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Abstract

We analyzed interferometric synthetic aperture radar sentinel-1A-based observations
to characterize the source of 5 April 2017 Mashhad, Iran mainshock (Mw 6.1), for the
first time to understand the seismogenic potential of the source area using the estimates
of co-seismic displacement and slip distribution on applying the steepest descent method
(SDM). SAR pixel offsets (SPO) provided a deep insight into the co-seismic surface defor-
mation of the entire source zone. Based on iterations of a total of 451 models, our analysis
of sentinel-1A data from ascending and descending tracks revealed surface deformation
occurred in an area of 40x 30 km with a maximum co-seismic uplift of 10 cm. We esti-
mated geodetic moment of 1.9 X 10% Nm corresponding to the magnitude (Mw 6.0) of the
Mashhad mainshock for which the rupture has a planner geometry with uniform slip dis-
location in an elastic half-space with slip of 0.35+0.1 m; strike of N313°E having dip of
48° of the thrust fault associated with oblique motion. The rupture length of 45+3 km
along-strike and 30 +3 km down dip has been estimated. The best-fit fault model geometry
derived from SDM suggests that rupture occurred in the vicinity of the Kashafrud thrust
fault, located west to the main Kopeh-Dagh Fault with its strike of 315°E. It is observed
that a maximum slip of 0.35 m occurred at a depth of 8 km that extended to 10 km in the
crust, which is found to be in unison to the Coulomb stress model that showed low-stressed
zone is associated with the majority of events of lower magnitude (M <4.5) in NE-SW to
the mainshock, whilst the EW zone to the mainshock found relatively highly stressed as a
probable source for generating relatively higher magnitude earthquakes (M >4.5) in the
future. We infer that the estimates of co-seismic source attributes are essentially important
for understanding the nature and extent of earthquake risks for Mashhad, Iran earthquake
source area and of the areas of analogous geotectonic settings, elsewhere in the world.
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1 Introduction

The 5 April 2017 earthquake (MW 6.1) occurred on thrust fault located at 50 km SE
to the Mashhad city of northeast Iran. This event occurred on the NW-SE active thrust
fault zone named Kashafrud fault, extending between the Kopeh-Dagh and Allah Dagh-
Binalud mountain ranges (USGS 2017) as shown in Fig. 1. The study region is seismi-
cally most active (Nemati et al. 2013) region of northeast Iran, which has undergone
crustal shortening due to convergence between Arabian and Eurasian plates (Fig. 1).
Their convergence is principally taken up by the active Makran subduction zone to the
South. The estimated GPS-derived rate of the of Arabia plate with respect to Eurasia
is 22+2 mm/yr (Sella et al. 2002; McClusky et al. 2003; Vernant et al. 2004; Reis-
inger et al. 2006). At the southern boundary of the Iranian plateau, the active Makran
subduction zone is accommodating a significant portion of the convergence at a rate
of 13—-19 mm/yr (Vernant et al. 2004). Based on the seismicity and regional geologi-
cal studies, the study region is associated with predominantly with active thrust faults
(Kopeh-Dagh and Allah Dagh- Binalud mountains) parallel to the strike of the isolated
deforming zone without significant strike-slip faulting (Berberian and Yeats 1999; Hol-
lingsworth et al. 2008; Jackson and McKenzie 1984). Most recent studies also docu-
mented that the source region is associated with transpressional stress regime (Mousavi
et al. 2019; Aflaki et al. 2019). In recent times, there is no evidence of occurrence of
earthquakes of magnitude >Mw 6.0; however, July 1673 witnessed most destruc-
tive earthquake that occurred in Mashhad region of Iran, which destroyed two-third of
Mashhad city (Ambraseys and Melville 1982). Paleo-seismological study revealed that a
total of four earthquakes (M 7.0) occurred between 1209 and 1405, which were located
significantly away from the present source zone and confined to the west of the Mash-
had region of the Iran (Berberian and Yeats 1999).

It is worth mentioning that the study region is the second most populated region in
Iran, besides it has high seismic potential associated with deformational history of the
region in the Iran that has experienced at least nine large earthquakes (M > 7) during the
last six centuries (Tchalenko 1975; Ambraseys and Melville 1982; Berberian and Yeats
1999, 2001) that augment the fact that any region associated with such factors makes it
seismically vulnerable to promote high degree of earthquake risks in the region (Mishra
2012; Mishra et al. 2020).

The recent earthquake was accompanied by ground cracking and was followed by a
complex aftershock sequence. In this paper, we utilized interferometric synthetic aper-
ture radar (InSAR) Sentinel-1A data to examine possible dislocation model for the event
that dictated the ground rupture and the aftershock sequence, which helped recognize a
preferred source mechanism. Our study shed enough light on the constraint of estimat-
ing the source parameters of the mainshock in sense that the nature and extent of future
seismogenesis and earthquake risk potential can be estimated through the apt characteri-
zation of the Mashhad earthquake source region and of the region of analogous seismo-
tectonic settings, elsewhere in the world.
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Fig. 1 a Shaded relief map of eastern Iran showing major faults. Black squares show major cities of eastern
Iran. Red star shows the Mashhad earthquake occurred on 5th April 2017. Black solid line shows the major
and active fault of NE and central Iran; b the distinct tectonic settings of the inset map as shown under (a)

2 InSAR data and analysis
To examine the ground displacements associated with this earthquake sequence, we

prepared interferograms using SAR data acquired by the Sentinel-1A (C-band radar,
wavelength 5.6 cm). We assimilated ascending interferograms using the 24 March 2017
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Fig.2 a Co-seismic unwrapped ascending interferogram from the Mashhad earthquake (Mw 6.1, 5 April
2017) b Co-seismic unwrapped descending interferogram from the Mashhad earthquake (Mw 6.1, 5 April
2017). Red star shows the epicenter of Mashhad earthquake. The earthquake appears as a NW-SE elongate
elliptical feature at the center of the images

and 04 April 2017 images. Descending interferograms were also prepared using 25
March 2017 and 06 April 2017 images using the approach of Sandwell et al. (2011a, b)
[radar looking east, Fig. 2a; radar looking west, Fig. 2b]. Perpendicular baseline sepa-
ration between the satellite orbits was found to be 35 m for the descending and 62 m
for the ascending interferograms. We removed the topographic phase using a SRTM
digital elevation model so that the phase in the interferograms represents ground dis-
placements in radar line-of-sight (LOS) direction. Interferograms were unwrapped and
then plotted rewrapped with each fringe representing 5.6 cm of line-of-sight (LOS) dis-
placement. Decrease in LOS corresponds to motion toward the satellite, whilst increase
in LOS indicates motion away from the satellite (Fig. 3a—b). We observed that there
exist distinct differences in co-seismic fringes appearing in ascending and descending
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Fig.3 Line-of-sight (LOS) displacements shown use the convention that positive motion is toward the sat-
ellite. a Detail of unwrapped ascending line-of-sight interferograms b Unwrapped descending line-of-sight
interferograms
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interferograms because of differences in the imaging geometry between the two acqui-
sitions. For the ascending interferograms (Fig. 3a), the heading (azimuth) of the sat-
ellite orbit is ~100° and the look angle is approximately constant at 55°. However,
for the descending interferograms (Fig. 3b), the heading angle is ~ 100° and the look
angle changes over the swath, ranging from about 44° when both imaging geometries
have approximately similar sensitivity to vertical displacements. The east—west motions
have a different influence on the ascending and descending tracks, resulting in different
fringe patterns. One cycle of phase difference corresponds to 2.8-cm LOS displacement.
The unit vector in LOS direction for east, north, and “up” (Vertical) coordinate system
is found to be 0.29, 0.07, and 0.95, respectively, whilst the corresponding values for
east, north, and “up” (vertical) coordinate system are found to be 0.34, 0.08, and 0.94,
respectively, for the descending interferograms. This shows that the Sentinel Radar-1A
is most sensitive to vertical displacement and least sensitive to north—south displace-
ment. East—west-oriented displacement is the principal cause of LOS displacement with
an opposite sign for descending and ascending interferograms.

It is further noted that the interferometric phase in the descending and ascending inter-
ferograms (Figs. 3a—b) looks very clear and undisturbed, which suggests that dry environ-
mental conditions in study area are very much favorable for InNSAR measurements (Ame-
lung et al. 1999). Our analysis revealed that the main phase in both the descending and
ascending interferograms covers elliptical-shaped area with the increase in three color
fringes that located between the north-northwest-trending active fault and aftershock
zone of the mainshock. This feature characterized by an elliptical-shaped phase pattern
in NW-SE with high gradient change to southeast (Fig. 3a). The similar elliptical-shaped
phase pattern has also been observed for both interferograms, indicating that the ground
displacement has vertical subsidence. The descending interferogram shows 2.5 cm in range
that suggests uplift of 0.8 fringe, characterized by yellow-red-blue-green color, whilst the
ascending interferogram shows an increase of 2.8 cm in range to the west of the teardrop
with uplift of 1 fringe, characterized by red-blue-green color. These observations provided
a clear insight into the degree of deformation at the surface due to co-seismic displacement.

3 Co-seismic slip modeling

We estimated fault-slip distribution of the 5 April 2017 Mashhad mainshock (Mw 6.1)
from the co-seismic displacement using InSAR- Sentinel-1A observational data. In order to
visualize the ascending and descending Sentinel-1A (S1A), synthetic aperture radar (SAR)
data have been utilized as the principal data source for mapping the co-seismic surface
deformation. We presume that the InSAR data account for the deformation only due to slip
on the active thrust fault. We choose a rectangular fault plane that follows the trace of fault
of 60 km, extending in down dip of 30 km. The dip angle of the plane found varied from
40° to 60°.

In order to estimate the source depth, we calculated the Green function using the dis-
location theory (Okada 1992) in the multilayered earth model (CRUST 2.0) of Mooney
et al. (1998) with varying impedances. We adopted the inversion scheme of Wang et al.
(2009) that involved the steepest descend approach (SDM) for constrained least-square
optimization, which is an iterative algorithm used for making estimate of source param-
eters in this study. The physical constraint is introduced to get a smooth slip model, which
is realized through a roughness term that gets minimized with respect to misfit of data. The
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smoothening is applied to stress drop on the whole fault by assuming a fairly smooth stress
drop within slip asperities. The strike (315°) and dip (50°) of the rupture plane are assumed
to be consistent with the fault plane solution of the mainshock. We considered slip distribu-
tion on a 60 x 30 km? rupture, which has sub-faults of size 2x2 km?. The slip on each of
the sub-faults is assumed to be uniform. We allowed the rake of slip on each sub-fault with
variability of +10°. As discussed above, one of the requirements in the inversion scheme
is to estimate the smoothening parameter. We chose the smoothening factor based on the
trade-off curve between the stress roughness of the model and the fitting residual (Fig. 4).
Based on this, we found our appropriate smoothening factor is of 0.02 at the point of very
sharp changes in the pattern where the curvature takes its maximum form (Fig. 4) that
helped obtain our final slip model. We found that the higher value of smoothening factor,
more than 0.02, provides higher misfit, but smoother slip distribution. In contrary to that
the lower value of smoothing factor did not improve the misfit, while the slip distribution
becomes more discrete, in order to validate our estimated co-seismic deformations from
the ascending and descending interferograms are compared with those simulated using the
initial fault parameters as shown in Fig. 5. Figure 5a—b shows the observed, modeled, and
residual deformations from the ascending and descending interferograms, respectively. The
RMSE values between the observed and the calculated modeled deformations are found
to be 4.0 and 5.2 mm for the ascending and descending acquisitions, respectively (Fig. 6).
Since RMSE indicates that discrepancy exists between the observed and the calculated
modeled deformations, we adopted iterative processes for achieving the plausible conver-
gence between the observed and the calculated deformation models that yielded the best
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Fig.4 Variation of roughness with average misfit between the observed and calculated values of co-seismic

offsets. The inflection point in the graph corresponds to the optimum value of the smoothing parameter. In
this case, we adopted a smoothing parameter value of 0.03 as marked by a circle
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Fig.5 Best-fitting uniform slip model of the Mashhad earthquake. (a) Observed, modeled and residual
using ascending interferograms. (b) Observed, Modeled and residual using descending interferograms.
Black lines show the location of the profile along which a 2D section has been drawn as shown in Fig. 6

possible and acceptable matching between the two observed and the calculated models
of deformations. It is, therefore, the obtained RMSE values of 3.7 mm for the ascending
interferogram and 4.6 mm for the descending interferogram (Fig. 6), which correspond to
14% of error in our estimates that may be treated as a tolerable error for estimating the co-
seismic deformation of the 5 April 2017 Mashhad, Iran Earthquake (Mw 6.0). It is worth
mentioning that the error estimates made by different researchers for different earthquake
source zones, elsewhere in the world, showed relatively higher estimates of RMSEs that
varied from 7 to 40 mm (Wang et al 2007; Motagh et al. 2010; Feng et al. 2014; Remy
et al. 2015). We attempted to run a total of 451 models with different parameters that found
converged for the least misfit error of 14%, which supported the matching of the observed
data with our assimilated final model for estimated depth of 8 km of the mainshock. It is
so because the depth of the earthquake source plays an important role in obtaining the true
model. It is, therefore, we made several trials with varying models with varying depths
from 5 to 35 km. The best-fit model suggests that a maximum slip occurred at a depth of
8 km of the mainshock (Fig. 6).

The extent of the residual deformation (— 10-20 mm) was much smaller than that of
the modeled deformation (— 10-100 mm) for the ascending and descending interferograms
(Fig. 5a-b) that reproduced uplift area very well. In particular, as seen in Fig. 5Sa-b, the
extent of the modeled deformation was very similar to that of the observed deformation.
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Fig.6 Plot of observed and modeled LOS profiles parallel to the fault strike as marked in Fig. 5a, b. The
blue and red lines indicate the observed and modeled line-of-sight displacement. The topography along the
profiles is also shown as a light gray color in background. The location of the 5 April 2017 Mashhad Main-
shock with InSAR based estimate of Magnitude (Mw 6.0) is shown by red star in all of three plots. The bot-
tommost plot is showing the location of the mainshock in a dipping fault plane at the depth of 8 km where
the slip is estimated to be maximum as shown in Fig. 7

The best-fit model for the earthquake is found to be happened for the InSAR based esti-
mate of magnitude (Mw 6.0), and the rupture produced maximum slip of about 0.35 m that
found concentrated at a depth of 8 km with the distance of about 6 km west to the epicenter
(Fig. 6). It may be noted that depth estimate of the mainshock made earlier using seismo-
logical data by other agencies was significantly different (~12 km) for Mw 6.1 (Table 1)
by USGS. It is observed that the slip on rupture extended toward southwest in the up-dip
direction with respect to the strike of the Kashafrud fault (Fig. 7).

4 Static coulomb stress (ACFF)

Coulomb failure stress (CFS) changes from mainshocks along the causative fault planes
occur because of the co-seismic deformation and that can play a significant role in trig-
gering slip in neighboring seismic zones (King et al. 1999; Stein et al. 2010; Su et al.
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Fig.7 Slip distribution model for the 5 April 2017 Mashhad earthquake obtained from simultaneous inver-
sion of ascending and descending InSAR data. The distribution of tectonic features and faults is also shown
in the map

2018), which may be the cause of occurrence of aftershocks. Our co-seismic slip model
has been obtained using InSAR sentinel-1A imaging that shows significant displace-
ment occurred on a shallow, elongated, northwest-trending Kashafrud fault. Early after-
shocks mostly occurred in the direction perpendicular to the causative fault and con-
centrated in the narrow zone. In order to confirm the causative fault as the source of
the mainshock and its aftershocks activity in perspective to future seismogenesis, we
examined the Coulomb stress change associated with the mainshock. A series of studies
during the past years showed that the static stress interactions among earthquakes con-
trol the occurrence and timing of future events (King et al. 1994; Stein 1999; King and
Bowman 2003). Earthquakes tend to occur on faults where failure has been encouraged
by previous events (stress triggering) and tend to avoid faults where failure has been dis-
couraged by this trend (Amelung and Bell 2003; Mishra et al. 2013). Whether failure of
a fault has been encouraged or discouraged that can conveniently be measured in terms
of the Coulomb failure stress change. Acy= A7 + uAc,, with Az the shear stress change
on the fault (positive in the slip direction), Ac, the normal stress change on the fault
(positive if the fault is normal stress) through unclamping that encourages the failure to
occur, u is the effective fault friction coefficient on the receiver fault.

The Coulomb failure stress change occurs due to the occurrence of the mainshock
and its aftershocks in the source zone as shown in Fig. 8. We used the mainshock dislo-
cation parameters derived by the finite slip model. It can be seen from Fig. 8 that most
of the north-northeast-trending aftershocks occurred in an area where the Coulomb fail-
ure stress was found varying from 0.04 to — 0.1 bar, suggesting that those aftershocks
(Table 2) might have triggered by the mainshock, which is confirmable to our model
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Fig.8 Static Coulomb stress changes (in bars) due to the mainshock of magnitude Mw 6.1 calculated at
a depth of 10 km with u=0.6 and B=0.2 onto a prescribed receiver fault obtained from the uniform slip
model. The grid size has been taken as 0.5% 0.5 km for Coulomb stress calculation. The best located after-
shocks obtained from USGS (yellow circles) are also shown in this figure, the majority of them being con-

centrated in stress enhanced area

Table 2 List of significant aftershocks of the 2017 Mashhad, Iran Mainshock (Mw 6.1) (USGS)*

Year Month Day Hour Minute Second Longitude Latitude Depth  Magnitude
The 2017 Mashhad, Iran Mainshock (Mw 6.1)
2017 4 5 06 09 12.2 35.7755 60.4363 13 6.1%
Some of its significant aftershocks occurred within 12 h of the mainshock and a delayed aftershock on
2017.05.02
2017 4 5 06 19 34.74 36.0114 60.5984 10 4.8
2017 4 5 06 38 8.66 35.9573 60.6206 10 4.1
2017 4 5 07 47 30.04 35.8653 60.4061 10 4.8
2017 4 5 17 8 16.01 36.1034 60.5189 10 44
2017 4 5 20 7 25.82 35.7971 60.4318 10 5.1
2017 4 7 13 11 35.33 35.8421 60.6151 10 42
2017 5 2 21 12 11.09 35.8339 60.5704 10 5.1

*Source of the 5 April 2017 Mashhad, Iran earthquake (Mw 6.1)

@ Springer



3050 Natural Hazards (2021) 105:3039-3057

derived from InSAR data. Our estimate of maximum slip at the depth of 8 km is also
found concentrated in the high-Coulomb stress zone.

5 Results and discussion

We determined the geodetic moment magnitude of the 5 April 2017 Mashhad, Iran main-
shock using our estimated slip distribution, which found to be Mw 6.0. The source of
5 April 2017 Mashhad, Iran earthquake (Mw 6.0) was associated with thrust fault with
oblique motion on the northwest trend Kashafrud fault. Using SAR offsets, we have
extracted a synoptic view of the surface displacements covering the whole epicenter area
of the 5 April 2017 Mashhad earthquake source zone. Interferometric analysis of Senti-
nel-1A data from an ascending and a descending track reveal co-seismic ground defor-
mation due to the Mashhad earthquake (Mw 6.0) that corresponds to seismic moment of
2.57x 10'8 Nm (Table 1) over an elliptical region of 40 x 30 km with a maximum co-seis-
mic uplift of ~ 10 cm. The availability of interferograms in both ascending and descending
tracks provided a good constraint for modeling the rupture zone of the mainshock that cap-
tured the deformation from two different directions. From simple elastic modeling in which
we assumed that the rupture occurred in a planar uniform slip dislocation in an elastic half
space. An inversion strategy has been employed to determine its source parameters (mag-
nitude; depth of maximum slip) and variable slip distribution which comprises a nonlinear
inversion for determining the fault geometry and estimating the slip distribution along the
ruptured fault plane. Figure 5a—b shows observed and simulated interferograms from the
optimal slip distribution and the calculated residuals. The best-fit slip distribution agrees
well with observed displacements with small root mean square (RMS) misfits: 4.0 mm to
LOS range changes. The model suggests the maximum slip of 0.35 m; strike of N315°E;
dip of 52°; rake of 120 at source depth of 8 km (Table 1) with dimensions of 40+3 km
along-strike and 30+ 3 km in down dip (Fig. 7) and shed reproduce the main features of
the observed displacement. The location of our preferred rupture plane suggests that the
mainshock occurred at its northeast corner and propagated southwestward. The slip model
is supported by the Coulomb stress model, which suggests that the southwestward move-
ment of the mainshock rupture has correspondence to the event occurred on a NE-dip-
ping thrust fault. We also examined the depth of maximum slip along the NW-SE fault
plane. The model shows the maximum slip that occurred at a depth of 8.0 km. Our estimate
parameters of source parameters are found to be compatible with those estimated by Su
et al. (2018) and Aflaki et al. (2019) except their smaller estimates of maximum slip associ-
ated with shallow depth layers having variation between 2.5 and 5.5 km, besides our fault
parameters have higher dip angle of 52° that supports our model of dominantly reverse
kinematics.

Based on rigorous analysis, we assimilated a schematic model of stress changes due to
the occurrence of the mainshock (Mw 6.0) at a depth of 10 km with 4=0.06 as f=0.2 on
a fault responsible for generating the event with uniform slip. We calculated Coulombs
stress (Fig. 8), which demonstrates the interrelationship between distribution of earth-
quakes (2.0<M <5.0) and the structural heterogeneity of the source region and is found in
unison with the other earthquake source zones (Mishra 2012; Lei et al. 2012; Zhao 2015).
The analysis of static Coulomb stress and its computation for slip provide the present stress
distribution in and around the source zone, which can easily be demonstrated by a sche-
matic model of current seismogenesis (Fig. 9a). It is well documented that the post-seismic

@ Springer



Natural Hazards (2021) 105:3039-3057 3051

(bar)
36.4 0.1
0.08
{0.06
0.04
@< 36} J
J<5;
= 0.02
S
= > o9 [
@
=
= -0.02
S 358 -
-0.04
o
3 -0.06
-0.08
e O )
35.2 -0.1
59.6 60 60.4 60.8

Longitude (degree)

(a)

o ’fa L]
sha /-lld
FQU/,
L]
* .
e e bar .
s s 5 © 2 2 2 8 © L

(b)

Fig.9 (a) A schematic model of the source zone for seismogenesis with respect to the nature and extent of
stressed regime in and around the 5 April 2017 mainshock (Mw 6.1); (b) A schematic model that depicts
the future source zone for seismogenesis having potential to generate earthquakes of higher magnitude. The
yellow circles indicate the aftershocks of the Mashhad mainshock, while the dark circles are past back-
ground earthquakes reported for the region
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deformation and stress buildup have significant implications on the earthquake cycle and
may increase the recurrence interval of large earthquake.

It is pertinent to note that InSAR-based estimate of magnitude of the mainshock is
found to be Mw 6.0, which is slightly lower than that of the magnitude (Mw 6.1) based
on estimate using seismological data from various agencies (Table 1). It is, therefore, we
infer that our InSAR-based estimates of magnitude and depth of maximum slip have better
constraint on our estimates of source parameters. This observation shed a light on the fact
that the aftershock sequence of the 5 April 2017 mainshock might have confined to a very
less number of aftershocks despite 40X 30 Sq km of rupture dimension having maximum
amount of slip of 0.35 m in the southwest direction to the mainshock where none of after-
shocks occurred which is associated with very-high-Coulomb stress. In contrary to that
aftershocks found associated with northeastward to the mainshock zone, which is found as
the juxtaposition of low-Coulomb and high-Coulomb stress regime (Figs. 8, 9a). It may be
because of insufficient amount of seismic energy that did not able to bring large-scale brit-
tle failure to cause a series of aftershocks.

It is observed that a release or leakage of stress in and around the source zone may
affect the future scenario of seismogenesis (Mishra 2014; Mishra et al. 2014, 2020) with
respect to static Coulomb stress distribution in the source region. We further infer that
high-stressed zone (Fig. 9b) is associated with a smaller number of earthquakes of rela-
tively higher magnitude, whilst the low-stressed zone is associated with relatively more
number of events of the lower magnitude. Occurrence of the mainshock in association
with its aftershocks leads to the heterogeneous changes in the Coulomb failure stress from
0.04 bar to — 0.1 bar where maximum number of aftershocks (Table 2). The recent study
by Su et al. (2018) demonstrated that the western and eastern walls of the seismogenic
fault were sufficiently moved to the northwest where right-lateral strike-slip displacement
reached to a maximum value during the Mashhad earthquake, speculating the dextral dis-
turbance along the unknown fault may have been driven by the Mashhad mainshock and
the adjacent seismogenic Tus fault could have played an important role in the strain parti-
tioning in the region. This observation of Su et al. (2018) supports our interpretation that
the seismogenic behavior of the source zone might have played a crucial role in genesis of
the mainshock and its aftershocks, associating with changes in CFS as shown in Fig. 8. The
maximum amount of slip of 0.35 m occurred at a depth of 8 km that is extended to 10 km
beneath the source zone.

It is interesting to see that our InSAR-based slip model is found to be very much cor-
roborative with that of Coulomb stress perturbation model that showed low-stressed zone
is associated with the majority of events of lower magnitude (M <4.5) in NE to the main-
shock, whilst NW zone to the mainshock is found to be relatively more stressed. Our inter-
pretation of the Coulomb failure stress changes is found to be in a good agreement with
that of Su et al. (2018) where authors speculated that calculated CFS was very much apt
to trigger the genesis of an earthquake if the Kashafrud fault and its southern continuation
of the Tus fault critically get stressed due to the cascading effect that might have brought
the surrounding Tus fault near to failure, consequently, fewer aftershocks occurred in the
decreased CFS zones. Based on this observation, we can safely comment that the highly
stressed zone to the mainshock (Figs. 9a—b) might yield earthquakes of relatively larger
magnitudes in comparison with that of aftershocks of the Mashhad Mainshock occurred
NE to the mainshock, since the highly stressed CFS zone has not yet witnessed the leakage
of stress in the recent past. Additionally, it has also been observed from the recent study by
Su et al. (2018) that the western and eastern walls of the seismogenic fault were sufficiently
moved to the northwest where right-lateral strike-slip displacement reached to a maximum
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value during the Mashhad earthquake, speculating the dextral disturbance along the
unknown fault may have been driven by the Mashhad mainshock and the adjacent seismo-
genic Tus fault could have played an important role in the strain partitioning in the region.
This observation of Su et al. (2018) supports our interpretation that the seismogenic behav-
ior of the source zone may have played a crucial role in genesis of the mainshock and its
aftershocks, associating with changes in CFS as shown in Figs. 8 and 9. Our study is found
to be in unison to the recent study discusses the control of differential strain by the nature
and extent of structural heterogeneity made by different researchers for different earth-
quakes occurred in different regions (Gupta et al. 1996, 2001; Mishra et al. 2013; Mishra
2013; Singh et al. 2012), which clearly supports the fact that structural heterogeneity of the
source zone is responsible for generating the varying degrees of Coulomb stress beneath
the source zone and corresponds to the genesis of aftershocks sequence of the mainshock
(Mishra et al. 2008; Zhao et al. 2002). It is further noted that the mainshock occurred at the
juxtaposition of the highly stressed and low-stressed zone associating with strong coupling
or cohesiveness with source material heterogeneities (Kayal et al. 2002; Mishra et al. 2003;
Singh et al. 2017), suggesting that there exists apt seismogenic strength to bring the failure.
Our analysis supports the concept of variability in the seismic potential, which is the func-
tion of varying strengths of seismogenic layers and being dictated by the degree of fracture
and sub-surface cracks beneath the source zone (Mishra and Zhao 2003).

The present analysis allows comparison with geological features that might have influ-
enced the rupture initiation, propagation and termination of the mainshock (Mishra et al
2008). The surface projection of this fault appears to coincide at its southern end with the
location of the mapped Kashafrud fault. Based on field surveys (Ghassabian 2017), the
2017 Mashhad earthquake was associated with blind fault that did not break the surface,
which is similar to the 2001 Bhuj earthquake (Mw 7.6). Minor cracks were observed at
the near foot of the fault in post-earthquake field surveys (Ghassabian 2017). Such blind
fault system was associated with recent earthquakes, which has similarities with patterns
of faulting for other earthquakes in northeast Iran (Talebian et al. 2004) as well as in the
2001 Bhuj earthquake in NW India (Kayal et al 2002; Mishra and Zhao 2003 ; Singh et al.
2011), which is why these areas are demarcated as the areas of high seismic risk under
seismic hazard zoning map of the respective country.

The mainshock found associated with reverse faulting with dextral oblique motion in
the NW-trending Kashafrud fault accompanied by co-seismic ground cracking along the
Kashafrud fault, which is one of the sub-parallel faults to the Kopeh-Dagh fault system.
The mainshock source zone was associated with few strong aftershocks (Mw 5) follow-
ing the first day of the mainshock which concentrated only in the NNE down-dip direction
of the causative fault (Fig. 8). We interpret that slip on the causative fault was seismic
and aseismic slips that were generated by the mainshock. There were several studies that
reported to have occurred in the source region in the past (Akbari et al. 2011), but their
locations are not sufficiently well constrained to corroborate the felt earthquake reports
with these moderate earthquakes used in this study. We also attempted to study the sur-
face expression of the blind fault by projecting our estimated maximum slip depth of the
source zone to the surface that found well intersected to the Kashafrud fault in the vicinity
of ~800 m. (Fig. 1), suggesting that this is the plausible causative fault that generated the 5
April 2017 Mashhad Iran earthquake with its InSAR based estimate of its moment magni-
tude (Mw 6.0) at a source depth of 8 km, which can be further reinforced by the morpho-
logical study of the source region associated with seismogenic fault.

We found that the source zone of the 5 April 2017 Mashhad, Iran earthquake has hetero-
geneous stress distribution in which the zone between Mashhad fault and Kashafrud fault
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is highly stressed, and the mainshock occurred at the zone which is juxtaposition of high
and low stress perturbation. This observation, in turn, suggests that the imaging of distinct
stress variation and co-seismic modeling using InSAR Sentinel-1A data helped for bet-
ter source characterization and its bearing on seismogenesis and rupture propagation. Our
determined maximum slip of 0.35 m at source depth of 8§ km, which is in a good agree-
ment with geometric factors of the deep-seated causative fault systems (e.g., their segmen-
tation, spacing and overlapping relations), is in continental block boundaries as shown in
Fig. la-b.

6 Summary

InSAR is an ideal technique to identify the blind fault system in quaternary tectonically
active region. In the present study, using information from both ascending and descending
tracks of Sentinel -1A data, we have identified the source zone for the ground deformation
associated with Mashhad, Iran earthquake of InSAR based moment magnitude (Mw 6.0).
The source was associated with thrust fault with oblique motion on the northwest-trending
Kashafrud fault. The mainshock was accompanied by co-seismic ground cracking parallel
to fault. We also observed that the magnitude of the co-seismic event is well constrained
by the InSAR data, which is mostly consistent with the magnitude (Mw 6.0) what we esti-
mated using InSAR data and differs from that of seismological studies (Mw 6.1). We found
that the majority of moment release at optimum slip depth that occurred at a depth of 8 km,
derived from the uniform slip model. Interestingly, the aftershocks occurred in the juxtapo-
sition of low and high stress zone. The depth of the maximum slip is found to be confirm-
able with the appreciable Coulomb stress.

The maximum slip distribution (0.35 m) corresponds to high-stressed zone with positive
stress perturbation at the source depth of 8 km, which is predominantly oriented toward
southwest to the mainshock, where possibility exists for occurrence of relatively high mag-
nitude earthquakes (M > = 6.0). The zone in the northeast to the mainshock is found to
have a negligible slip associated with low-stress regime having negative stress perturba-
tion, which may have potential to generate relatively lower magnitude earthquakes, whilst
the highly stressed zone having positive CFS can have potential of generating earthquakes
of relatively larger magnitudes. It is, therefore, the source zone of the 5 April 2017 Mash-
had, Iran earthquake has heterogeneous stress distribution in which the zone between
Mashhad fault and Kashafrud fault is highly stressed, and the mainshock occurred at the
zone which is juxtaposition of high- and low-stress perturbation. This observation, in turn,
suggests that the imaging of distinct stress variation and co-seismic modeling using InSAR
Sentinel-1A data helped for better source characterization and its bearing on seismogen-
esis and rupture propagation. The present analysis allows us to make adopt a practice for
reassessment of earthquake magnitudes using the state-of-the-art technique of estimating
geodetic moment magnitude (Mw 6.0) of the earthquake using the InSAR-based assimi-
lated slip model, which in turn help comparing with geological features that might have
influenced the rupture initiation, propagation and termination of the mainshock rupture,
which is essentially important for understanding the nature and extent of earthquake risks
for Mashhad, Iran earthquake source area and of the areas of analogous geotectonic set-
tings, elsewhere in the world.
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