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Abstract

The April 5™ 2017 Mw 6.15 Sefidsang earthquake occurred east-northeast of the town of Fariman near
the Cimmerian arc-related Fariman complex. The stress distribution was estimated by seismic
parameters and Coulomb stress distribution in the source region. Inferred Coulomb stress field and
general pattern of aftershocks distribution revealed that the Sefidsang earthquake occurred on a
northeast-dipping listric fault with dextral reverse movement. Proximity of the Sefidsang sequence to
Fariman complex proposes the reactivation of the pre-existing Cimmerian arc-related faults in the
present-day stress field. The crustal-penetrating low-angle inverted faults coupled with Mesozoic mafic—
ultramafic magmatism can shed light on the structural aspects of the region. The kinematics was also
investigated by GPS velocity fields and morphotectonic features. The counterclockwise block rotation
under the left-lateral regional shear between the Doruneh fault system and the North Kopeh Dagh fault
system and NE-oriented coeval shortening led to the formation of rhombic structures. Cimmerian-
related basement faults in NE Iran confined the expansion of rhombic cells and sense of block rotation.
The results of this study improved our understanding about kinematics of active deformation in NE Iran
and had important implications for seismic hazard assessment of the region and potential future failure
area.

Keywords: Sefidsang Earthquake, Coulomb Stress, Spatial B-Value Variation, Cimmerian Arc-Related
Fariman Complex, Rhombic Structure, Kopeh Dagh Mountains.

Introduction

As part of Alp-Himalayan fold-thrust orogenic belt, Iran reflects a long and complex tectonic
history that results from the progressive collision and accretion of Gondwana-related blocks to
the Eurasian margin in different times and tectonic regimes (Jackson & McKenzi, 1984).
Various evidence like earthquakes in recent decades, semi-active volcanoes, rising beaches,
rising salt domes, mud volcanoes, development of seismic faults, indicates geodynamic
evolution of Iran is still in progress (Darvish Zadeh, 1991). Active continental deformations in
Iran resulting from the northward motion of Arabia with respect to Eurasia, has a velocity of
22-25 mm/yr at longitude 57°E (McClusky et al., 2003; Vernant et al., 2004). The seismicity
within Iran suggests that maximum deformation related to Arabia-Eurasia convergence is
mainly concentrated in the Zagros, Alborz, Talesh and Kopeh Dagh mountain ranges,
subduction beneath the central Caspian sea and the Makran, and on N-S right-lateral fault
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systems in East Iran representing different styles of deformation in various parts of this
continental collision zone (Jackson, 1992; DeMets et al., 1994; Walker & Jackson, 2004). This
deformation model is supported by the limited GPS data (Vernant et al., 2004; Masson et al.,
2007). West of 57°E, the Zagros and the Alborz mountain ranges accommodate 6.5 =2 mm/yr
and 8 £ 2 mm/yr respectively. The right-lateral displacement along the Main Recent Fault in
the northern Zagros is ~3 = 2 mm/yr, whereas ~8 = 2 mm/yr is taken up in northwestern Iran.
East of 57°E, most of the shortening is accommodated by the Makran subduction zone (19.5 +
2 mm/yr), with the remainder (~6.5 = 2 mm/yr) accommodated on various intracontinental
mountain belts in East and NE Iran (Vernant et al., 2004).

On the continents, deformation is typically distributed over wide areas, and it is often unclear
how fault systems accommodate regional strain (McKenzie & Jackson, 1986; England &
Jackson, 1989; McCaffrey, 1991). Earthquakes as a result of an instability in faulting, are so
pervasive that on many faults most slip occurs during them. Growth and development of faults
take place by the cumulative action of earthquakes; therefore, the faults contain the history of
past seismicity (Scholz, 1990). The seismicity is an extremely important resource to studies of
both continental tectonics and seismic hazard assessment in deforming regions.

The Sefidsang earthquake occurred at 6:9 UTC on April 51, 2017 Mw 6.15 at a depth about
11.5 km. Its epicenter was about 35.776 degrees of latitude and 60.436 degrees of longitude,
~30 km of Sefidsang and ~84 km southeast of Mashhad. The maximum acceleration of this
earthquake recorded by Iranian Strong Motion Network was about 120 cm/s at Nasrabad
Station, 38 km from the epicenter.

Focal mechanism solutions processed by some global seismological centers (Fig. 1) show
reverse with minor strike slip mechanism of NW oriented fault. Based on the GSI field
observations, the most destructive effects of earthquake were observed at Kuh-e Sefid and
Derakht-e Bid villages near one of the Kashafrud fault segments known as the Chah-e Mazar
reverse fault. InNSAR displacement measurements computed by National Cartographic Center
of Iran (NCCI) represent dip slip displacement about 15 centimeters and the fault rupture about
20 km (Naimi et al., 2017).

Although historical seismicity in the northeast of Iran is mostly associated with the Baghan,
Quchan and Neyshabur faults (Tchalenko, 1975; Ambraseys & Melville, 1982; Berberian &
Yeats, 1999; Berberian & Yeats, 2001), the Sefidsang earthquake occurred in a region that has
faced almost no historic or recent seismicity (Berberian & Yeats, 1999, Iranian Seismological
Center [IRSC]) and has been characterized by low deformation rate with respect to the Eurasia
(Masson et al., 2007). Even though seismic hazard information can be inferred from GPS
velocities and related tectonic models, deformation of this type can be difficult to detect
spatially by the low density and coarse distribution of GPS measurements (e.g., Masson et al.,
2007; Mousavi et al., 2013). Therefore, detailed studies on the causative kinematics resulting
in the Sefidsang earthquake gives an excellent opportunity to investigate both the pattern and
kinematics of deformation in the current stress regime in NE Iran.

The Coulomb stress change is one of a number of models relating to the stress triggering in
earthquakes (Hardebeck et al., 1998). Since the 1990s, the Coulomb stress change has been
widely employed to probe the cause of triggering in several general types of studies: a) main
shock-main shock triggering, b) main shock-aftershock triggering, and c) faults optimally
oriented for failure. A large number of studies have investigated the Coulomb stress changes
and earthquake interactions (e.g., King et al., 1994; Stein et al., 1994; Harris et al., 1995; Deng
& Sykes, 1997; Hardebeck et al., 1998; Harris, 1998; Wang & Chen, 2001; Parsons, 2002;
Wang et al., 2003; Lin & Stein, 2004; Steacy et al., 2005; Lin et al., 2011; Mitsakaki et al.,
2012; Yadav et al., 2012; Catalli et al., 2013; Hainzl et al., 2014; Wang et al., 2014; Sarkarinejad
& Ansari, 2014, 2015). There are recent works of Su et al. (2018) and Haji Aghajany et al.
(2020) that applied the Coulomb stress change on the causative fault parameter determined by
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InSAR technique to investigate the stress distribution after the Sefidsang earthquake triggering
the aftershocks (the "b" category).

In this paper, Coulomb stress changes induced by regional stress (before the earthquake) are
implemented to determine the optimally oriented nodal plane of the 2017 Sefidsang earthquake
for failure. Our research lays in the "c" category of Coulomb stress studies mentioned above.
We also investigated its interaction with the surrounding area using the correlation between the
epicentral distribution of aftershocks and the increased Coulomb stress area promoting failure.
Accordingly, the spatial changes of b-value were estimated for pre- and post-seismic data to
disclose stress-accumulated and -released area, respectively. The thrust and strike-slip
components of Kashafrud fault slip rates were estimated by resolving the GPS velocity of
Mashhad station to realize the kinematics resulting in the Sefidsang mainshock. The kinematic
evidence of active faulting in this area has also been discussed through the study of
morphotectonic features. This multi-aspects study of the Sefidsang source area helps us to
recognize the pattern of active tectonics. The results were discussed in the light of our
knowledge of active tectonics in NE Iran and the previous work of Zanchetta et al. (2013) to
construct a clearer image of geodynamics in a broader framework of the region. This research
aims to improve our understanding about kinematics of NE Iran and has important implications
for seismic hazard assessment of the region.
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34°
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Figure 1. Inset: Active faults of Iran, modified from Berberian (1997). Main figure: Active faults, the
epicenters of great historical earthquakes of NE Iran, the epicenter and focal mechanism solutions of the
Sefidsang earthquake (2017.04.05) plotted over the SRTM 90m DEM. Focal mechanism solutions of
the earthquake processed by international seismological centers show thrusting with minor strike slip
component. The Sefidsang mainshock is shown as a red star. Violet circles present epicenters of
historical earthquakes with magnitude above 6 from 1500 to 1965, modified after Tchalenko (1975),
Ambraseys & Melville (1982). Reverse faults are shown with teeth on hanging-wall side and the sense
of strike slip faults is marked by arrow. Faults without teeth or arrows: sense of slip unknown.
Abbreviations for faults are ASFS: Ashkabad fault system, NKFS: North Kopeh Dagh fault system,
AFS: Atrak fault system, BF: Bijvard fault, BQFS: Baghan-Quchan fault system, CHF: Chakaneh fault,
DBF: Dasht-e-Bayaz fault, DFS: Doruneh fault system, HF: Herat fault, KFS: Kashafrud fault system,
JF: Jangal fault, KHF: Khaf fault, SHF: Shandiz fault, NYFS: Neyshabur fault system
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Tectonic framework
Geology

Due to the importance of the inherited geological structure in NE Iran dictating the pattern of
present-day deformation, we briefly summarize the geological evolution of this region from
published studies. The geological history of NE Iran involved a period of relative quiescence
and stable shelf sedimentation during the Palaeozoic, followed by continental collision during
the Mesozoic and Cenozoic, which continues today (Hollingsworth et al., 2010).

Between Permian and Triassic times, one of the major geodynamic events is the Late Triassic
Cimmerian orogeny due to subduction of the Palaeotethys ocean under the Turan plate of
Eurasia (Natal'in & Sengor, 2005). The Fariman and Darreh Anjir complexes placed along the
southern active margin of the Eurasia illustrate arc-related magmatic activity since the
Devonian up to the Middle Triassic (Natal'in & Sengor, 2005). A supra-subduction zone setting
related to episodic extension in the upper plate of the northward Palaeotethys subduction
represents the tectonic environment in which the Fariman and Darreh Anjir complexes were
deposited (Zanchetta et al., 2013). Collision started in the Late Triassic and ended in the Late
Jurassic, when the Central-and-East Iran microplate collided with Eurasia. The collision
resulted in the closure of the Palaeotethys ocean along a suture zone recorded by several units
cropping out east and south-east of Mashhad (NE Iran), along the southern part of the Kopeh
Dagh (Berberian & King, 1981; Sengor, 1984; Alavi 1996). The emplacement of Torbat Jam
and Mashhad granite (217 Ma; Karimpour et al., 2010) within deformed beds suggests ongoing
collision-related deformation persisted also after the collisional phase. During the Cretaceous
the Central-and-East Iran block became separated from Eurasia by a newly formed branch of
the Neotethys ocean (Stocklin, 1974). During the end of the Cretaceous and early Palaeocene,
shortening along the northern margin of Neotethys resulted in the re-collision of the Central-
and-East Iran microplate with Eurasia and emplacement the Sabzevar and Kuhe-Sorkh
ophiolites across NE Iran, marking the onset of the Alpine-Himalayan Orogeny (Berberian
1981; Alavi 1996; Guest et al., 2006). Once Central-and-East Iran was resutured to Eurasia,
subduction of Neotethys shifted to the southern margin of Central-and-East Iran (Hollingsworth
etal., 2010).

Lyberis & Manby (1999) believed that the Mesozoic-Neogene Kopeh Dagh basin was
deformed due to closure of the Neotethys ocean. The northward motion of Arabia formed the
Kopeh Dagh mountains as a NW-SE trending active belt. The dominance of northwest-striking
folds and NNW- to WNW-striking faults developed within Paleozoic to Pliocene rocks of the
Kopeh Dagh (Shabanian et al., 2009). To the south of the Kopeh Dagh, the Binalud mountain
range lies in parallel which is structurally and geologically the eastward continuation of Alborz
mountains (Alavi, 1992). The boundary between the Binalud and the Kopeh Dagh mountains
runs along the Atrak river valley where it closely parallels the Kashafrud reverse fault. East of
Mashad, the Kashafrud fault system cuts across the Atrak-Kashafrud valley into the Binalud
mountains and runs to the south of Fariman Complex (Fig. 2).

Active tectonics and seismicity

The present-day shortening across the SE Kopeh Dagh (~3 mm/yr; Masson et al., 2007) is
distributed across the Kashafrud and North Kopeh Dagh thrust faults. The shortening
accommodated by Kashafrud fault segments results in uplifting river deposits north of the fault
by ~50 m (Hollingsworth, 2008). At present, Cenozoic tectonics affecting the southern portion
of the Kopeh Dagh mountains sandwich the Fariman Complex between the Mashhad ophiolites
to the NW and the Darreh Anjir Complex to the E, in a system of en échelon antiforms defining



Geopersia 2021, 11(1): 23-42 27

the high mountain reliefs of the area (Zanchetta et al., 2013). These asymmetric (south-verging)
folds, most of which are tectonically active indicate slip at depth on a north-dipping fault and
accommodate part of regional shortening near the surface (Hollingsworth, 2008). The axial
traces of these fault-bend-folds follow the same trend of the contractional structures deforming
the post-Cimmerian successions (Zanchetta et al., 2013). Moreover, morphotectonic features
including deflected and beheaded stream channels occurring along NW- and ENE-striking fault
planes are visible in satellite images. These structural and morphotectonic features provide clear
evidence for recent movements within the study area.

Almost all of the large earthquakes in NE Iran, with magnitudes ranging from 6.5 to 7.5,
were directly assigned to the significant deep-seated fault systems such as the Baghan, Quchan
and Neyshabur faults (Tchalenko, 1975; Ambraseys & Melville, 1982; Berberian & Yeats,
1999; Berberian & Yeats, 2001). However, the band of maximum destruction associated to
these historical earthquakes appears to follow the trends of Quchan and Baghan faults
connecting to the Neyshabur Fault system (Fig. 1). In contrast, other NW-striking faults such
as Atrak and Kashafrud fault systems in eastern Kopeh Dagh, are characterized by low levels
of seismicity (Shabanian et al., 2009). There are some reports of shaking in Mashhad city by
moderate earthquakes in 1598, July 30" 1673 and 1687 which may be related to activity along
the Shandiz dextral reverse fault (Ambraseys & Melville 1982). Obviously, the recent
Sefidsang earthquake occurred in a seismicity gap, with no major destructive earthquakes
(M>7.0) occurring over the last few centuries (Berberian & Yeats, 1999). It happened in the
upper crust (depth 11.5 km) where the eastern segment of the Kashafrud reverse fault meets the
Fariman complex (Fig. 2).

Material and Methods
The slip occurring on faults (referred as "source faults") during earthquakes, deforms the

surrounding area and changes the stress field. A measure of this change is the Coulomb static
stress (Mitsakaki et al., 2013; Meier et al., 2014).
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Figure 2. General geological map of the area presents uniform NW-striking fold and thrust faults
developed in Pliocene to older Paleozoic rock units, modified after Ruttner (1991). See Figure 1 for the
location. The Sefidsang earthquake sequence is shown by circles (the greater earthquakes, the greater
circles). Yellow star marks the location of the Sefidsang mainshock



28 Nedaei & Alizadeh

The Coulomb stress changes can be derived from strain created by displacement of a source
fault. Therefore, the shear and normal components of the stress change can be resolved on an
area or on specified “receiver” fault planes. Receiver faults are planes with a specified strike,
dip, and rake, on which the stresses imparted by the source faults or tectonic regime. In other
representation, the faults having optimal orientation with respect to the regional (also called
“tectonic”) stress or the stress imparted by the source fault, and the assumed friction coefficient
are suitable for sliding and could be as a receiver fault. The Coulomb failure stress change,
ACFS, is defined as (Das & Scholz, 1981; Stein et al., 1992; Harris, 1998):

Aof(ACFS) = Aty + p'Aoy (D

where ATs is the change in shear stress on the receiver fault (set positive in the direction of
fault slip), Aoy is the change in normal stress acting on the target fault (set positive for
unclamping) and M’ is the effective coefficient of friction (Stein, 1999; Toda, 2008). The shear
stress increase or decrease is dependent on the position, geometry, and slip of the source fault
and on the position and geometry of the receiver fault, including its rake. The normal stress
change is independent of the receiver fault rake. The parameter X is often called the apparent
coefficient of friction and is intended to include the effects of pore pressure changes as well as
the material properties of the fault zone (Harris, 1998). Fault friction I is often inferred to be
0.4-0.8 for faults with little cumulative slip, which tend to be rough, and 0-0.4 for faults with
great cumulative slip, which tend to be smooth (Ma et al., 2005). This parameter is typically
found to be around 0.4 for strike-slip faults or faults with unknown orientation (Parsons et al.,
1999; Sumy et al., 2014).

The positive ACFS (the warm colored regions on Coulomb map) indicates that the plane of
interest was brought closer to failure; the negative ACFS (the cool colored regions on Coulomb
map) indicates that the plane of interest was moved away from failure. Both increased shear
and unclamping of faults promote failure (Stein et al., 1997; Harris & Simpson, 1998; Parsons,
2005; Toda et al., 2008; Aron & Hardebeck, 2009). The Coulomb stress change depends on the
geometry and slip of the earthquake, the geometry and sense of slip of the fault and the effective
coefficient of friction (Stein et al., 1994).

There are two principal considerations of the Coulomb stress changes on receiver faults:
stress changes on the specified receiver fault and stress changes on an optimally oriented
receiver fault. The specified receiver faults rely on resolving stress changes on faults with
known geometry (Ma et al., 2005; Hainzl et al., 2010). The optimally oriented receiver faults
are determined by assuming that the earthquakes will be triggered only on those planes with
maximum total Coulomb stress (King et al., 1994; Lin & Stein, 2004; Ishibe et al., 2011; Catalli
& Chan, 2012).

The Gutenberg & Richter (1944) relation describes the number of earthquakes occurring in
a given region as a function of their magnitude M as log N = a — bM; where N is the
cumulative number of earthquakes with magnitude equal to or larger than M, a and b are real
constants that may vary in space and time. The intercept ‘‘a” characterizes the general level of
seismicity in a given area during the study period (i.e., the total number of earthquakes), while
the slope “‘b” describes the relative size distribution of earthquakes. The parameter b can be
estimated either by linear least squares regression or by maximume-likelihood using the equation
(Aki, 1965; Ustu, 1965; Bender, 1983):

h=—" loge 2)

M—Mmnin

where M denotes the mean magnitude and M,,;,, the minimum magnitude of the given
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sample. The determination of M,,;, relies on the magnitude distribution. Generally and
practically, the minimum magnitude, M,,;,, is considered to be equal to the magnitude of
completeness. The magnitude of completeness, Mc, is determined by plotting the cumulative
number of events as a function of magnitude. These plots are then fitted with a straight line and
Mc is the level at which the data fall below the line.

General “global” average value of the b parameter, obtained by mixing different crustal rock
volumes and different tectonic regimes, is close to unity. The b-value is believed to depend on
the stress regime and tectonic character of the region (Allen et al., 1965; Mogi, 1967,
Hatzidimitriou et al., 1985; Tsapanos, 1990). Statistically significant changes of b-values have
been extensively studied for various stress regimes such as a subducting slab (Wyss et al.,
2001), along fault zones (Wiemer & Wyss, 1997) and in aftershock zones (Wiemer &
Katsumata, 1999). Based on seismicity studies, Schorlemmer & Wiemer (2005) suggested that
the b-value can be used as a «stressmeter». Regionally, changes in b-value are believed to be
inversely related to changes in the stress level (Bufe, 1970; Gibowicz, 1973). Observations of
locally changes in b-values compared to the global average value, also reflect the effective
stress (Scholz, 1968). An increase of applied shear stress or effective stress results in decrease
of b-value (Urbancic et al., 1992; Wyss, 1973). Low b-values have been correlated to areas of
asperity, locked part of a fault where the nucleation of earthquakes is likely to happen
(Schorlemmer et al., 2004, Tormann et al., 2012). High b-values have been correlated to the
highest slip during large earthquakes (Gorgiin et al., 2009; Sobiesiak et al., 2007).

The state of stress

In this research, recorded data by the Iranian Seismological Center (IRSC, irsc.ut.ac.ir) and also
collected by the International Seismological Centre (ISC) from 2006 (once the data has been
completely recorded) to 2018 by Mn have been used. According to the focal mechanism
solutions from the Global CMT and moment tensor solutions determined by the USGS, the
mechanism of the Sefidsang earthquake is reverse with minor strike slip on northwest-southeast
oriented nodal planes. The Wells & Coppersmith (BSSA, 1994) empirical magnitude-area
relations were used to estimate appropriate rupture area. The characteristic of two nodal planes
and the event are presented in Table 1.

The optimally oriented receiver fault is determined by assuming that the earthquake will be
triggered only on plane with maximum total Coulomb stress and vice versa, the causative fault
triggering the earthquake should have maximum Coulomb stress with respect to regional stress.
Though in such a moderate earthquake that the causative fault of which is not exposed at the
surface, theoretically, each nodal plane has the same possibility for failure, but following the rules
of focal mechanism inversion (Carey-Gailhardis & Mercier 1987), one of them must be selected
for each earthquake. Therefore, to specify the earthquake causative fault confidently, we should
select the nodal plane on which imparted Coulomb stress is maximum. The best-fitting regional
stress tensor compatible with the majority of ISC collected earthquake focal mechanisms over the
period of years was defined by WinTensor program (Table 2).

The stress change calculations were performed using the software Coulomb 3.3 (Toda et al.,
2011). For all the calculations of the Coulomb stress change, the shear modulus (G), 32 x 10°
bar, Poisson ratio (v) 0.25, Young modulus (E) 8 x 10° bar and effective coefficient of friction
(M) 0.6 were used. The nodal plane resulting in the greatest consistency with the inferred
Coulomb stress field (lying in red region on the Coulomb map), should be selected. However,
the results shown in Figure 3a represents both nodal planes, more or less, were located in the
positive ACFS area. It is also visible that the maximum Coulomb stress region is fully
compatible with the uplifted area in the InSAR surface displacement measurements computed
by the Iranian Space Agency, reflecting appropriate assumed parameters for Coulomb stress
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change calculations (Fig. 3b). The calculated positive ACFS area is exactly placed where the
Kashafrud fault bends in vicinity of Fariman complex.

The aftershocks preferentially occur in the calculated stress increase and less likely in the
calculated stress decrease areas (Parsons et al., 2014). Therefore, the aftershocks tried to control
which nodal plane has more matching with both high Coulomb stress and aftershocks
distribution. The epicentral distribution of aftershocks by Mn>2 and >3, mostly placed in the
maximum (most positive) Coulomb stress area (Fig. 4), is more consistent with the first nodal
plane in Table 1.

Due to the general pattern of aftershocks, it is obvious that the geometry of this nodal plane
(namely Sefidsang earthquake causative fault) couldn't be planar and must be steepened at the
upper part, in the form of listric faults.

Some factors such as, unknown stress concentration prior to the main shock, crustal
heterogeneity and the existence of small faults with different orientations (Mitsakaki et al.,
2013; Xie et al., 2014; Koztowska et al., 2015) may play a role in perturbing the stress field and
thus it is not surprising that all of the aftershocks have not been completely matched with
regions of increased Coulomb stress.

The state of the stress distribution was also investigated by the b-value spatial change map.
The b-value is a tool to monitor the state of stress along a fault zone and has a negative
correlation with the differential stress.

Table 1. The geometry of the Sefidsang earthquake nodal planes taken from GCMT and ISC

Mechanism
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Figure 3. a) Coulomb stress change for the Sefidsang earthquake nodal planes with respect to regional
stresses. Red area represents the maximum Coulomb stress region. White rectangles show the
hypothetical ruptures at focal depth based on Wells & Coppersmith relation and nodal planes geometry.
Green lines represent the assumptive fault traces on the ground. The epicenter was shown by yellow
star. b) The InSAR surface displacement model for Sefidsang earthquake adapted from ISA
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Figure 4. Distribution of aftershock events (green dots) in the maximum Coulomb stress area is more
compatible with the first geometry of nodal planes in Table 1 (see figure 3a for more comparison).
Limited epicentral distribution of aftershocks to the area before the assumptive fault trace on the ground
(green line at the coulomb map) suggests a listric than a planar form of the causative fault. a) The
magnitude of aftershocks is greater than 2. b) The magnitude of aftershocks is greater than 3. As it is
shown, most of the aftershocks have well matched with maximum Coulomb stress area

To certify a homogeneous level of catalog completeness, the minimum magnitude of
completeness (Mc) constraining the b-value map, should be estimated (Wiemer & Wyss, 2000)
or could be specified by homogeneity assumption of catalogue (Schorlemmer et al., 2004). We
estimated Mc of the IRSC catalog from 2006 to 2018 using the maximum curvature method by
Zmap software to be 1.7 (Wiemer, 2001). It means that above this magnitude, the catalog is
complete.

The spatial distribution of b-value was estimated by the maximum likelihood method using
constant radius (R=50 Km, selected by considering the rate of seismicity of the area) for pre-
and post-event datasets. The results obtained by Zmap software were represented in Figure 5.
The spatial b-value change estimated from pre-event dataset represents low value around
mainshock epicenter in correlation with increased applied shear stress or effective stress area
(Urbancic et al., 1992; Wyss, 1973). In this regard, a comparison between the b-value map of
pre-event dataset and the Coulomb stress changes displays good agreement between the region
with low b-values and the positive Coulomb stress area.

However, the post-event dataset (from April 5% 2017 until the end of June 2018) contains a
short period of time to set a detailed b-value map, but it shows high spatial b-value due to
numerous seismic slips after the main shock at the same area having low b-value derived from
pre-event dataset. The low b-value zone of pre-event and high b-value of post-event datasets,
characterize stress accumulation and realization, respectively.

Active fault kinematics

By resolving the GPS velocity (Masson et al., 2007) of MSHN (Mashhad station) relative to
Eurasia onto its respective thrust and strike-slip components, approximate slip rates may be
estimated for Kashafrud fault segments. Since the strike of Kashafrud fault changes where it
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crosses the Atrak valley, NE of Mashad, the velocity of MSHN (2.7+1.4 mm/yr) is slightly
oblique to the Kopeh Dagh range front and a right-lateral component must also be
accommodated across the fault system. Resolving this value onto thrust and strike-slip
components indicates not exact but respective slip components across the SE Kopeh Dagh (Fig.
6). The junction area of two segments having relatively high thrust (~2.1 mm/yr) and right-
lateral strike-slip (~2.2 mm/yr) rates is the location of Sefidsang earthquake sequence where
the Kashafrud fault bends in vicinity of Fariman complex.

Deflected and beheaded stream channels occurring along fault planes and visible in satellite
images, are the kinematic evidence of active faulting in the area (Fig. 7). These faults reveal
sinistral and dextral reverse movements by affecting Quaternary deposits and provide clear
evidence for recent movements.
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Figure 5. The calculated spatial distribution of b-value for pre- and post-Sefidsang event datasets. a)
Dark blue area in the map shows low spatial b-value derived from pre-event dataset. The location of the
Sefidsang mainshock was marked by yellow star. The extension of the area depends on the selected
radius for calculation the b-value. b) Yellow area represents high b-value due to numerous seismic slips
after the mainshock

Figure 6. a) Simplified fault map (black lines) plotted over the SRTM 90m DEM of the Kopeh Dagh
region. The Sefidsang earthquake sequence is shown by orange different size circles. Pink circles show
historical earthquakes. Yellow arrows show GPS velocities, with respect to Eurasia from Masson et al.
(2007). Blue squares show locations of towns and cities. White dotted line shows the Atrak-Kashafrud
valley which divides the Kopeh Dagh from the East Alborz-Binalud. b) Velocity triangle constructions
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using the motion of station MSHN to Eurasia, indicates different thrust and right-lateral strike-slip rates
onto each segment of the Kashafrud fault across the SE Kopeh Dagh. The numbers represent the rates
of thrust components shown by red arrows and strike-slip components set along the fault. The hollow
pink circle at the junction of two segments is the location of Sefidsang earthquake sequence having
relatively high thrust (~2.1 mm/yr) and right-lateral strike-slip (~2.2 mm/yr) rates.

59°10"

Figure 7. Google Earth image of stream channel systematic deflections and strike-slip offsets along
active faults in the study area. See Figure 1 for the location. Black lines show active stream channels,
dashed lines are abandoned streams, violet lines show the surface trace of active faults. a) Sinistral
strike-slip offsets along ENE-striking reverse faults. b) Dextral strike-slip displacements along minor
NW-striking reverse faults

Discussion

In order to characterize the regional active deformation, we need to understand the geometry
and kinematics of the Sefidsang earthquake causative fault. In doing so, the inferred Coulomb
stress change triggering the April 5th 2017 Mw 6.15 Sefidsang earthquake (pre-event stress)
was calculated. Earthquakes are triggered on optimally orientated faults with respect to regional
stress tensor having maximum Coulomb stress. Though, each of focal mechanism nodal planes
could be theoretically the fault plane, but the one resulting in the greatest consistency with the
inferred Coulomb stress field (lying on the positive ACFS region of the Coulomb map), on one
hand, and the epicentral distribution of aftershocks, on the other hand, is the optimally oriented
closer to failure and to be selected. The best-fitting regional stress tensor compatible with the
majority of ISC collected earthquake focal mechanisms over the period of years was defined
by WinTensor program (Table 2). Based on these assumptions, the Coulomb stress change was
calculated with respect to regional stress and the status of ACFS distribution was investigated
to identify which nodal plane has been more consistent with high Coulomb stress. Although
Inferred Coulomb stress field by regional stress is consistent with both nodal planes, the
epicentral distribution of aftershocks mostly placed in the maximum Coulomb stress area (Fig.
4) confirmed the nodal plane with 316° strike, 20° dip to the north and 120° rake geometry as
the causative fault. From the general pattern of aftershocks distribution, it is also obvious that
the geometry of the Sefidsang earthquake causative fault could not be planar and must be
steepened at the upper part, in the form of listric faults.

Based on a nonlinear inversion method composed of artificial neural network (ANN) and
genetic algorithm (GA), Haji Aghajany et al. (2020) suggested the Sefidsang fault parameters
as 210° for strike, 55° for dip and 154° for rake without any declaration of fault mechanism. The
NE-striking fault plane obtained by the nonlinear inversion method is incompatible with their
first suggestion from InSAR measurements and also NW-SE dominant trend of folds and faults
in the region. Despite their inferred NE strike for the fault plane, they resolved the Coulomb
model on a NW-striking fault plane to calculate the post seismic stress and strain. In another
study of this earthquake, also based on InSAR measurements and modeling, Su et al. (2018)
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proposed major dextral with minor reverse displacements (maximum 95 and 47 cm for strike-
slip and dip-slip components, respectively), on a fault plane with 324° strike, 37.5° dip and
131.1° rake at a depth ~3.5 km. Their reported fault parameters are more compatible with a
dominantly reverse kinematic than their proposed predominantly dextral one. In addition, based
on the Wells & Coppersmith (1994) relations, a Mw 6.16 seismic event at a depth of ~3.5 km
must have been accompanied by surface rupture but coseismic slip of the Sefidsang fault did
not propagate to the ground. They calculated the Coulomb static stress change to examine the
future seismic hazard in the Sefidsang source region.

The state of the stress distribution was also investigated by the b-value spatial change map.
A Comparison of the b-value map estimated from pre-event dataset with the Coulomb stress
changes displays a good agreement between the region with low b-values and the positive
Coulomb stress area (Fig. 5).

Resolving NNE GPS velocity of station MSHN relative to Eurasia onto thrust and strike-slip
components for each segment of the Kashafrud fault, indicates the junction area of two
segments having relatively high slip rates is the location of Sefidsang earthquake sequence (Fig.
6). Although the NNW-SSE extent of calculated positive ACFS area and also the strike of fault
bend have relatively high resolved slip rates, the aftershocks distribution is nearly east-west
(Fig. 4a). Perturbing the stress field and therefore poor compatibility of aftershocks distribution
with increased Coulomb stress regions, may be due to crustal heterogeneity and existence of
different azimuthal oriented faults. If the stress tensor is insufficient to form a new fault,
because of low frictional strength relative to necessary stress forming faults, pre-existing faults
constituting weak planes may be reactivated (Scholz, 1990).

This reason from one side and proximity of the Sefidsang sequence to Fariman complex on
the other side, debate reactivation of Cimmerian arc-related faults as planes of weakness in the
crust in NE Iran. The Fariman complex were formed as a fault-controlled arc-related basin on
the southernmost active margin of the Turan domain of Eurasia, under which the northward
subduction of the Palacotethys occurred. A supra-subduction zone setting characterized by
several episodes of arc-splitting and basin opening, related to episodic extension in the upper
plate, represents the tectonic environment in which the Fariman complex was deposited. During
crustal-scale extension and isostatic compensation, low-angle extensional faults are formed
with low initial dips sometimes penetrating in the lower crust and Moho is elevated and a
metamorphic core complex is developed. By the Late Triassic, collisional phase constituting
the final stage of the Cimmerian event made the crust contract. Under these circumstances, the
crust contraction is easily done by reversal slip on pre-existing normal faults. Similarly, pre-
existing faults will become reactivated if they have a favorable orientation of slip. This
phenomenon, and the opposite (reverse faults being reactivated as normal faults) are commonly
referred to as inversion. The tectonic contacts between Fariman units representing a previous
low-angle normal faults correspond to a recent shear zone (Zanchetta et al., 2013). Therefore,
it is very likely that the listric form of the northeast-dipping dextral reverse causative fault
confirmed by the pattern of aftershocks distribution in Coulomb stress change map, is the
inverted arc-related structures reactivated in recent tectonic regime. Figure 8 represents a
kinematic model of fault planes reactivated during the Sefidsang earthquake sequence.

In this way, teleseismic tomographic results of Motaghi et al. (2012) have revealed an intra-
crustal discontinuity beneath the Binalud (dashed line in tomographic cross section of Fig. 8)
interpreted as the thickening of the crust beneath Binalud. Their results also show the
lithosphere is thickened under the place that thickening of crust happened in similar way for the
crust.
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Figure 8. Conceptual model illustrating reactivated preexisting normal faults as reverse faults in current
tectonic regime and 3D topographic relief of SRTM 90m DEM on it, viewed from S70°E. The Sefidsang
earthquake sequence is shown by red circles on the top. Right picture shows seismic tomographic cross
section computed by Motaghi et al. (2012) along the S44°W profile. The inferred position of the Moho
by Motaghi et al. (2012) is marked by black lines. An intra-crustal discontinuity is seen beneath the
Binalud (black dashed line). What is attributed as underthrusting of Turan Platform beneath Central Iran
by them is thick-skin tectonics including crustal-penetrating low-angle faulting reactivated in current
stress field coupled with mafic-ultramafic magmatism in the lower crust

Although geological evidences strongly confirm subduction of the north-directed
Palaeotethys ocean, they suggested underthrusting of Turan Platform beneath Central Iran is
responsible for this thickening. Now, the crustal discontinuity in tomographic results of
Motaghi et al. (2012) can be explained by crustal-penetrating low-angle faults coupled with
mafic-ultramafic magmatism in the lower crust representing thick-skin tectonics.

Morphotectonic features such as fault scarp lines, deflected and beheaded stream channels
occurring along fault planes are the youngest kinematic evidences of active faulting in the area
that affect Quaternary deposits by sinistral and dextral reverse movements (Fig. 7).

Interestingly, kinematics of fault planes reactivated during the Sefidsang earthquake
sequence and other active faults of the region (i.e. Fig. 7) fall into larger kinematic framework
that are compatible to a typical structural pattern namely the rhombic pattern. This structure
implies similar dextral reverse kinematics for other NW-striking and sinistral reverse for ENE-
striking faults distributed in the region, playing the role of linkage between distinct block-
bounding fault systems of NE Iran. The left-lateral regional shear between the Doruneh fault
system and the North Kopeh Dagh fault system causes the counterclockwise rotation of the
bounded blocks about vertical axis. This counterclockwise rotation of the blocks in NE Iran has
been documented in many studies (e.g. Hollingsworth et al., 2010; Shabanian et al., 2009;
Walker & Jackson 2004). The coeval block rotation and NE-oriented shortening leads to the
formation of rhombic structures (Fig. 9). The rhombic structures are bounded on two opposite
sides by thrusts (or oblique thrusts) and on the other two sides by strike-slip faults (oblique
faults), which are partly overstepped. In general, the thrust and strike-slip segments bounding
the rhombic structures are oblique faults and the sense of lateral-slip in adjacent sides of the
rhomb is opposite (Fig. 7a & b). The faults rotate with the progressive deformation to trends
oblique to the bulk shortening direction. Their rotation leads to initiation of oblique rather than
pure slip along them. The degree of oblique slip depends on the degree of their rotation.

They are similar to positive flower structures in appearance and development of positive
topographies but are totally different in genesis from positive flower structures developed in
transpressional zones.



36 Nedaei & Alizadeh

58 60 62

38

36°

& N
0 50 100
L —==—\"Centraliran e
58° 60° 62°

Figure 9. Simplified kinematic model of the study area plotted on the Fig. 1. This model presents
formation of rhombic structures (violet rhombuses) as a result of left-lateral shear between the two deep-
seated block-bounding faults, the Doruneh fault system (DFS) to the south and the North Kopeh Dagh
fault system (NKFS) to the north and NE-oriented coeval shortening. Pay attention to the position of
historical earthquakes (violet circles) and the recent Sefidsang earthquake (red star) concentrating at the
rhombus sides. The sense of shear in adjacent sides, is opposite. The bold gray arrows present the
direction of present-day compressional stress. Black dashed lines represent bounderies of
counterclockwise rotating blocks. Gray dotted line shows the Atrak-Kashafrud valley which divides the
Kopeh Dagh from the East Alborz-Binalud

However, there are some fundamental differences between rhombic and positive flower
structures (Koyi et al., 2016):

1. The sense of movement along the bounding strike-slip faults of rhombic structures is
opposite to positive flower structures. In the rhombic structure, i.e., the two sinistral strike-slip
fault segments overlap in a left-step configuration, but in a positive flower structure, the strike-
slip faults are in a left-step configuration, need to be dextral, not sinistral.

2. Unlike in positive flower structures, where the thrusts dip towards each other, dip direction
of thrusts in the rhombic structures can vary. This is because the thrusts are the result of regional
shortening, not a local shortening due to strike-slip faulting.

3. In "regular” flower structures, the thrusts form as a result of movement along the strike-
slip faults and are active only within the area of the influence of the latter. This does not seem
to be the case in rhombic structures because the thrusts are not a product of movement along
the strike-slip faults, but have been formed due to regional shortening. Thrusts are not confined
to the area defined by the strike-slip fault segments and seem to cut/displace the strike-slip
faults that bound the same rhombic feature.

Therefore according to the following reasons, the transpressional relay zone structural model
(positive flower structures) proposed by Aflaki et al. (2019) for the collision zone in NE Iran
cannot be accepted. Firstly, the suggested transpressional relay zone structural model lies in a
proposed larger regional system between the NW-striking main Kopeh Dagh right- lateral fault
(MKDF; Shabanian et al., 2009) and the N- striking Nehbandan right- lateral fault that is more
compatible with a transtensional zone than the proposed transpressional one. Secondly, the
overall deformation in NE is regional shortening not a local shortening due to strike-slip
faulting. In transpressional zones, the thrusts are a product of movement along the strike-slip
faults. Thirdly, the existence of E-W-striking reverse and ENE-striking sinistral reverse active
faults also are not explainable by their model in the region.
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At last, pre-existing structures have a great impact on the pattern of neo-deformation in fold-
and-thrust belts. Cimmerian-related basement faults in NE Iran confine the expansion of
rhombic cells and sense of block rotation under regional shortening.

Conclusion

Earthquakes give an excellent opportunity to investigate the active deformation. In this study,
April 2017 5" Mw 6.15 Sefidsang earthquake stress distribution was investigated by seismic
parameters and Coulomb stress distribution. Despite its moderate kinematics magnitude, its
location at the southeastern termination of the Kopeh Dagh mountains near the Cimmerian arc-
related Fariman complex helps to answer some open questions on the geodynamics of
northeastern Iran. Our results reveal that this earthquake occurred on a northeast-dipping listric
fault with dextral reverse movement. Similar kinematics for other NW-striking and also sinistral
reverse for eastwest-striking faults in the region revealed by morphotectonic data represent a
typical structure known as the rhombic structure. The left-lateral regional shear between the
two deep-seated block-bounding faults, the Doruneh fault system in Central Iran to the south
and the North Kopeh Dagh fault system in Turan plate to the north, causes the counterclockwise
rotation of the blocks about the vertical axis. The coeval block rotation and NE-shortening lead
to the formation of rhombic structures in NE Iran. Recognition of the pattern and kinematics of
active deformation in addition to paleo-structures can help us to shed light on structural aspects
of other unknown continental block subjected to active deformation in the area. The results of
this study improve our understanding about kinematics of active deformation in NE Iran and
have important implications for seismic hazard assessment of the region and potential future
failure area.
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