friried applied
e sciences

Article

Surface Displacement and Source Parameters of the 2021
Bandar-e Genaveh, Iran, Earthquake Determined from

InSAR Observations

Zeinab Golshadi 1'%, Nicola Angelo Famiglietti 2", Simone Atzori

check for
updates

Citation: Golshadi, Z.; Famiglietti,
NL.A.; Atzori, S.; Vicari, A. Surface
Displacement and Source Parameters
of the 2021 Bandar-e Genaveh, Iran,
Earthquake Determined from InNSAR
Observations. Appl. Sci. 2022, 12,
4223. https://doi.org/10.3390/
app12094223

Academic Editors: Filippos

Vallianatos and Vassilis Sakkas

Received: 19 March 2022
Accepted: 17 April 2022
Published: 22 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 2

and Annamaria Vicari

Institute of Geophysics, University of Tehran, Tehran 141556466, Iran

Istituto Nazionale di Geofisica e Vulcanologia, 605, 00143 Rome, Italy; nicola.famiglietti@ingv.it (N.A.E.);
simone.atzori@ingyv.it (S.A.); annamaria.vicari@ingv.it (A.V.)

*  Correspondence: z.golshadi@alumni.ut.ac.ir; Tel.: +98-919-2906-527

Abstract: On 18 April 2021, a My 5.8 earthquake occurred near the city of Bandar-e Genaveh,
southwestern Iran. Four synthetic aperture radar (SAR) images, acquired from Sentinel-1 (ESA
Copernicus project) satellites in ascending and descending orbits, were used to get two displacement
maps, catching the surface co-seismic effects through the two-pass INSAR technique. Modeling the
deformation patterns using equations for a shear dislocation in elastic half-space allowed the source
parameters and the slip distribution of the seismogenic source to be determined. We calculated that
the rupture occurred on a reverse fault extending NW-SE, gently dipping NE and with a maximum
slip reaching about 1 m. The northeast and low-dip angle of this fault are also consistent with the
tectonics of the region, which is subject to deformation and shortening along the northern margin of
the Arabian plate. Our estimations of the fault parameters agree with the Zagros Foredeep reverse
fault. We additionally processed four other SAR images to investigate the possibility that the Mw 5.0
aftershock, which occurred about one month later, induced surface effects visible with InNSAR. This
analysis, however, did not provide any clear conclusions.

Keywords: Genaveh earthquake; co-seismic deformation; Sentinel-1 A; interferometric synthetic
aperture radar; geodetic modeling

1. Introduction

On 18 April 2021, at 6:41 UTC (11:11 Iran Standard Time), a My 5.8 earthquake
occurred near the city of Bandar-e Genaveh, in the seismically active area of the Bushehr
province, southwestern Iran (Figure 1). This earthquake occurred in the strongly active
area, with structures oriented mostly northwest-southeast and dominated by right-slip and
reverse fault mechanisms [1,2]. It did not cause casualties, extensive damage or surface
ruptures in the affected area [3]. There were 200 aftershocks following this earthquake over
the next 4 months, with 20 of a magnitude higher than 4 [4]. Among them, a large aftershock
of My, 5.0 occurred on May 21, potentially causing additional surface displacements.

A number of studies have investigated this earthquake using finite fault modeling
(Table 1) based on different techniques. However, there are inconsistencies between the
different fault models. According to the Harvard group and the U.S. Geological Survey
(USGS), the Global Centroid Moment Tensor (GCMT) solution is a fault-plane solution that
is consistent with nearly thrust-slip motion, but the USGS solution prefers a smaller seismic
moment release.

In order to reconstruct the complex active fault system of the investigated area, we
exploit the INSAR (Interferometry from Synthetic Aperture Radar) two-pass technique, a
well-consolidated instrument to retrieve the surface deformations [5]. INSAR is, indeed, a
geodetic technique capable of obtaining high resolution displacement maps with centimet-
ric accuracy over a wide area [6]. These maps reveal the displacement in LoS (Line-of-Sight)
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direction, i.e., the line connecting the satellite to the pixel on the ground, and they can
be used, through a geophysical model and optimization algorithms, to derive the param-
eters of the source responsible for the earthquake [7]. Given the peculiar geometry of
the LoS direction, the combination of images acquired from ascending and descending
orbits is generally preferred to better constrain the deformation field and, consequently, the
source parameters.

Table 1. Source parameters of the 2021 Genaveh earthquake.

. Plane Strike o Rake Depth  latitude longitude
Reported by Dataset Magnitude No. ©) p© ©) (k) ©) ©

L 1 308 28 80

USGS Teleseismic 5.8 Mww) 2 139 62 95 8 29.753 50.678
L 1 300 26 79

GCMT Teleseismic 5.9 M) 5 132 65 95 12 29.61 50.60

IGUT Regional 5.9 (Mw) Mainshock - - - 9 29.73 50.67

seismic data 5 (Mn) aftershock - - - 9 29.79 50.57

TIEES Regional 6 (M) - - - - 20 29.71 50.70

seismic data
RHDRC Locaéz‘zsmm 6 (My) - - - - 10 50.79 29.79
Regional
EMSC seismic data 5.8 (Mw) - - - - 10 50.70 29.82
GFZ Teleseismic 6 Mw) - - - - 10 50.66 29.77

USGS: United States Geological Survey; GCMT: Global Centroid Moment Tensor; IGUT: Institute of Geophysics,
University of Tehran; IIEES: International Institute for Earthquake Engineering and Seismology; RHDRC: Road,
Housing and Development Research Center; EMSC: European-Mediterranean Seismological Centre; GFZ: German
Research center for Geosciences.
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Figure 1. (a) Map of the investigated area plotted on shaded relief map of SRTM digital elevation
model; red star represents the location of the 18 April 2021, My 5.8 mainshock and the black one
indicates the 21 May 2021, My 5.0 aftershock [4]; black pentagons indicate historical earthquakes [8];
white rectangles mark the footprints of Sentinel-1 images used in this work; red lines are the active
faults in the area [9,10]. Abbreviations are; ZFF-Zagros Foredeep Fault, HZF-High Zagros Fault,
MFF-Mountain Front Fault and MZRF-Main Zagros Reverse Fault. Dark blue line show boundaries
of cratons and tectonic belts as deformation front [11]. (b) Zoom on the investigated area, with
the geological map [12]. The ZFF fault extends through sedimentary rocks and cuts simple folding
of Bakhtiari, Lahbari, Aghajari formations (B, L and A labels in figure, respectively) [13]; Arrow
shows the relative velocity of Arabia with respect to Eurasia in mm/year [14]; green circles indicate
aftershocks up to 15 July 2021. (c) A simplified cross-section through northeast to southwest of
(a) [15-17]. (d) Geological profile of SS” in (b) and enlarged (c) section [10,13].

In this study, we infer the source of the 2021, My 5.8, Genaveh earthquake through
the modeling of ascending and descending InSAR displacement data, providing the fault
geometries, kinematics and the slip distribution for the mainshock. We also investigate how
the convergent tectonics of this region relate to the obtained causative fault. We additionally
investigate the possibility that the My 5.0 aftershock induced some co-seismic surface
effects by calculating and modeling two more InNSAR displacement maps. The outcome of
this analysis, however, did not provide an evident conclusion.

Geological and Tectonic Setting

This area is located in southwestern Iran, within the complex Neogene collision zone
between the Arabian and Eurasian plates, with a tectonic shortening rate of approximately
6.5 &£ 2 mm/yr [14] as a result of post-collisional crustal shortening that is transferred to
the foreland structures and ophiolite obduction [18,19] (Figure 1).

This area is one of the most seismically active intra-continental fold-and-thrust belts
on Earth. Zagros Mountains and their coupled foreland basin were evolved during a
multi-episodic orogeny from the Late Cretaceous to recent times [20]. The estimated o
axis in Zagros Folded and thrust Belt (ZFTB) trend rotates in anti-clockwise direction from
NE-oriented trajectories to the southeast to ~N-oriented trends to the north [10]. There
are four major active faults in ZFTB, which are the Zagros Foredeep Fault (ZFF), the High
Zagros Fault (HZF), the Mountain Front Fault (MFF) and the Main Zagros Reverse Fault
(MZRF). Most of these faults trend NW-SE and NNW-SSE, with dips of 30-60° and rakes
of 60-120° along the plate boundary [9,21]. There is an older sequence of deformation in
the inner parts of Zagros chain and a younger sequence in the outer Simply Folded Belt
since the Late Cretaceous to Pliocene period [17].

In this region, several tectonic units are divisible from northeast to southwest with
non-uniform deformation [10]. Tectonic slices of the highly deformed domain of thrust
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zone, including the Arabian margin, remains of island arcs, fragments of Cretaceous
ophiolites and accretionary prisms, developed above a basal detachment in the latest
Neoproterozoic-Lower Cambrian Hormuz evaporates or lateral equivalent [17,20,22]. In
the Zagros belt, the deformation and tectonic process that reactivated the Late Cretaceous—
Paleogene obduction belt is characterized by thin- and thick-skinned tectonics [17]. Tectonic
deformation of the Zagros foreland basin was closely related to the propagation of faults
from the Arabia—Eurasia suture zone to the southwestern side [22]. The Simply Folded
Belt, limited by the HZF and the MFF, is characterized by many elongated anticlines. The
low folded zone, located to the southwest of the MFF (Figure 1b), is characterized by a
series of elongate folds of Miocene strata [23]. Multi-detachment folds with subordinate
thrusting characterize the deformation of the sedimentary cover of the Arabian margin [24].
According to the progressive limb rotation model of fold kinematics, these formations
are growth strata which accumulated during folding. As a result of folding, N- and NW-
trending basement faults accommodated shortening [10]. Multiplicity of decollement
levels promotes a partly decoupled deformations and limits the size of most faults in the
area [19,24].

The Dezful embayment changes the obliquity of Arabian plate convergence, controls
the slip rate of faults, and contributes to the formation of the ZFTB [10]. The study area
is bounded by the Zagros Foredeep Fault (ZFF) and the Borazjan fault. Inverse ZFF is
generally northwest—southeast with a slope to the northeast [1]. It separates the foredeep
Zagros belt (north and northeast) from the Quaternary alluvium of the Persian Gulf coastal
plain (south and southwest) and in the form of overthrust fault branches, has cut the
folds in the region [1]. The strike-slip segment of the Kazerun Fault displaced the High
Zagros Fault southward [10]. The ZFF has been extended as a dextral fault along the active
Kazerun-Borazjan fault for 105 km and is composed of various hidden fault segments
that partition the compressional structures within this range. This fault, like the MFF with
a predominant thrust regime and the HZF with a combination of thrust and strike-slip
regimes [10], is a deep fault that, after cutting the sedimentary cover of the upper crust,
extends to the lowest parts of the crust and reaches the shear zone to Moho. As a result
of the thrust Borazjan fault activation, the fold axis has curved, elongated, and dislocated
across the Zagros belt as dextral [25] (Figure 1). Under NE dip low-angle basal thrusts,
Arabian basement rocks are deformed by large crustal thrusts that actually merge at depth
and correspond to the uppermost crystalline basement [24].

2. Methodology
2.1. InSAR Observations and Processing

In this work, we used Sentinel-1 (ESA Copernicus project) data in Interferometric
Wide (IW) swath mode to retrieve the ground displacement field induced by the Genaveh
earthquake; it acquires data with a 250 km swath at a 5 m by 20 m spatial resolution (single
look). IW mode captures three sub-swaths using Terrain Observation with Progressive
Scans SAR (TOPSAR). A white rectangle in Figure 1 indicates the footprints of SAR images
covering the area of the event. We generated four interferograms, each with a temporal
baseline of 12 days, to measure the mainshock and the My 5.0 aftershock deformations,
both from ascending and descending orbits (Table 2).
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Table 2. Sentinel-1 pairs used to detect the permanent deformations of the Genaveh mainshock and
the aftershock.

Interferogram Pass Orbit Normal Temporal
Event & Master Date Slave Date .o Spatial Baseline
Number Direction Number .
Baseline (m) (Day)
1 14 April 2021 26 April 2021 Ascending 101 41.21 12
Mainshock
2 10 April 2021 22 April 2021 Descending 35 39.18 12
1 20 May 2021 01 June 2021 Ascending 101 6.73 12
Aftershock
2 16 May 2021 28 May 2021 Descending 35 39.92 12

Co-seismic processing was carried out with ENVI® SARscape® (Sarmap, CH, Version
5.5, distributed by HARRIS Geospatial Solutions, Switzerland, Retrieved from http://www.
sarmap.ch/) software, using the two-pass INSAR method to produce the interferograms [26].
The Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) with 30 m
resolution (Available online: https:/ /earthexplorer.usgs.gov/ (accessed on 5 May 2021))
was used to remove the topographic phase contributions [27], precise orbits (Available
online: https://qc.sentinell.eo.esa.int (accessed on 19 May 2021)) were used for orbital
corrections and the Goldstein filtering method was also applied to wrapped fringes [28]
to reduce the interferometric phase noise. A phase unwrapping and displacement maps
were created using the minimum cost flow (MCF) algorithm [29] and the slant range maps
were eventually geocoded to UTM zone 39, with a pixel size of 30 m. The interferograms
and the displacement maps are shown in Figure 2; due to the favorable conditions (dry soil,
short temporal and spatial baselines), the interferometric coherence is very high and the
coverage is continuous.
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Figure 2. Interferometric fringes (a,b) and displacement maps (c,d) for ascending (left) and descend-
ing (right) orbits for the 2021 Genaveh mainshock. Positive displacement indicates a movement
toward the satellite (e.g., uplift), whereas negative displacement indicates a movement away from
the satellite (e.g., subsidence).
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We also considered the possibility that the Myy 5.0 occurred on May 21st induced
a detectable surface effect; the two displacement maps, obtained from the processing of
images listed in Table 2, are shown in Figure 3. The two maps show a small, but clear,
signal of a few centimeters that can be ascribed to several different causes, and we will
investigate through their modeling in the next section.
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Figure 3. Ascending (a,c) and descending (b,d) pattern of Interferometric fringes and displacements
including the May 21, M 5.0 aftershock. The biggest dark star indicates the location of the mainshock
and the small dark star shows the location of May aftershock.

2.2. Elastic Dislocation Modelling Using InSAR Observations

To provide an accurate estimate of the earthquake source parameters based on a single
rectangular fault plane and to determine where in-depth slip distributions are located, the
following analysis of INSAR data and modelling was performed. After processing the four
interferograms of Table 2, we started the modeling of displacement data to get the source
parameters. In order to reduce the amount of data to handle in the inversion, particularly
needed in this area where the radar coherence is maximized, we sampled the InNSAR raster
maps adopting a regular grid sampling of 2000 m in the far field and 500 m in the near field.
With this sampling, we obtained a subset of 3500 points for the ascending and descending
datasets. Then, co-seismic displacement modeling was conducted using a consolidated
two-step inversion method: a non-linear inversion to solve for the geometry, location and
uniform shear dislocation on a rectangular source, and a linear inversion to solve for the
slip distribution over the constrained fault plane [30]. In both steps, the underlying model
is the rectangular shear dislocation in a homogeneous and elastic half-space [31]. Further,
we adopt a strategy to account for the effects of topography [32], ranging in this area from
zero to around 600 m and playing a small but not negligible role. For every event, we jointly
inverted the ascending and descending displacement maps. The non-linear inversion
exploits the Levenberg-Marquardt minimization algorithm to find the global minimum
of the cost-function based on the least-squares of the residual between the observed and
predicted data [33]; it consists of a Gauss—Newton method, implemented with multiple
restarts to guarantee catching of the global minimum. Details of the implementation can be
found in [30].
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After the definition of the source geometry with a uniform slip and rake, we calculated
the slip distribution along the fault plane, by using the algorithm described in [34]. It
consists of a least squares optimization based on linear inversion of the matrix:

where d, and d; are the observed ascending and descending data vectors, respectively, m
is the vector of the unknown slip values, G is the Green’s function matrix, VZisa Lapla-
cian operator used to regularize the slip distribution, weighted by the empiric coefficient
k [35,36]. To prevent the change of the slip direction (back-slip) along the fault, we used
additional constraints of non-negativity of the parameters.

We remark that all the inversions (non-linear and linear, for the mainshock and the
aftershock) are carried out with a joint contribution of ascending and descending InNSAR
datasets, automatically weighted according to the approach described in [37].Furthermore,
for every inversion the parameters of a possible ramp that affects the INSAR data were
simultaneously assessed together with the source parameters.

3. Results

The displacement maps show a peak of about 0.17 and 0.13 m, from ascending and
descending orbits, respectively (Figure 2). Positive values indicate a displacement toward
the satellite, in the LoS, which reflect the presence of the uplift typical of thrust earthquakes.
In fact, a few centimeters of variation in LoS displacement measurements might also be
related to the different viewing angles between the ascending and descending satellite
observations, and the contribution of the horizontal (mainly E-W) motion component.
In addition, the important difference between the two LoS, ascending and descending,
witnesses the existence of an important horizontal component, as expected for this type
of rupture that occurs along a low-dip plane. Table 3 shows the source parameters for the
deformation constrained by the non-linear inversion of two maps containing the effects of
the My 5.8 mainshock; it shows that the deformation was caused by a fault with 9.5 km
in length, 5 km in width, 20° in dip, and 313° in strike with a prevalently inverse rupture
mechanism with an average slip of about 0.7 m, consistent with the focal mechanism
determined by USGS, as discussed in the next section.

Table 3. Fault parameters of the Genaveh mainshock after the non-linear inversion. Latitude and
longitude refer to the source center, vertically projected to the surface; depth refers to the fault top
edge. For every parameter, the 1-sigma uncertainty is reported within brackets.

Width Length Depth . o .o . . o . Focal
(km) (km) (km) Strike (°) Dip (°) Longitude Latitude Rake (°) Slip (m) Mechanism
5.0 9.5 4.0 313 20 50.650 29.773 100 0.7 (/‘\
(0.3) (0.1) (0.1) 1) 1) (0.001) (0.001) ) (0.1) o

To calculate the slip distribution of the source, using the linear inversion described in
the previous section, we firstly extended the fault planes so that the source could include
the entire slip distribution, from the peak value to zero, at the edges; the fault was then
subdivided into patches of 1 x 1 km. According to the slip distribution (Figure 4), the
maximum slip of approximately 1 m was located at a depth of 4.5 km; the slip distribution
is constrained between a depth of 2.5 km and 6.0 km, thus confirming that the rupture
did not reach the surface. The comparison of the observed and modeled displacements
after the linear inversion is shown in Figure 5, along with a map of residuals; observed and
predicted displacements differ by less than a centimeter on most of the map, but with very
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Figure 4. Slip distribution of the Mw 5.8 mainshock.

The geodetic moment corresponding to the slip distribution is 1.0 x 10'® Nm, close to
the reported value of 6.7 x 107 Nm by the USGS; the strike, dip and rake values retrieved
through inversion (313°, 20°, 100°) are also in a good agreement with those calculated by
the USGS (308°, 28°, 80°) and the Global CMT catalog (310°, 26°, 94°).

Additionally, we considered the hypothesis of constraining the source of the biggest
aftershock, the My 5.0 event occurred May 21st, for which some deformation patterns were
observed in both ascending and descending displacement maps (Figure 3). Though the
displacement, from both orbits, has very low intensity (about 3 cm of maximum displace-
ment), the location is close to the epicenter (Figure 3), suggesting a possible correlation
of the signal with the seismic source. We therefore adopted the same modeling scheme
used for the mainshock, in order to verify the compatibility of the detected signal with
that predicted from a dislocation source. Unfortunately, no clear indications arose from
the inversion: no fault configuration was found to unambiguously attribute the observed
signal to a shear source. However, the presence of a similar pattern in both maps, obtained
from completely independent image pairs, is unlikely to be caused by atmospheric artifacts,
characterized by a very low correlation in time. It can be interpreted qualitatively as a
post-seismic variation of the underlying volume, possibly caused by fluid migration.
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Figure 5. Observed, modeled and residual maps for displacements obtained from ascending and
descending orbits for Mw 5.8 mainshock. The red star shows the location of mainshock.

4. Discussion and Conclusions

Geodetic observational data, such as INSAR measurements, are by now regularly used
to infer information concerning sources of surface displacements and to understand the
underlying processes. The significant co-seismic surface deformation signal of 18 April
2021, Bandar-e Genaveh earthquake, is clearly depicted by the InNSAR images used in
this study. The analysis of the mainshock co-seismic deformation demonstrated that the
observed signal can be ascribed to a unique reverse fault with a 20° low dip to the northeast,
across a broad (~9.5 x 5 km) rupture plane, corresponding to the pre-existing seismogenic
thrust Zagros Foredeep Fault (Figure 6). In the southwest of Iran, it accommodates the
convergence of low-depth values of density contrast discontinuity of the Arabian and
Eurasian plates in the subduction zone [10,11].
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Figure 6. Fault slip distribution of Genaveh earthquake. ZFF are shown too. By extending the
causative fault of the earthquake, we reach the ZFF fault line, which indicates that the activity in
this seismically thrust active fault at a depth of about 5 km has triggered this earthquake through
sedimentary rocks and the existence of alluvial deposits has caused rupture did not reach the surface.

The estimations of the causative fault agree with the previously known local structures,
which cut simple sediment folding of Bakhtiari, Lahbari and Aghajari formations (Figure 1)
in low folded zone in Dezful Embayment [17,22]. This fault can control the local fault-
related folding and the frontal fold growth of large surface anticlines [21].

Despite the highly complex tectonic setting in the Zagros region [38] and the presence
of large, active and hidden faults [39] with scattered seismicity [40], which sometimes do
not follow the trend of the Zagros folds, we successfully demonstrated that the My 5.8
Genaveh mainshock occurred at a shallow dip angle subduction zone, located near the
shortening Arabian-Eurasian Plate boundary on the Zagros Foredeep Fault. The used
approach can help improve our understanding of the seismic potential of the Zagros
region and refine the associated seismic hazards. It does not seem to be distinct from
segments of the ZFF that generate steep range front topography elsewhere in the Zagros.
According to [22], the deformation had propagated from MFF to Dezful Embayment in the
late Miocene and based on our results it still continues.

The orientation of the retrieved fault plane is in good agreement with those published
by other international Institutes (Table 1), and is in good agreement with the compressional
tectonic regime in the area. The crustal seismicity occurring in the investigated area
since 1900 with pure thrust faulting [21,41] is in agreement with our results. Its moment
release rate does not greatly exceed those observed either instrumentally or historically
and the formers show a seismic behavior similar to the one inferred for this zone [21]. The
earthquakes along the ZFF mostly have ~20-60° dipping fault planes that is significantly
similar to ours.

The results show that this moderate-size earthquake was located within the sedimen-
tary cover in Zagros with a crustal thickness of ~10 km, a basement of ~25 km and a Moho
depth of ~45 km [17,18,42], and does not reach to a Brittle/ Ductile transition zone with
predominant dip of ~7° [17].

To get more detailed rupture slip distribution, the fault plane is subdivided into
subfaults instead of just assuming single fault. As shown in Figure 4, the primary slip
mechanism is dip—slip motion concentrated in a single main patch at a depth of 3.5-4.5 km,
extending in the strike direction. There is no substantial slip shallower than 2.5 km, which
confirms that this earthquake is associated with buried faults.

Even though InSAR is a very powerful instrument, it may not always be appropriate
for estimating the effects of low to moderate events, such as earthquakes characterized
by magnitudes ranging from 4.5 to <6. If the signature of the My 5.8 mainshock can
be attributed to a blind rupture on a pre-existing and known fault, the analysis of the
interferograms including the My 5.0 aftershock led to no evident conclusion such to
attribute the earthquake to known structure. While the extent and amount of signal are
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compatible with an M 5.0 event at the expected hypocentral depth, as can be easily verified
with a forward model, the deformation patterns cannot be satisfactorily reproduced with
the inverse rupture, as expected in this area [1]. It is worth noting that these displacement
patterns do not exceed 3 cm and can be significantly altered by the presence of common
artifact InNSAR sources that would obscure the pure co-seismic offset, or entirely due to
surface effects not induced by a shear dislocation.

This earthquake highlights the need for more GPS coverage in this part of Zagros that
could help differentiate strain accumulation on a regional low-angle structure and obtain
the recurrence time of the main earthquake.
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