-InSAR algorithms fall into two 

categories, namely the Persistent Scatterer (PS) (Ferretti 

et al., 2001) and the Small Baseline (SBAS) (Berardino 

et al., 2002) approaches, although more recently hybrid 

algorithms exploiting the basic principles of both 

methodologies have also been proposed (Hooper, 2008). 

The PS methods aim to identify coherent radar targets 

exhibiting a high phase stability over the whole temporal 

span of the observations. These targets are only slightly 

affected by temporal and geometrical decorrelation, and 

often correspond to man-made structures or bare rocks. 

In contrast, in the original SBAS approach (Berardino et 

al., 2002), interferometric pairs are chosen to minimize 

temporal and geometric decorrelation, allowing 

deformation time series to be retrieved for distributed 

scatterers, i.e., neighboring radar resolution cells, which 

are not dominated by a single scatterer and share the 

same backscattering properties. In the best case, both PS 

and SB multi-temporal InSAR approaches can reach 

accuracies as high as 1 mm/yr (Casu et al., 2006; Hooper 

et al., 2012). 

The workflow for the SBAS module in the 

SARscape® software is: (i) connection graph generation 

(a network of image pairs); (ii) interferometric step, 

which generates a stack of interferograms, and filters 

them using the Goldstein adaptive filter (Goldstein and 

Werner, 1998), and then the phase is unwrapped using 

the Minimum Cost Flow (MCF) method (Costantini, 
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1998); (iii) refinement and re-flattening, which estimates 

and removes the topographic and constant phases as well 

as the possible phase ramps from the unwrapped stack; 

(iv) first inversion, the first estimate of the displacement 

rate and residual heights are calculated and used to re-

flatten the interferograms. A second unwrapping is also 

performed; (v) the second inversion removes the 

atmospheric phase component to clean and calculate the 

final displacement velocity and time series; (vi) 

geocoding of the final products. 

2.2.2 Seismology  

To study the microseismicity of the seismic 

sequence following the main events of Azgeleh (Chapter 

3) and Shonbeh (Chapter 5), local seismological 

networks were installed. The operated network, 

including CMG-6TD, 3-component seismometers, 

CMG-5TD accelerometers connected to CMG-DM24 

Guralp recorders, and Titan digitizer connected to 20-s 

3-component Lennartz seismometers, recorded the 

aftershocks for a 7- and 6-week period for the Azgeleh 

and Shonbeh seismic sequence, respectively. The 

aftershocks are initially processed based on the proposed 

velocity model for the Zagros (Hatzfeld et al., 2003). 

Constraining an azimuthal gap less than 180°, root mean 

square traveltime residual (RMS) less than 0.2 s as well 

as the epicenter and depth uncertainties of less than 2 

km, a subset of the aftershock, recorded by at least 10 
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stations, is selected. The subsets are employed in the 

VELEST program (Kissling, 1988) to obtain appropriate 

velocity models based on 1D inversion P and S arrival 

times of bestlocated aftershocks, and located the selected 

events with the Hypocenter 3.2 program (Lienert and 

Havskov, 1995). 

Back-projection analysis of seismic events 

(Chapter 7) is a technique that has been widely used to 

study shallow earthquakes (e.g., Ishii et al., 2005, 2007; 

K. T. Walker et al., 2005; Pulido et al., 2008; Walker and 

Shearer, 2009; Honda and Aoi, 2009). The back-

projection method processes arrays of coherent 

waveforms and images the earthquakes by time reversing 

seismograms from an array to a grid of potential source 

locations (Kiser et al., 2011; Kiser and Ishii, 2017) based 

on a one-dimensional seismic model such as IASP91 

(Kennett and Engdahl, 1991): 

 

𝑠𝑗(𝑡) =  ∑ ωij(t)fij(t +  τij)
𝑁

𝑖=1
  

 

where 𝑠 𝑗(𝑡) is a stacked time series, at a source 

grid point 𝑗, dependent on time (𝑡). 𝑁 is the total number 

of the seismic stations, and 𝜔𝑖𝑗 is the weighting function 

for station 𝑖 and source point 𝑗. 𝜏𝑖𝑗 is predicted time shift 

at the 𝑖th station to the 𝑗th grid point (e.g., Kiser and 

Ishii, 2017). 
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2.2.3 Neotectonics 

Morphotectonic investigations within the study 

areas were made via a combination of approaches, to 

gather and produce data to infer the tectonically active 

structures and their kinematics. 

Following the mapping based on the satellite 

imagery, field studies with both classical and neotectonic 

approaches were performed to prepare detailed 

Quaternary and morphotectonic maps (e.g., Chapter 4 

and Chapter 5). In the Bushehr area, 25 test pits 

(approximately 1 m in depth, length, and width) were 

excavated to collect sediments as well as Optically 

Stimulated Luminescence (OSL) (e.g., Rhodes, 2011) 

and radiocarbon (14C) (e.g., Walker, 2005) samples to 

classify the sediments and define the age of the 

sedimentary units. Two sites on the uplifted marine 

terraces and two selected sites along the newly 

introduced Khormuj fault zone and the relevant 

morphotectonic features were also investigated by RTK 

GNSS/GPS to generate highresolution digital surface 

models (DSM) of the sites. Paleoseismological 

investigations were also performed along the Khormuj 

fault with a surface signature. We additionally used 2D 

reflection seismic data to study the offshore area of 

Bushehr (Chapter 4). All seismic interpretations were 

executed through the Kingdom Suite software. 
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The field investigations corresponding with 

Chapter 3 are not reported in this thesis, and the field 

observations will be used in an independent study on the 

coseismic slope instabilities and superficial features due 

to the Azgeleh earthquake. 

 

3 Complex co- and postseismic faulting of the 

2017– 2018 seismic sequence in western Iran 

revealed by InSAR and seismic data 
 

Abstract 

The largest earthquake in the Zagros Mountains 

struck the city of Azgeleh on the Iran–Iraq border on 12 

November 2017. This Mw 7.3 earthquake was followed 

by an intense seismic sequence. Implementing the 

double-difference earthquake location technique, we 

relocate 1069 events recorded by our local seismic 

network deployed after the mainshock. The spatial 

distribution of the epicenters indicates linear alignments 

of the events nucleated along at least four notable 

clusters. The clusters are characterized by at least one 

significant earthquake, such as the Tazehabad earthquake 

of 25 August 2018 (Mw 5.9) along a dense, east-west 

trending cluster and the Sarpol-e Zahab earthquake of 25 

November 2018 (Mw 6.3) along the cluster with a 
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northeast-southwest trend. We use two-pass differential 

SAR interferometry (DInSAR) and Small BAseline 

Subset (SBAS) methods to study the coseismic 

permanent displacements of the Azgeleh, Tazehabad, 

and Sarpol-e Zahab events as well as the one-year 

postseismic deformation field of the 2017–2018 seismic 

sequence, respectively. We use non-linear and linear 

optimization algorithms to derive the source geometry 

and the slip distribution along the fault planes. The 

inversion is conducted by introducing also seismological 

constraints, leading to the definition of a listric geometry 

for the Azgeleh mainshock rupture that accommodates 

the slip area at depth of 10–16 km along a sub-horizontal 

plane (dipping ~3°) and a low-angle (~16°) ramp. The 

thrust and dextral movements along this NNW-striking 

(~345°) fault have triggered a tear fault responsible for 

the Tazehabad event ruptured an eastwest trending 

(~267°), north-dipping (~78°) sinistral shear fault. We 

present the dextral slip distribution of the Sarpol-e Zahab 

event along a NE-striking (~34°) fault, as a synthetic 

Riedel structure for the southern segment of the 

Khanaqin fault, dipping 63° to the southeast. We find the 

postseismic deformation field associated with the 

seismic sequence is not confined only to the mainshock 

source (the Azgeleh fault), but also develops along the 

Tazehabad and Sarpol-e Zahab faults. We additionally 

propose afterslip along a duplex, flat-ramp-flat structure 

downdip and up-dip of the Azgeleh coseismic slip area. 
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The up-dip afterslip develops onto the shallow 

detachment (~3°) at depth of ~8 km and the down-dip 

afterslip propagates onto the mid-crustal décollement 

level within the Pan-African basement. The Azgeleh, 

Tazehabad, Sarpol-e Zahab, and Khanaqin faults mark 

the Lurestan Arc-Kirkuk Embayment sharp margin in the 

Northwest Zagros and play a key role in the lateral 

escape of the Lurestan Salient and vertical strain 

partitioning in the Zagros front. 

3.1 Introduction 

Located in the central part of the Alpine-

Himalayan orogenic belt, the Zagros orogen is one of the 

youngest and most tectonically active intra-continental 

belts in the world (e.g., Haynes and McQuillan, 1974; 

Stöcklin, 1974; Blanc et al., 2003). Due to the ongoing 

Iran-Arabia NS convergence (Figure 3a), the NW-SE-

oriented Zagros Mountains are still under deformation by 

~50% of the measured convergence rate (22 ± 2 mm/y) 

(e.g., Vernant et al., 2004). The Zagros Mountains 

(Figure 3b) consist of three main tectonostratigraphic 

domains including, from southwest to northeast, the 

Mesopotamia-Persian Gulf Foreland Basin, the Zagros 

FoldThrust Belt (ZFTB), and the Zagros Imbricated 

Zone (ZIZ; also known as High Zagros Zone: HZZ). 

The ZFTB, as the external part of the Zagros 

Mountains, includes three subdomains: The Zagros 
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Foredeep Zone, the Mountains Front Flexure Zone 

(MFFZ), and the Simply Folded Belt (SFB) (Falcon, 

1974; Berberian, 1995; Bahroudi and Koyi, 2003, 2004; 

Alavi, 2007). In the area, there are four physiographic 

provinces, namely the Kirkuk Embayment, the Lurestan 

Arc (also known as the Pusht-e Kuh Province), the 

Dezful Embayment, and the Fars Arc (Figure 3c) 

(Stöcklin, 1968; Bahroudi and Koyi, 2004; Alavi, 2007). 

The domains and subdomains of the Zagros are mainly 

separated by the master blind thrust faults (Figure 3b), 

such as the Zagros Foredeep Fault (ZFF), the Main Front 

Fault (MFF), the High Zagros Fault (HZF), the Main 

Recent Fault (MRF), and the Main Zagros Thrust Fault 

(MZT), as introduced by Berberian (1995). These 

basement-involved thrust faults cut through the folded 

Phanerozoic sedimentary cover and control the 

deformation of the cover in a thin-skinned tectonic 

regime (e.g., Berberian, 1995; Motagh et al., 2015; 

Copley et al., 2015). The Zagros accommodates intense, 

low- to moderate-magnitude seismic events (e.g., 

Barnhart et al., 2013; Karasözen et al., 2019). The 

earthquakes in the Zagros are distributed across a ~200 

km wide zone (Figure 3b), commonly along the master 

blind thrust faults (e.g., Berberian, 1995), within the 

sedimentary cover-between 8 to 14 km-beneath the 

Hormuz Salt Formation (Jackson and Fitch, 1981; Ni 

and Barazangi, 1986; Baker et al., 1993; Hessami et al., 

2001). The lower Cambrian Hormuz, consisting of salt 
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units in the Fars Arc and shales in the Lurestan Arc, 

detach the sedimentary cover from the crystalline 

basement (Berberian, 1995; McQuarrie, 2004; Sherkati 

and Letouzey, 2004; Alavi, 2007). Thus, due to the 

influence of the Hormuz units, surface faulting in the 

Zagros is observed in rare cases (e.g., Talebian and 

Jackson, 2004; R. T. Walker et al., 2005) and the surface 

is truncated and accommodates parallel folds (e.g., 

Nissen et al., 2011). 
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Figure 3: a) Regional tectonic setting of the Zagros orogen. White arrows and the numbers show the 

convergence velocity of the Arabian plate relative to the Eurasia fixed frame (Nocquet, 2012). Faults are 

compiled and modified after Berberian (1995), Berberian and Yeats (1999), Bahroudi and Talbot (2003), 

Hessami et al. (2003), Nazari et al. (2013), de Lamotte and Leturmy (2013), and Fathian et al. (2016). UDMA: 

Urmia-Dokhtar Magmatic Arc. b) Map of the Zagros orogeny structural subdivisions (see text for details). 

Orange circles highlight the earthquake epicenters from the Iranian Seismological Center online bulletin (IRSC; 

http://irsc.ut.ac.ir) for the period 2006 to 2018 highlighting the nucleation of the earthquakes on the slabs and 

edges of the tectonic salients and recessions (i.e., Kirkuk embayment, Lurestan Arc, Dezful embayment and 

Fars arc). Dark grey ellipses represent the meizoseismal area of the documented earthquakes (Ambraseys and 

Melville, 1982; Berberian and Yeats, 2001; Berberian, 2014). Red vectors show GPS velocities relative to the 

stable Eurasia frame (Khorrami et al., 2019). BF: Borazjan Fault; BRF: Bala Rud Fault system; DF: Dehshir 

Fault; HZF: High Zagros Fault; KF: Kazerun Fault; KhF: Khanaqin Fault; MFF: Main Front Fault; MRF: MISF: 

Masjid-i-Soleyman Fault; Main Recent Fault; MZRF: Main Zagros Reverse Fault; SF: Surmeh Fault; SPF: Sabz 

Pushan Fault; WF: Widyan Fault; ZFF: Zagros Foredeep Fault. c) Seismotectonic context of the study area. 

Orange circles show the earthquake epicenters from the IRSC online bulletin for the period 2006 to 11 

November 2017-the day before the Mw 7.3 Azgeleh earthquake. Green hexagons symbolize historical 

earthquake records (e.g., Ambraseys and Melville, 1982; Berberian and Yeats, 1999; Berberian, 2014) and the 

numbers in transparent rectangles represent the dates of the events. Black and red fault plane solutions indicate 

the earthquakes (1948-2017) from body waveform (Maggi et al., 2000; Talebian and Jackson, 2004; Nissen et 

al., 2011) and the Global Centroid Moment Tensor (GCMT; https://www.globalcmt.org) catalogs, respectively. 

Blue beach balls denote first motions focal mechanisms (Shirakova, 1967; McKenzie, 1972; Jackson and Fitch, 

1981; Ni and Barazangi, 1986; Nissen et al., 2019). Red star marks the epicenter of the Azgeleh mainshock. 

Solid orange, blue and green rectangles indicate the location of the SAR image frames used for the coseismic 
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deformation of the Azgeleh, Tazehabad, and Sarpol-e Zahab events, respectively. The orange rectangle frames 

also represent the SAR dataset applied to retrieve the postseismic deformation. 
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Deformation in the Zagros is also accommodated 

along transverse faults. These deep-seated, basement-

involved Pan-African structures have repeatedly 

displaced fold axes, and seismicity patterns (Figure 3b). 

Lateral displacement of the MFF (Figure 3b) is also a 

result of the reactivation of these strike-slip faults 

(Hessami et al., 2001) bounding the Lurestan and Fars 

salient (Alavi, 2007). The seismically active strike-slip 

faults are mostly the N-S trending ones reported in the 

western Fars Arc, such as the Kazerun and Borazjan 

faults (Figure 3b) (Hessami et al., 2001; Walpersdorf et 

al., 2006; Nissen et al., 2011). However, Hessami et al. 

(2001) suggest some of the Pan-African strike-slip faults 

are associated with few moderate- to large-magnitude 

earthquakes indicating these faults are aseismic and 

deformation along them occurs as creeping. The 

Khanaqin fault is one of these faults showing little 

historical and/or considerable instrumental seismicity in 

the Northwest Zagros (Figure 3b, c). The rightlateral 

Khanaqin fault together with the seismically active Bala 

Rud sinistral thrust fault system have displaced the MFF 

for more than 130 km and about 120 km and mark the 

boundary of the Lurestan Arc with the Kirkuk 

Embayment to the northwest and the Dezful Embayment 

to the southeast, respectively (Figure 3b) (Hessami et al., 

2001; Alavi, 2007). 

The Mw 7.3 earthquake of 12 November 2017, 

termed as the “Azgeleh event”, occurred on the boundary 
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of the Lurestan Arc and the Kirkuk Embayment (Figure 

3c). The Azgeleh event is the largest instrumentally 

recorded earthquake in the Zagros orogen and, in other 

words, the largest seismically documented event ever in 

this region, although historical seismicity studies show 

the Silakhor earthquake of 1909 A.D. (Figure 3b, c) to be 

of the same order at M 7.3- 7.4 (Ambraseys and 

Melville, 1982; Berberian, 2014). Unlike in the other 

structural domains in the Iranian Plateau, such as the 

Alborz and Central Iran, the Zagros has experienced only 

two earthquakes of magnitude 7 and/or larger to date. 

The Saimareh event (Figure 3c), around 9000 BCE, is 

possibly another documented large-magnitude 

earthquake (>Mw 7.0) along the Zagros (Berberian, 

2014). 

The Azgeleh event has been termed differently in 

other studies as the Darbandikhan, Sarpol Zahab, Sarpol 

Zahāb, Ezgeleh, Ezgeleh-Sarpolzahab, Sarpol-e Zahab, 

and Kermanshah (Barnhart et al., 2018; Yang et al., 

2018; Vajedian et al., 2018; Feng et al., 2018; Chen et 

al., 2018; Ding et al., 2018; Gombert et al., 2019; Nissen 

et al., 2019; Kuang et al., 2019). The large magnitude 

and the aftermath of the Azgeleh event have triggered 

much geoscientific research. Using Synthetic Aperture 

Radar (SAR) coherence analysis, Karimzadeh et al. 

(2018), Washaya and Balz (2018), and Olen and 

Bookhagen (2018) studied the damage to buildings and 

affected urban areas. Triggered landslides and rockfalls 
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as well as liquefaction were investigated by 

Interferometric Synthetic Aperture Radar (InSAR), 

coherence analysis, and field observations (Miyajima et 

al., 2018; Vajedian et al., 2018). Tavani et al. (2018) 

provided subsurface data of seismic reflection profiles 

and interpreted the geometry of the inferred faults within 

the hypocentral area of the Azgeleh event. The 

mainshock source model was also inferred by inversion 

of teleseismic, regional, and local data (Chen et al., 

2018; Ding et al., 2018; Nissen et al., 2019) and near-

field strong motions (Gombert et al., 2019). Many 

researchers produced abundant observations inferred 

from Synthetic Aperture Radar (SAR) data. Barnhart et 

al. (2018), Feng et al. (2018), Wang and Bürgmann 

(2018), Yang et al. (2018), and Fathian et al. (2019) 

investigated the coseismic and postseismic deformation 

and related source models using InSAR-based 

techniques. Yang et al. (2018), Vajedian et al. (2018), 

Tolomei et al. (2018), Wang et al. (2018), Chen et al. 

(2018), Ding et al. (2018), Kuang et al. (2019), Nissen et 

al. (2019), and Gombert et al. (2019) presented 

coseismic displacement maps and source parameters 

constrained by InSAR observations, resolving a roughly 

similar geometry of 14° to 18° dip at a focal depth 

between 13 and 18 km. Barnhart et al. (2018) proposed a 

model of a ramp-flat fault with a lower dip of 1°–5° for 

the up-dip afterslip. 
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The source geometry introduced in previous 

studies only covers the epicentral area of the mainshock, 

and little information is available on the eastern and 

southern regions of the retrieved mainshock fault, where 

an intense occurrence of the aftershocks exists. In this 

chapter, we expand the investigation beyond the 

epicentral area of the mainshock and to the aftershocks 

to identify whether these regions relate to the mainshock 

source and to explore other possible sources triggered by 

the mainshock and/or involved in the surface 

deformation. Another aim of this chapter is the relevance 

of the distribution and the concentrations of the seismic 

events around the Lurestan Arc and the Kirkuk 

Embayment boundary where an abrupt change in 

topography has characterized the margin; this will 

provide insights to understand better the exceptional 

occurrence of the large-magnitude Azgeleh event and the 

characteristics of the studied events. The mainshock was 

followed by more than 10,000 aftershocks (Ml > 0.4) 

from 12 November 2017 to April 2019, among which 17 

events occurred with magnitude 5.0 or larger (Iranian 

Seismological Center: IRSC). On 25 August 2018, an 

Mw 5.9 occurred near the city of Tazehabad (herein 

termed as the “Tazehabad event”), 45 km to the east of 

the Azgeleh epicenter, and one year after the Azgeleh 

earthquake, an Mw 6.3 struck the city of Sarpol-e Zahab 

(herein termed as the “Sarpol-e Zahab event”) on 25 

November 2018. The majority of the large aftershocks, 
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including the Tazehabad and Sarpol-e Zahab events, are 

associated with strike-slip focal mechanisms (Global 

Centroid Moment Tensor: GCMT), and the epicenter of 

the largest aftershocks are located within the different 

alignments of the aftershocks.  

We firstly document the earthquake data 

recorded from a dense local seismic stations network 

deployed after the Azgeleh event and subsequently 

relocate the selected records utilizing the double-

difference earthquake location technique (Waldhauser, 

2000). We study the coseismic permanent displacement 

of the Azgeleh, Tazehabad, and Sarpol-e Zahab events. 

Next, we acquire the postseismic deformation of the 

epicentral area of the 2017–2018 seismic sequence and 

analyze the complexity of the faults involved in the 

seismic sequence as well as their contribution to the 

postseismic phase. We use two-pass and multi-temporal 

interferometric techniques-i.e., Differential SAR 

Interferometry (DInSAR) and Small BAseline Subset 

(SBAS) methods—to study the coseismic and 

postseismic deformation fields of the earthquakes in the 

region, respectively. To retrieve the source parameters 

for coseismic and postseismic deformation, we used non-

linear and linear optimization algorithms to find the best-

fit data source; InSAR observations were modeled 

introducing seismological and tectonic constraints, as 

described in detail in Sections 3.4 and 3.5. We also use 

the Coulomb Failure Function (CFF) to estimate the 
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stress change caused by the Azgeleh event on the 

previously mapped faults and the recently retrieved 

sources within the epicentral area of the seismic 

sequence. In this chapter, the Azgeleh, Tazehabad and 

Sarpol-e Zahab events refer to individual earthquakes, 

and the Azgeleh, Tazehabad, and Sarpol-e Zahab faults 

pinpoint sources retrieved via modeling of the InSAR 

observations of these events. 

We introduce, for the first time, a set of faults 

involved in the 2017–2018 seismic sequence in western 

Iran including: a duplex (flat-ramp-flat) fault structure, 

an east-striking sinistral tear fault, as well as a north-

striking and a northeast-striking dextral strike-slip faults, 

all of which have been seismically active right after the 

mainshock and involved in the postseismic phase. We 

present afterslip along the retrieved sources and up-dip 

and down-dip afterslip on the mainshock source fault. 

We show the interaction of the faults’ activity with the 

morphology and topography of the ZFTB on the frontal 

edge of the Lurestan Arc. The location of the previously 

mapped faults in the Zagros is speculative and inferred; 

accordingly, large misfits with InSAR observations 

could be observed. We compiled, modified, and mapped 

the faults within the study area to reduce the misfits and 

obtain a more detailed and precise location of the faults 

in order to analyze the role of the available structures in 

the deformation of the 2017– 2018 western Iran seismic 

sequence. 
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4 Active on- and offshore tectonics in the 

Bushehr area (Zagros, SW Iran) 
 

Abstract 

This study focuses on the tectonically active 

structures within the Bushehr area, SW Iran, using 

tectonic geomorphology, remote sensing, and Quaternary 

geochronology. In addition, 2D seismic-reflection data 

were interpreted, imaging active subsurface structures 

offshore in the Persian Gulf. Reviewing the Chahpir, 

Abtavil, and Mand anticlines, we investigate in detail 

both the onshore and offshore Quaternary evolution of 

the Bushehr anticline as the frontal-most tectonically 

active structure in the Bushehr Peninsula. We identified, 

mapped, and documented at least two generations of 

uplifted marine terraces that show lateral elevation 

decrease from the anticline apex. The older terrace 

(Terrace-I) dates from ca. 32 ka BP and is ca. 25 m 

APSL, while the younger (Terrace-II) dates from ca. 3.7 

ka BP and is only ca. 1.4 m APSL, proposing a local 

uplift rate of ca. 0.8 mm/yr across the Bushehr 

Peninsula. We introduce the Bushehr, Abtavil, and North 

Bushehr active faults as well as a fault branch -the Kharg 

Mish fault- aligned with the N-S-trending Kharg fault, 

associated with the Bushehr anticline axis. The ca. 16 km 

long Abtavil anticline, located in the northeast of the city 

of Bushehr, is associated with the Abtavil and North 
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Bushehr faults. The North Bushehr Fault has displaced 

Quaternary deposits, where the young unit is emplaced 

between the old and older units. Ongoing deformation in 

the study area is documented by offshore 2D seismic-

reflection data that show the development of a recent 

sedimentary depocenter offshore of the Bushehr 

Peninsula. The seismic-reflection data show evidence for 

syndepositional recent folding, defining the presentday 

deformation along the Zagros orogenic front in the 

Persian Gulf. Similar observations are also documented 

in the active offshore Mand syncline adjacent to the 

onshore Mand anticline with a consistent trend. Seismic 

interpretations characterize active folding of the Bushehr 

anticline and the offshore Mand syncline since ca. 600 

ka BP as a minimum. Integrated on- and offshore 

geological analysis indicates that the congruent bending 

of the northern hinges of the Mand syncline, and the 

Bushehr and Mand anticlines, can be linked to active 

shortening accompanied by slip partitioning in the Qatar 

syntaxis along the roughly N-S trending, PanAfrican 

transverse faults. The study area provides a textbook 

example, imprinting contemporaneous incipient 

deformation and syn-kinematic sedimentation. 
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4.1 Introduction 

The Zagros orogen is characterized by an array of 

tectonic recessions and salients (Figure 4a) consisting 

from northwest to southeast of the Kirkuk Embayment, 

the Lurestan Arc, the Dezful Embayment, and the Fars 

Arc outlined by the transverse Pan-African faults-e.g., 

the Khanaqin, Bala Rud, and Kazerun faults (Berberian, 

1995; Hessami et al., 2001; Alavi, 2007; Fathian et al., 

2021). Some salt diapirs are attributed to the N-S-

oriented dextral transverse faults in the central Zagros, 

such as the Kazerun and Borazjan faults, forming the 

Kazerun-Qatar and Mangarak-Marzuk lineament (Figure 

4b) (Kent, 1979; Talbot and Alavi, 1996; Koyi et al., 

2008). 

The Bushehr area (including the Bushehr 

Peninsula) lies in the very southwestern boundary of the 

Fars Arc and the Dezful Embayment (Figure 4b) in the 

central Zagros. Multiple, moderate-sized historical and 

instrumental earthquakes, such as the 1824 (Ms > 6.0), 

1986 (Ms 5.5), and 1988 (Ms 5.8) A.D. (Ambraseys and 

Melville, 1982; Berberian, 2014), are associated with the 

Kazerun fault system, including the Kazerun and 

Borazjan faults (Figure 4b). However, low- to moderate-

sized historical and/or instrumental earthquakes are less 

frequent within the Bushehr area, where few active 

structures have been reported.  
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In this study, we investigate, review, and 

introduce the tectonically active structures within the 

Bushehr area (Figure 4). We focus on the onshore and 

offshore of the Bushehr area to study the tectonically 

active structures and explore the link between the active 

structures and the present-day morphology. Using 

optical satellite imagery and field observations, we 

provide a detailed Quaternary geological map of the 

area. In addition, using sedimentary classifications, 

geomorphological approaches, real-time kinematic 

(RTK) GNSS/GPS surveys as well as Optically 

Stimulated Luminescence (OSL) and radiocarbon (14C) 

dating techniques, we identify, describe, interpret, and 

date the tectonically active features within the Bushehr 

area. Through interpretation of offshore 2D seismic-

reflection data, we outline the offshore active structures 

and resolve the structural and kinematic connections 

between the onshore and offshore structures. 
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Figure 4: a) Tectonic setting of the Arabia-Eurasia collision illustrating the sub-domains of the Zagros orogen 

(modified after Fathian et al., 2021). White arrows exhibit the convergence velocities (Nocquet, 2012) relative 

to a fixed Eurasia frame. KE: Kirkuk Embayment; LA: Lurestan Arc; DE: Dezful Embayment; FA: Fars Arc. b) 

Seismotectonic configuration of the southwestern Zagros. Faults are compiled and modified after Fathian et al. 

(2021) and references therein. Grey ellipses are the documented meizoseismal areas of the seismic events, and 

the green hexagons represent the historical earthquakes (e.g., Ambraseys and Melville, 1982; Berberian, 2014). 

Black, blue, and red beach balls denote the fault plane solutions from the Global Centroid Moment Tensor 

(GCMT; https://www.globalcmt.org), first motions (Jackson and McKenzie, 1984; Ni and Barazangi, 1986), and 

Swiss Seismological Service (ZUR-RMT; http://www.seismo.ethz.ch) catalogs, respectively. Red arrows 

indicate GPS velocities in a Eurasia fixed reference frame (Khorrami et al., 2019). Transparent green polygon 

demonstrates the Kazerun-Qatar lineament zone outlining the incipient Qatar syntaxis (modified after Talbot 

and Alavi, 1996). Black lines network in the Persian Gulf illustrates the offshore 2D seismic lines (NIOC). BF: 

Borazjan Fault; HZF: High Zagros Fault; KbF: Karehbas Fault; KF: Kazerun Fault; MA: Mand Anticline; MFF: 

Main Front Fault; QF: Qatar-South Fars Fault; SF: Sabzpushan Fault; SuF: Surmeh Fault; ZFF: Zagros 

Foredeep Fault. 

 

http://www.seismo.ethz.ch/
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A particular focus of this study is on the 

tectonically active Bushehr and Abtavil anticlines 

(Figure 5) concerning the Quaternary uplift of these 

structures associated with active faulting. We study the 

uplifted marine terraces in the Bushehr Peninsula and 

show their chronological relationship with the growth of 

the Bushehr anticline. We furthermore quantify the slip 

rate of active faults using OSL and radiocarbon dating 

across the study area. The study finally documents the 

dynamic linkage between tectonically active offshore 

synclines and anticlines and onshore trends of folding 

and faulting. We integrate on- and offshore analysis to 

show the interaction of early-stage tectonic activity of 

structures across the Zagros deformation front. 
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Figure 5: Map showing the geologic and morphologic units of the 

study area. Black stars represent the OSL dating values and the red 

stars indicate the radiocarbon ages from the marine terraces. The 

values are in ka BP. See Figure 6 for the AA′ profile. ZFF: Zagros 

Foredeep Fault; Fm: Formation; Bk: Bakhtiari; Lmb: Lahbari 

Member; Aj: Aghajari; Mn: Mishan; Gs: Gachsaran; As: Asmari; 

Pd: Pabdeh; Gu: Gurpi; Il: Ilam; Sv: Sarvak; Kz: Kazhdumi; Dr: 
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Dariyan; Gv: Gadvan; Fa: Fahliyan; Hi: Hith; Sm: Surmeh; Hs: 

Hormuz Series. 

 

 

Figure 6: Schematic profile across the North Bushehr and Abtavil 

faults utilizing the Copernicus GLO-30 DEM (see Figure 4-2 for the 

location of the profile). Ql unit—the lacustrine and playa deposits—

is located between two older units of aeolian deposits (Qe) to the 

northeast and the alluvial flooded plain deposits (Qafp) to the 

southwest. Inset sketch indicates the deposits are not 

chronologically in order; the young deposits have been emplaced 

between the old and older deposits due to the movements of the 

active faults. 

 

5 Shallow deformations within the coastal 

Zagros; insights from InSAR, seismic, and 

morphological data 
 

Abstract 

The Zagros orogen accommodates intense 

seismicity due to the ongoing deformation. However, 

outcropping faults are rarely observed and/or 
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documented. The earthquakes of Furg (November 6th, 

1990) and Qir-Karzin (April 10th, 1972) are unique 

events, which are associated with a surface rupture in the 

Zagros Fold-and-Thrust Belt (ZFTB). The study of 

seismic cycle deformation within a region is of high 

significance to have a better understanding of the 

kinematic behavior of a seismogenic fault. We use two-

pass differential Synthetic Aperture Radar Interferometry 

(DInSAR) to process the C-band RADARSAT-2 images 

to study the coseismic deformation of the Mw 6.3 

Shonbeh earthquake of 9 April 2013. Utilizing the Small 

Baseline Subset (SBAS) method, we process a large 

number of X-band, COSMO-SkyMed images to measure 

the postseismic deformation field due to the Shonbeh 

event. We implement the Hypocenter program to 

relocate 3553 recorded aftershocks by our temporary 

local seismic network in the month following the 

mainshock. We additionally determine 53 fault plane 

solutions for the locally recorded aftershocks, indicating 

both reverse and strike-slip components. Exploiting the 

available SAR dataset from the beginning of 2013 to 

mid-2014, we observe the concentration of the 

deformation along at least two NW-striking zones 

arranged in a right-step pattern and parallel to the trend 

of the folds. The spatial and hypocentral distribution of 

the locally recorded earthquakes denotes the nucleation 

of the aftershocks along six NW-SE trending clusters, 

where the inferred, associated faults dip to SW and NE. 
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Two other N-S clusters of sub-vertically aligned 

hypocenters appear to associate with strike-slip motion. 

Non-linear and linear inversions of the coseismic 

deformation as well the hypocentral nucleation of the 

aftershocks indicate the distribution of the coseismic slip 

along at least two NW-SE trending segments aligned in a 

right stepping pattern, where the NW and SE segments 

dip to the southwest and northeast, respectively. We also 

use tectonic geomorphology and paleoseismology to 

document a previously unknown outcropped fault within 

the Zagros. This ~20 km fault zone lies between the 

Khormuj and Khaki anticlines, where the Simply Folded 

Belt (SFB) of the Zagros is physiographically known as 

the coastal Zagros. The Khormuj anticline, located in the 

northeast of the city of Khormuj, was previously linked 

to the Main Front Fault (MFF), which is running on the 

southern limb of the anticline. Further to the south, the 

oblique-slip Khormuj fault zone, which strikes roughly 

N120°, cuts the Quaternary sediments and displaced 

streams and ridges laterally and vertically. Opposite to 

the NE-ward dip of the MFF, the Khormuj fault dips to 

the southwest -approximately 75°- where the southern 

block is uplifted, marking the trace of the fault on the 

ground. Our field surveys and RTK GNSS/GPS 

observations indicate significant dextral strike-slip 

displacement compared to the dip-slip offset. We 

observe a sequence of fluvial risers in three different 

levels along the Khormuj fault. Observations from a 
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paleoseismological trench perpendicular to the Khormuj 

fault scarp evidence signatures of at least two 

paleoearthquakes. The Optically Stimulated 

Luminescence (OSL) age of the bottom of the colluvium 

wedge correlated with the older event indicates the latest 

event to be younger than 25±8 ka considering the fault 

cuts these deposits up to the surface. 

5.1 Introduction 

The external part of the generally NW-SE-

oriented Zagros Mountains, known as the Zagros Fold-

Thrust Belt (ZFTB), lies between the Mesopotamia-

Persian Gulf Foreland Basin to the southwest and the 

High Zagros Zone (HZZ) to the northeast separated by 

the Zagros Foredeep Fault (ZFF) and the Main Front 

Fault (MFF), respectively. The ZFTB consists of the 

Zagros Foredeep Zone, the Mountain Front Flexure 

Zone, and the Simply Folded Belt (SFB) (Falcon, 1974; 

Berberian, 1995; Bahroudi and Koyi, 2003, 2004; Alavi, 

2007). The ZFTB includes four physiographic provinces: 

from northwest to southeast, the Kirkuk Embayment, the 

Lurestan Arc, the Dezful Embayment, and the Fars Arc 

(Stöcklin, 1968; Bahroudi and Koyi, 2004; Alavi, 2007). 

The Zagros accommodates approximately one-

third to one-half of the measured ArabiaEurasia 

convergence (22±2 mm/y) (e.g., Vernant et al., 2004; 

Masson et al., 2005) forming one of the active and most 



Active tectonics of the Zagros front 
 

47 
 

rapidly deforming orogen globally. The SFB, as the 

southern/ southwestern subdomain of the ZFTB, 

accommodates ~5–10 mm/yr of the active shortening 

(Hessami et al., 2006; Walpersdorf et al., 2006). The 

seismicity in the Zagros is distributed across an 

approximately 200 km wide zone exhibiting low-to 

moderate-sized earthquakes within the depths ranging 

from 8 to 14 km (Jackson and Fitch, 1981; Ni and 

Barazangi, 1986; Baker et al., 1993). An earthquake of 

Mw 6.3 (herein termed as the Shonbeh event) hit the 

Shonbeh area in southwestern Iran. The epicentral area 

of the earthquake and the distribution of the following 

aftershocks cover an area on the frontal edge of the 

Zagros Simply Folded Zone, southwestern Iran, between 

the Kaki and Kangan anticlines (Figure 7). 
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Figure 7: Seismotectonic configuration of the Fars Arc in the Simply 

Folded Belt (SFB) of the southwestern Zagros. Red star denotes the 

epicenter of the Mw 6.3 Shonbeh earthquake of April 9th, 2013 

(IRSC; http://irsc.ut.ac.ir). Dashed blue rectangle shows the frame of 

the RADARSAT-2 images used to calculate the coseismic 

deformation of the Shonbeh earthquake. Red rectangles outline the 

frames of the COSMO-SkyMed SAR dataset applied for the 

postseismic phase of the event. Green hexagons and dark grey 

ellipses highlight the historical earthquakes and meizoseismal areas 

of the documented events, respectively (Ambraseys and Melville, 

1982; Berberian and Yeats, 1999, 2001; Berberian, 2014). Black, 

grey, blue, and red beachballs symbolize the earthquakes from the 

Global Centroid Moment Tensor (GCMT; 

https://www.globalcmt.org), body waveform (Maggi et al., 2000; 

Talebian and Jackson, 2004; Nissen et al., 2011), first motion 

(Shirakova, 1967; McKenzie, 1972; Jackson and Fitch, 1981; Ni and 

Barazangi, 1986), and Swiss Seismological Service (ZUR-RMT; 

http://www.seismo.ethz.ch) catalogs, respectively. 

 

Active fault mapping in the Zagros is mainly 

speculative and inferred (e.g., Fathian et al., 2021) due to 

the weak surface signature of faulting (e.g., Talebian and 

Jackson, 2004) as well as the large errors for the 

epicenter and depths of the earthquakes in the catalogs 

(e.g., Karasözen et al., 2019). Moreover, the historical 

earthquake records (e.g., Ambraseys and Melville, 1982) 

in Zagros are much fewer in number relative to the other 

seismotectonic provinces in Iran. In this study, we use 

multiple approaches to introduce previously unknown 

active faults as well as to compile and modify the 

previously mapped faults with a more precise location 

and lower misfits. To study the parameters of the 

https://www.globalcmt.org/
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responsible sources for the Shonbeh earthquake, which 

can provide important information on the kinematic 

behaviors along this part of the coastal Zagros, we use 

Interferometric Synthetic Aperture Radar (InSAR) data 

acquired from C-band RADARSAT-2 as well as the 16-

month X-Band COSMO-SkyMed dataset to retrieve the 

correspondent coseismic and postseismic deformation 

fields, respectively. We apply a standard slip inversion to 

recover the source parameters of the associated fault(s). 

We additionally relocate the aftershocks recorded by our 

local seismic network installed five days after the 

mainshock using the double-difference method 

(Waldhauser, 2000), and present 53 fault plane solutions 

of the aftershocks. 

Termed as the Khaki-Shonbe earthquake, Elliott 

et al. (2015) have earlier studied the coseismic 

deformation of the Shonbeh event using the InSAR and 

seismic data. Considering only two scenarios of SW- and 

NE-dipping sources, they propose two along-strike, SW-

dipping fault segments. Merging the relocated 

earthquakes with multiple scenarios of the source 

models, we propose different attributes for the Shonbeh 

coseismic sources different from that of Elliott et al. 

(2015). Furthermore, we infer and introduce a complex 

fault setting, including reverse and strike-slip faults, 

involved in the Shonbeh seismic sequence.  
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In this study, we also use tectonic 

geomorphology, paleoseismology, RTK GNSS/GPS 

surveys, and data from a paleoseismological trench 

perpendicular to the Khormuj fault scarp, to investigate 

the nature and kinematics of this previously unknown 

outcropping fault located at the deformation front of the 

Zagros fold-and-thrust belt. 

 

6 Transient aseismic slip following the 2017 

Mw 7.3 Sarpol-e Zahab earthquake: Possible 

evidence for fault frictional heterogeneity and 

thin-skinned shortening following a thick-

skinned basementinvolved faulting in the 

Zagros fold-thrust belt 
 

Abstract 

We use interferometric synthetic aperture radar 

(InSAR) observations to investigate the fault model and 

afterslip evolution within 3 years after the 2017 Sarpol-e 

Zahab, Iran, Mw 7.3 earthquake. The anti-listric fault 

which is very similar to flat-and-ramp structure inverted 

by kinematic afterslip models is proposed to simulate the 

coseismic slip and afterslip evolution. 
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Compared with listric faults, linear inversions 

demonstrate that a planar fault can explain the oseismic 

deformation well enough. However, the stress 

perturbations caused by this basement-involved faulting 

propagated upward to the sedimentary cover. The 

transition of sedimentary cover-basement interface 

inferred by afterslip models is at a depth of ~13 km in 

the seismogenic zone, which coincides with the regional 

stratigraphic profile and indicates that the significant 

afterslip updip of the coseismic rupture is mainly 

controlled by frictional properties. We additionally find 

that the postseismic deformation is dominated by 

afterslip while the viscoelastic response is negligible 

with the best-fitting viscosity, which is of the order of 

1019 Pa s. Compared to the best-fitting kinematic 

afterslip model, the stress-driven afterslip model tends to 

underestimate early postseismic deformation to the west, 

which may indicate the spatial heterogeneity of the 

frictional property of the fault plane. Because the 

coseismic rupture propagated along a basement-involved 

fault while the postseismic slip was likely to activate the 

frontal structures and/or shallower detachments in the 

sedimentary cover, the 2017 Sarpol-e Zahab earthquake 

may act like a typical event that contributes to both of 

the thick- and thin-skinned shortening of the Zagros in 

both seismic and aseismic way. 
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6.1 Introduction 
The ongoing collision between the Eurasian and 

Arabian Plate has led to the formation of one of the most 

tectonically and seismically active intra-continental 

orogens: the northwestsoutheast striking the Zagros 

Mountains in southwestern Iran. The convergence 

velocity between the Eurasian and Arabian Plates is ~2 

to 3 cm/yr, almost half of which is accommodated by the 

Zagros Mountain belt (Figure 6-1a; e.g., Vernant et al., 

2004; Khorrami et al., 2019). In northwestern Zagros, 

the deformation rate is partitioned as ~5 mm/yr of 

dextral strike-slip motion along northwest-southeast 

trending faults and ~4 mm/yr of shortening 

perpendicular to the mountain belt, while in southeastern 

Zagros the deformation is ~9 mm/yr pure shortening 

perpendicular to the belt (Walpersdorf et al., 2006). 

Contemporary active deformation around the 

Zagros Fold-Thrust Belt (ZFTB) is mainly derived from 

seismic and aseismic deformation triggered by thrust and 

strike-slip faulting (e.g., Barnhart and Lohman, 2013; 

Motagh et al., 2015; Copley et al., 2015), folding and 

uplift of sedimentary cover (e.g., Berberian, 1995), and 

ductile thickening of the basement (Allen et al., 2013). 

The Phanerozoic sedimentary cover rock is ~8 to 13 km 

thick, overlaying the Phanerozoic crystalline basement. 

A lot of work has been done to explore thin- and 

thickskinned shortening related to the Phanerozoic 

sedimentary succession and deep basement faulting in 
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the Zagros belt (e.g., Falcon, 1969; Talebian and 

Jackson, 2004; Molinaro et al., 2005; Mouthereau et al., 

2012). Moderate magnitude earthquakes (~M 5–6) are 

widely distributed in ZFTB, but the characterization and 

contribution of such seismicity in cover-basement 

interaction are still not fully understood (e.g., Talebian 

and Jackson, 2004; Nissen et al., 2011; Motagh et al., 

2015; Copley et al., 2015). A Hormuz salt unit in the 

Fars Arc and shales in the Lurestan Arc due to the strong 

mechanical contrast between sedimentary cover and 

basement are suspected as a decoupling layer at the 

cover-basement interface (e.g., McQuarrie, 2004; Alavi, 

2007), which may impede the propagation of fault 

ruptures to the surface in this region. Under such 

geological and tectonic environment, many blind thrust 

faults which cut through the sedimentary cover, grow in 

ZFTB, and contribute to the current topography of the 

Zagros. The major faults within ZFTB consist of the 

Main Recent Fault (MRF), the Mountain Front Fault 

(MFF), the High Zagros Fault (HZF), and the Zagros 

Foredeep Fault (ZFF) (Berberian, 1995; Figure 8b).  

On 12 November 2017 at 18:18 UTC, an 

earthquake with a magnitude of Mw 7.3 and focal depth 

of about 21 km struck ~50 km north of Sarpol-e Zahab 

city, in Kermanshah province of western of Iran, which 

is also very close to Iran and Iraq border (Figure 8). The 

main event occurred along a shallowly east-dipping 

reverse fault with dextral components in the Lurestan 
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Arc of ZFTB and is the largest earthquake in this region 

since the instrumental records. Several ~M 6 earthquakes 

in the sedimentary cover followed the mainshock such as 

the 25 August 2018 Mw 5.9 event and 25 November 

2018 Mw 6.3 event (Figure 8b). However, these two 

smaller aftershocks along steeply dipping dextral strike-

slip faults may reveal the strain partitioning in the 

northwestern Zagros belt as the overall convergence 

direction between the Eurasian and Arabian Plate 

changes from orthogonal shortening in southeastern 

Zagros to oblique shortening in northwestern Zagros 

(e.g., Talebian and Jackson, 2004). The 2017 Sarpol-e 

Zahab mainshock is located in the crystalline basement, 

where the seismicity interactions between the 

sedimentary cover and basal basement due to the 

possible existence of the weak Hormuz shale as a 

decoupled layer is still an open question (e.g., Nissen et 

al., 2011; Barnhart et al., 2018; Wang and Bürgmann, 

2020). 
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Figure 8: a) Tectonic background of the 2017 Sarpol-e Zahab 

earthquake. The colored dots are the earthquakes (from 1976 to 

2021) from the Global Centroid Moment Tensor (GCMT) catalog 

(https://www.globalcmt.org). b) Detailed tectonic map of the 

seismogenic area. The blue beach balls are from the GCMT catalog. 

Colored dots are the earthquakes (from 2006 to 2021 with M > 3.5) 

from the Iranian Seismological Center (IRSC; http://irsc.ut.ac.ir). 

Dark green boxes indicate the spatial extent of the Sentinel- 1 

imagery used in this study. The coseismic slip distribution is given 

with the anti-listric fault model. Black beach balls are from Nissen 

et al. (2019). Red beach balls are the focal mechanisms of the 2017 

Sarpol-e Zahab mainshock and two smaller aftershocks. The green 

rhombuses represent the rupture time of the mainshock, which is 

mapped after Nissen et al. (2019). ZFF: Zagros Foredeep Fault; 

MRF: Main Recent Fault; HZF: High Zagros Fault; MFF: Mountain 

Front Fault. 

 

Several studies have been done for a better 

understanding of seismic and aseismic slip of the 2017 

Sarpol-e Zahab earthquake using geodetic observations 

(e.g., Barnhart et al., 2018; Chen et al., 2018; Feng et al., 

2018; Vajedian et al., 2018; Yang et al., 2018; Nissen et 

al., 2019; Wang and Bürgmann, 2020; Lv et al., 2020; 

Fathian et al., 2021), but some debate still remains. In 

this study, we extend earlier studies and investigate both 

co and postseismic models of the 2017 Mw 7.3 Sarpol-e 

Zahab event with interferometric synthetic aperture radar 

(InSAR) data. Firstly, we analyze the optimal coseismic 

fault model from planar and a range of listric faults with 

coseismic interferograms. Then we process ~3 years of 

Sentinel-1 data to derive the postseismic deformation 
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time series and study the fault geometry and transient 

aseismic slip evolution for the first 4, 7, 10, 12, 24, and 

36 months after the mainshock. Finally, we discuss fault 

frictional heterogeneity, the reactivation of the Mountain 

Front Fault system, and shallower multiple detachments 

that were most likely triggered by the mainshock, given 

our inversion results and the structural geology 

background of the Zagros.  

 

7 Source characteristics of the Fin doublet 

earthquake of 14 November 2021 (Mw 6.2 

and Mw 6.3) utilizing InSAR and seismic data 
 

Abstract 

On 14 November 2021, a doublet earthquake (Mw 6.2 

and Mw 6.3) struck Fin and the surrounding area in the 

southeastern termination of the Zagros fold-and-thrust 

belt, southern Iran. Utilizing the two-pass differential 

SAR Interferometry (InSAR) method, the coseismic 

deformation fields, retrieved from 12-day pairs 

descending and ascending Sentinel-1 as well as 

descending ALOS-2, demonstrate a displacement pattern 

of maximum 40 cm toward the satellite in the epicentral 

area. To study the high-frequency rupture characteristics 
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of the Fin doublet earthquake, we use a back-projection 

analysis and teleseismic P-wave data recorded by the 

European seismic stations, which can present important 

information on the kinematic and physical behaviors of 

the corresponding source(s). The back-projected results 

suggest a single event of Mw 6.0 for the foreshock (Mw 

6.2), and two subevents for the Mw 6.3 mainshock, 

where the rupture propagates northwestward with a 

speed of approximately 1.3 km/s. The slip inversion 

from the InSAR analysis exhibits best fitting on an east-

west trending (~263°), north-dipping (~71°) fault as well 

as an east-west trending (~84°), south-dipping (~15°) 

thrust with a maximum coseismic slip value of ~2 

meters. The distribution of the subevents of the main 

events and the following aftershocks shows a better fit 

with the south-dipping source. Additionally, the south-

dipping thrust conforms well with the development of 

the Handan and Khurgu anticlines as well as the 

geological setting of the area introduced in the previous 

studies. 

7.1 Introduction 

The Zagros Mountains are one of the youngest 

and most active orogenic belts in the world (e.g., 

Stöcklin, 1974), accommodating almost half of the 

Arabian and Eurasian plates' convergence rate (e.g., 

Vernant et al., 2004). The present-day shortening and 

ongoing deformation have resulted in intense seismicity 
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of low- to moderate-magnitude earthquakes 

predominantly distributed across the Zagros Simply 

Folded Belt (SFB) and the Zagros Imbricate Zone (ZIZ) 

(Berberian, 1995; Talebian and Jackson, 2004; Barnhart 

et al., 2013; Karasözen et al., 2019). The lower 

Cambrian Hormuz salt Formation decouples the 

crystalline basement from the 8– 10 km thick 

sedimentary cover in the SFB (O’Brien, 1957; Colman-

Sadd, 1978; Berberian, 1995). 

Two consecutive earthquakes of Mw 6.2 and Mw 

6.3 (herein termed as the Fin doublet earthquake) hit the 

Fin region in southern Iran (Figure 9) at 15:37 (12:07 

GMT) and 15:38 (12:08 GMT) local time, respectively. 

The shaking from the earthquakes triggered rockfalls and 

landslides on the slopes of the neighboring anticlines. 

However, no surface rupture was evident through the 

field investigations or in the remotely sensed data. 

The Fin doublet earthquake occurred on the 

southeasternmost part of the Zagros Mountains, close to 

the border of Makran and Central Iran structural domains 

(Figure 9), where the Zagros tectonic sub-domain is 

known as the Simply Folded Belt (SFB; e.g., Alavi, 

2007). The epicentral area is located between the 

Handun, Khurgu, and West Namak whaleback anticlines. 

The anticlines in the SFB are mainly controlled by active 

blind faults, namely the Main Front Fault (MFF), the 

High Zagros Fault (HZF), and the Zagros Foredeep Fault 
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(ZFF) (e.g., Berberian, 1995). The earthquakes of 

Hurmuz (1497, M 6.5), Bandar Abbas (1622), and 

Qeshm (1897, M 6.4) are significant historical events in 

the area (e.g., Berberian, 2014). Instrumental 

earthquakes of 1962 (M 5.4), 1963 (M 5.2), 1965 (M 

6.0) have occurred on the HZF (Ambraseys and 

Melville, 1982), and ~40 km further to the west of the 

2021 Fin doublet earthquake, the 2006 Fin seismic 

sequence (Roustaei et al., 2010) has occurred. 

In this study, we apply a P-wave back-projection 

method (e.g., Ishii et al., 2005) on the teleseismic data, 

acquired from the European seismic stations, to 

investigate rupture details of the Fin doublet earthquake. 

Using AlOS-2 PALSAR and Copernicus Sentinel-1 

space-borne Synthetic Aperture Radar (SAR) data, we 

also employ the standard differential SAR interferometry 

(DInSAR) technique to measure the coseismic 

deformation phase of the Fin doublet earthquake. We 

then apply a standard inversion to retrieve the best-fit 

sources and reproduce the characteristics of the sources. 

We introduce an ENE-WSW-trending (~84°) south-

dipping (~15°) thrust fault corresponding with the 

mainshock recovered from the InSAR data and 

confirmed by the seismic analysis. 
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Figure 9: Seismotectonic configuration of the southeastern 

termination of the Zagros fold-and-thrust belt, southern Iran. Light 

blue and red stars represent the foreshock (Mw 6.2) and the 

mainshock (Mw 6.3), respectively. Dashed blue and orange 

rectangles outline the ALOS-2 and Sentinel-1 images, respectively. 

Dark brown ellipses and orange hexagons indicate the meizoseismal 

areas of the documented earthquakes and the historical events, 

respectively (Ambraseys and Melville, 1982; Berberian and Yeats, 

1999, 2001; Berberian, 2014). Black, grey, blue, and red beachballs 

denote the earthquakes from the Global Centroid Moment Tensor 

(GCMT; https://www.globalcmt.org), body waveform (Maggi et al., 

2000; Talebian and Jackson, 2004; Nissen et al., 2011), and first 

motion (Shirakova, 1967; McKenzie, 1972; Jackson and Fitch, 

1981; Ni and Barazangi, 1986) catalogs, respectively. Red polygons 

highlight the outcropped diapirs. 

 

8 Synthesis 
The results presented in this report contribute to 

identifying and characterizing multiple previously-

unknown tectonically active structures within the Zagros 

as well as to understanding better the present-day 

regional kinematics of the Zagros orogen. 

The arid to semi-arid climate and sparse 

vegetation within most of the study areas provide an 

exceptional environment to investigate using space- and 

air-borne active and passive data. Applying a standard 

slip inversion on the InSAR data (Chapter 3) that covers 

the epicentral area of the 2017–2018 Azgeleh seismic 

sequence in western Iran, we introduced the distribution 
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of the co- and postseismic slip along a set of faults of 

peculiar strikes, unlike the conventional NW–SE trend of 

the structures within the Zagros. Merging the InSAR 

observations with our locally recorded earthquakes, we 

optimized the geometry of the sources responsible for 

the co- and postseismic deformation fields of the 

Azgeleh earthquake and the following seismic sequence 

(Chapter 3) and proposed the coseismic slip of the 

mainshock distributed on a listric fault and the up-dip 

and down-dip afterslip developed onto the subhorizontal 

planes at ~5 and ~20 km describing the upper-crustal 

detachment and mid-crustal décollement within the 

epicentral area, respectively. Linear inversions of the 

InSAR data in Chapter 6 propose a planar source for the 

coseismic deformation of the Azgeleh event instead of 

the listric fault suggested in Chapter 3. Additionally, 

Chapter 6, unlike Chapter 3, presents only an updip 

afterslip for the postseismic phase. Despite a better misfit 

for the source in Chapter 6, the planar source cannot 

resolve well the downdip afterslip. Comparing these two 

chapters highlights the importance of studying 

earthquake cycle deformations using multidisciplinary 

approaches. The results and models in Chapter 6 are 

well-fitted and mathematically correct, confirming some 

other works (e.g., Barnhart et al., 2018; Wang and 

Bürgmann, 2020), which only rely on the InSAR 

observations as well. However, the models in Chapter 3 

are refined according to the precise relocated 
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microseismic events of the seismic sequence. Integrating 

the seismic and InSAR observations provides a two-

point solution to determine the source characteristics 

using better constraints. A similar approach was applied 

in Chapter 5 for the Shonbeh event to modify the sources 

associated with the Shonbeh seismic sequence. 

The thin- and thick-skinned tectonics within the 

Zagros is yet under debate. The results presented in this 

thesis suggest an asymmetrical horizontal and vertical 

slip partitioning within the Zagros. Furthermore, the 

imbricated, duplex structure involved in the 2017–2018 

seismic sequence characterizes the thick-skinned 

deformation in the Northwest Zagros, whereas some 

other works (e.g., Motagh et al., 2015) propose thin-

skinned tectonics elsewhere in the Zagros. Previous 

studies on the Zagros deformation front (e.g., Oveisi et 

al., 2007) indicate no topographic evidence in the 

bathymetry of the Persian Gulf corresponding with 

evolving of the Mand detachment fold to a fault-bend 

fold (Sherkati et al., 2006). This thesis documents active 

offshore folds (Chapter 4) and shallow faults (see 

Section 9.1) in the Persian Gulf, verifying the transfer 

and propagation of the slip motions to more frontal 

structures in the marine parts (Figure 11). 

The indentation morphology within the Zagros 

front is characterized by a sequence of the tectonic 

recessions and salients, physiographically known as the 
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Kirkuk Embayment, the Lurestan Arc, the Dezful 

Embayment, and the Fars Arc (Figure 11). The salients 

are outlined by sharp boundaries of reactivated 

basement-involved, Pan-African faults-the Khanqin, 

Bala Rud, and Kazerun-Qatar fault systems. The N-S-

oriented Khanaqin and Kazerun-Qatar lineaments outline 

the abrupt topographic changes in the western 

boundaries of the Lurestan Arc and Fars Arc. Both 

lineaments diffuse farther to the south, where the 

deformation emerges at a low rate and in the early stages 

(e.g., Chapter 4). The 2017–2018 Azgeleh seismic 

sequence (Chapter 3) evidences seismic activity along 

the N-S Khanaqin lineament (Figure 11), previously 

known as a low seismic zone. 

The Lurestan Salient is bounded by the dextral 

Khanaqin and sinistral Bala Rud faults, which allow 

southwestward extrusion of the block (Figure 10), 

developing escape tectonics in the Northwest Zagros. 

The western boundary of the Fars Salient, similar to the 

Lurestan Salient, is controlled by a dextral fault 

system—the Kazerun-Qatar fault system. The eastern 

edge, however, is not sharply outlined by a fault line, and 

the Fars Arc gets slender to the southeast. On the other 

hand, unlike the Lurestan Salient, the southeastern 

boundary is not characterized by a sinistral fault system, 

but the dextral Oman line (including the Dibba transform 

fault) is the principal structure that controls the 

southeastern side of the Fars Salient. 
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Figure 10: Schematic 3D block diagram showing indenter tectonics 

in the Northwest Zagros controlled by lateral extrusion of the 

Lurestan Salient along the Khanaqin and Bala Rud transverse faults. 

Aseismic deformation uplifts the inner Lurestan Arc and the 

seismicity is concentrated on the front and the edges of the boundary 

between the Lurestan Arc and the Mesopotamian foreland basin 

(including the Kirkuk and Dezful Embayments). Two of the largest 

earthquakes documented in the Zagros (concentric black circles), the 

Saimareh (~9000 BCE; Mw 7.0) and Azgeleh (12 November 2017; 

Mw 7.3) events, are analogically located on the slab of Lurestan 

Salient lateral boundaries. Solid red line and dashed red line with 

triangles represent the surface projection of the modeled faults in 

this study. Black solid lines are the compiled and modified faults. 

Light and dark grey 3D arrows denote the horizontal, southwestward 

extrusion of the Lurestan salient, and vertical strain partitioning in 

the Lurestan Salient; brittle deformation concentrates in the front 

while the inner parts uplift mainly aseismically. Hatched arrows 

show regional dextral and sinistral movements along the Khanaqin 

and Bala Rud shear zones, respectively. Blue circles represent the 
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relocated events in this study. Red beach balls indicate fault plane 

solutions of the Azgeleh, Tazehabad, and Sarpol-e Zahab events. 

Thick solid black lines in the section represent the faults from this 

study and the dashed black lines denote the inferred imbricate faults. 

Grey beach balls denote all fault plane solutions (see Figure 3-1c for 

references) within the study area. KhF, MFF, ZFF, HZF, and MRF 

are similar to the abbreviations in Figure 3-1; LAZF: Listric 

Azgeleh Fault; PAZF: Postseismic Azgeleh Fault; TF: Tazehabad 

Fault; SP: Sarpol-e Zahab Fault. 

The 2017 Azgeleh event (e.g., Fathian et al., 

2021) together with the Saimareh (9000 BCE) and 1906 

Silakhor (e.g., Ambraseys and Melville, 1982) events are 

the merely documented earthquakes of magnitude 7.0 or 

larger in the Zagros, all of which have occurred in the 

Lurestan Arc/Salient. The events’ meizoseismal areas are 

relatively located on three corners of the trapezoid-

shaped Lurestan Arc (Figure 11), indicative of a possible 

absent event, in the same order, in the fourth corner. 

Nonetheless, finding evidence of such an event needs 

further investigations and field studies validation. 

Surface faulting in the Zagros is exceptionally 

rare; both documented earthquakes associated with a 

surface rupture (i.e., the 1972 Qir-Karzin and 1990 Furg 

events) have occurred in the Simply Folded Belt (SFB). 

The surface expression of the identified Khormuj fault 

(Chapter 5), as well as the other surface ruptures, are 

aligned on a WNW-ESE lineament (Figure 11). The 

truncation across the Fars Arc, combined with the dextral 

movements, accommodated along the main fault systems 
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outlining the Fars Arc -the Main Zagros Recent Fault, 

the Khanaqin, Dibba, and Minab faults- is likely 

inducing internal counterclockwise rotations (Figure 11). 

The Fars, however, is a broad block, and the rotational 

movements within the inner parts diffuse, and most 

likely, the deformation concentrates on the shallower 

parts. We call this shallow band of deformation the 

Zagros Rupture Band (ZRB; Figure 11), where all of the 

outcropping faults (the Furg, Surmeh, and Khormuj 

faults) are aligned (Figure 11). 
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Figure 11: Tectonic framework and the subdomains of the Zagros 

orogen compiled and modified after Fathian et al. (2021) and the 

references therein. KE: Kirkuk Embayment; LA: Lurestan Arc; DE: 

Dezful Embayment; FA: Fras Arc. See Figure 3 and Figure 4 for the 

abbreviations in black (Fu: Furg Fault; MF: Minab Fault). Red lines 

demonstrate the active faults and earthquake sources introduced in 

this thesis. Ab: Abtavil Fault; AzF: Azgeleh Fault; Bu: Bushehr 

Fault; DaF: Darang Fault; KgF: Khurgu Fault; Kh: Khormuj Fault; 

NB: North Bushehr Fault; ShF: Shonbeh Fault; SP: Sarpol-e Zahab 

Fault; TF: Tazehabad Fault. Orange ellipses are the meizoseismal 

area of the Qir-Karzin (10 April 1972; Mw 6.7) and Furg (6 

November 1990; Mw 6.5) earthquakes associated with surface 
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rupture (e.g., Berberian, 2014) and the transparent red polygon 

illustrates the Zagros Rupture Band (ZRB). Transparent orange 

polygons highlight the Khanaqin and Kazerun-Qatar lineaments. 

Green Hexagons denote the earthquakes of M7.0 or larger in the 

Zagros. The arrows with red gradient color indicate the propagation 

of the Zagros deformation front southwestward on to the 

Mesopotamian-Persian Gulf Foreland Basin. Blue star shows the 

epicenter of the Khonj shallow earthquake (Mw 4.9) of 6 January 

2017 (see Section 9.3 for more details). Inset map demonstrates the 

Arabia-Eurasia collision. White arrows represent the GPS velocities 

of the Arabian plate relative to a stable Eurasia frame (Nocquet, 

2012). Orange circles illustrate the earthquake epicenters for the 

period 1904 to 2013 from the reviewed International Seismic Centre 

(ISC; http://www.isc.ac.uk) bulletin. 

 

 

9 Outlook 
Despite the previous works (e.g., Motagh et al., 

2015; Barnhart et al., 2018) as well as the data and 

analyses proposed in this study indicating concurrent 

deformation within the sediment cover and the basement 

in the Northwest Zagros, the thin- and thick-skinned 

tectonics within the Zagros yet remains under debate. 

The seismic versus aseismic deformation ratio across the 

Zagros orogen as the frontal portion of slip partitioning 

with respect to the Arabia-Eurasia convergence is not 

known to an adequate level. Further advanced InSAR, 

seismological, and geodetic investigations are required to 
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assess the seismic and aseismic quantities in the Zagros 

belt. 

The seismogenic sources in the Zagros (likewise 

in Iran) as a crushed and earthquake-prone domain are 

not fully identified and quite a few recent earthquakes 

have occurred along the faults that were previously 

unknown/unmapped. The mechanisms and behaviors—

e.g., seismic cycle deformation, slip rates, kinematics, 

and so on—for the majority of the active faults in this 

domain are not fully understood. The integration of the 

approaches applied in this thesis would properly address 

the abovementioned characteristics. The following 

sections present other case studies for which I launched 

the investigations, and acquired preliminary results and 

analyses. The studies, however, remained 

unaccomplished due to the pandemic situation; 

consequently, I could not manage to bring these studies 

into a publishable state. 

9.1 Tectonostratigraphy of the Bushehr area 

Numerous tectonostratigraphic studies across the 

Zagros have been performed (e.g., Sherkati et al., 2006; 

Alavi, 2007; Jahani et al., 2009). The offshore studies 

have been mainly focused on hydrocarbon investigations 

and little is known about the active tectonics of the 

Persian Gulf. In this thesis, I coupled the on- and 

offshore data to examine the tectonically active 
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structures in the Persian Gulf immediately adjacent to 

the Bushehr Peninsula. The application of these data 

with an active tectonic perspective in future studies 

across the Persian Gulf and the frontal Zagros is 

indisputably necessary. 

The available NIOC seismic data for the Persian 

Gulf provide a satisfactory resolution for depths up to 3 

km. The shallower depths, however, require different 

approaches that complement these data (Figure 12).  

 

 

Figure 12: 3D schematic block of the offshore study area. Although 

the intermediate data complement the deep seismic data to detect the 

shallower units; however, they are incapable of detecting the upper 

ca. 10 m sedimentary units. Accordingly, a shallow seismic survey 

is recommended to fill the gaps from the other surveys. 
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The intermediate offshore profile shooting, 

perpendicular and parallel to the coastline, has been 

performed on 20–30 km remote distances from the 

Bushehr Peninsula (Atomstroyexport, 1999), which 

covers the depths up to 300 m. Atomstroyexport (1999) 

suggest no fault presence in the seismic profiles. 

However, our interpretations based on these seismic data 

show fauling evidence (Figure 13) and imply an event 

horizon at depths lower than 5–10 m below the seafloor. 

Additionally, our estimates based on the data from 

(Hosseinyar et al., 2021) (Table 2) suggest a 

sedimentation rate of 1.045±0.46 mm/yr. The depth of 

the event horizon and the rate of sedimentation, boost the 

likelihood of moderate- to large-sized earthquakes 

during the Holocene. 
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Table 2: Radiocarbon (14C) ages of the samples obtained from Bu-

A borehole core in the Bushehr Peninsula (Hosseinyar et al., 2021). 

Core Depth 

(m)  
Age (ka BP)  Sample type 

0.59  2.840  Benthic shell 

1.44  3.320  Benthic shell 

4.04  4.025  Benthic shell 

5.93  4.695  Benthic shell 

6.74  5.610  Benthic shell 

9.56  7.425  Benthic shell 

10.12  7.115  Benthic shell 

11.67  7.105  Benthic shell 

14.77  15.600 
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Figure 13: Examples of the intermediate, offshore seismic profiles 

(southwest of the Bushehr Peninsula), indicating event horizon at 

depths of 50–60 m with a ca. 5–10 m young sedimentary cover (up). 

Red arrows denote the faults. 
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9.2 Furg earthquake 

The Mw 6.4 Furg earthquake of 6 November 

1990 is a unique earthquake within the Zagros where the 

fault ruptured to the surface (e.g., Talebian and Jackson, 

2004; R. T. Walker et al., 2005). The Covid-19 crisis and 

the prolonged lockdowns imposed immense limitations 

and consequently interruptions in the foreseen schedule, 

which was one of the biggest challenges and delayed the 

entire research and study process. The field studies have 

been aborted; accordingly, trenching, sampling, and 

further data have become inaccessible, which largely 

affected my plans to accomplish the investigations along 

the epicentral area of the Furg earthquake. 

I had to omit a chapter of the thesis for which I 

had previously acquired data, such as a full dataset of 

two generations of the precisely scanned negatives of 

aerial photos of the Furg study area, and performed the 

first field investigations for a paleoseismological site 

selection. I carried out a Structure from Motion (SfM) 

algorithm, implemented in the MicMac free opensource 

photogrammetric library (Rupnik et al., 2017), to 

generate multi-temporal, ultra-highresolution Digital 

Surface Models (DSMs) from the aerial photos datasets 

(Figure 14). An impending plan for paleoseismological 

excavations would fulfill the data to accomplish the 

impaired study within the Furg study area. 
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Figure 14:Orthomosaic aerial photos draped on a 1-m resolution digital surface model (DSM) derived from 

historical aerial photos of 1967 (scale 1:20,000) using MicMac open-source software. Red lines illustrate the 

surface rupture of the Mw 6.4 Furg earthquake (6 November 1990). 
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9.3 Khonj earthquake 

On 6 January 2017, an Mw 4.9 earthquake 

occurred ca. 40 km northeast of the city of Khonj (Figure 

15a), in the Simply Folded Belt (SFB) of the Zagros, 

southwestern Iran. Using the JAXA ALOS-2 PALSAR 

as well as the Copernicus Sentinel-1 SAR images, I 

applied two-pass Interferometric Synthetic Aperture 

Radar (InSAR) to acquire the corresponding surface 

deformation of the Khonj earthquake. The fault plane 

solutions (e.g., IRSC) confirm the thrust mechanism for 

the earthquake that has a shallow depth of 5 km (IRSC) 

resulting in a subtle, permanent surface deformation 

(Figure 15c, e) visible through InSAR displacement 

maps (Figure 15b, d, and f). Concentric fringes on the 

interferograms in both ascending and descending 

geometries indicate the rupture has not reached the 

surface; nonetheless, indicate shallow seismic 

deformation within the Zagros Rupture Band (ZRB; see 

details in Chapter 8, Figure 11). The Khonj earthquake is 

one of the smallest events with a discernible InSAR 

deformation field of ca. 5-10 cm in the satellite line-of-

sight (LOS). The epicenter of the earthquake is located 

in a plain between the northwestern and southeastern 

hinges of the Qul Qul and Nahreh anticlines. This 

shallow event is aligned with a zone in which the only 

documented surface ruptures in the Zagros-i.e., the Furg 

(e.g., R. T. Walker et al., 2005) and Qir-Karzin (e.g., 
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Dewey and Grantz, 1973) earthquakes are located. The 

source modeling from the InSAR data quantifies an NW-

SE-striking fault either dipping to the northeast or the 

southwest. To validate the associated source, filed 

studies of the epicentral area as well as the structural 

configuration of the area are necessary. However, similar 

to the paleoseismological investigations in the Furg area, 

the field survey in the Khonj area was not possible due 

to the Covid-19 pandemic restrictions. The Khonj event 

is yet an interesting case to be studied combined with 

field observations. 
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Figure 15: a) Tectonic configuration of the Fars Arc and the Simply 

Folded Belt (SFB) in the central Zagros. Red star denotes the 

epicenter of the Mw 4.9 Khonj earthquake (6 January 2017) located 

in the Zagros Rupture Band (ZRB). b, d, and f) Line-of-sight (LOS) 

displacement maps of the Khonj event derived from the descending 

ALOS-2, and the ascending (c) and descending (e) Sentinel-1 

interferograms. 
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