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Abstract 0n 2021 April 18, an M,, 5.9 earthquake struck the Genaveh region in the south Dezful embay-
ment of the Zagros, Iran. Here, we investigate the active tectonics of the region, the geometry and slip distri-
bution of the causative fault plane, and its aftershock behavior. We applied a combination of different geode-
tic and seismological methods (slip distribution inversion of the mainshock using Sentinel-1 Interferometric
Synthetic Aperture Radar (InSAR), relocation, and moment tensor inversion of aftershocks and background
seismicity of the region). Co-seismic INSAR modeling shows that the slip is confined to the sedimentary cover
atdepths of 4-7 km with a maximum slip of 1 m and highlights the influence of lithology in the rupture propaga-
tion. Moment tensors and centroid depths of aftershocks down to My, 4 show that the distributed aftershocks
sequence is dominated by reverse faulting at centroid depths of 4-10 km. The causative fault is compatible
and parallel to the trend of the Gulkhari anticline and the coseismic uplift of the Genaveh earthquake implies
that the growth of this particular fold is linked to the fault(s). However, still, due to the absence of surface
rupture, the clear relationship between buried faulting and surface folding remains unclear.

Non-technical summary We investigate the My, 5.9 Genaveh earthquake that occurred on 2021
April 18 near the Genaveh harbor in the Persian Gulf, located in the Zagros mountains of Iran. We assess this
seismic activity using seismology and space geodetic measurements and models. We discuss the connection
between faulting and folding in the region and the causative fault of the Genaveh earthquake. Our results
show this earthquake involved a gently NE-dipping fault plane. We found that the mainshock was restricted
to depths of between 4-7 with a maximum slip of 1 m within the sedimentary cover. Our results are helpful for
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hazard and risk assessment of the Genaveh harbor which is an important economic spot in Iran.

1 Introduction

The Zagros Fold-and-Thrust Belt (ZFTB) is a seismi-
cally active region of Iran, formed during the colli-
sion of the Afro-Arabian continent and the Iranian
microcontinent (e.g. Stocklin, 1968; McQuarrie, 2004;
Mouthereau et al., 2012). The region presents one of the
youngest continental collision zones on Earth and hosts
frequent episodes of moderate to large shallow seis-
micity (e.g. Talebian and Jackson, 2004; Nissen et al.,
2019; Jamalreyhani et al., 2022) (Figure 1). The Zagros
changes morphology along and across strike, likely re-
flecting differences in the sedimentary cover — in par-
ticular its overall thickness and the spatial extents of
weak, detachment-forming evaporitic layers. However,
it’s not well understood whether these morphological

*Corresponding author: m.jamalreyhani@gmail.com

changes are reflected in (or perhaps even governed by)
differences in the style of earthquake faulting. The ad-
vent of InSAR and recent improvements in seismic sta-
tion coverage have allowed focused studies of major
earthquake sequences that can shed light on these ques-
tions. A long-standing question in the ZFTB is the ex-
tent to which the Precambrian basement and the thick
Phanerozoic sedimentary layer participate in the ob-
served seismicity (McQuarrie, 2004; Mouthereau et al.,
2007; Talebian and Jackson, 2004; Jamalreyhani et al.,
2022). Nissen et al. (2011) suggested a vertical sepa-
ration of the seismicity in the Zagros, implying that
most of the moderately-sized events (M, 5-6), especially
those in the ZSFB, happen in the competent segment
of the sedimentary layer and most the aftershocks in
the basement, mostly triggered by stress perturbations.
Recent studies show the variety of deformation styles
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and seismicity in different parts of the ZFTB (e.g. Nissen
etal., 2019; Jamalreyhani et al., 2019, 2022, 2021b). The
outer part of the ZFTB, named Zagros Foreland Folded
Belt (ZFFB), is subdivided into four tectono-stratigraphy
domains (Figure 1): from SE to NW, the Fars Arc, the
Dezful Embayment, the Lurestan Arc, and the Kirkuk
Embayment. Recent studies of earthquakes in the SE
Zagros (Qeshm (Nissen et al., 2010), Fin (Roustaei et al.,
2010), Khaki-Shonbe (Elliott et al., 2015), Khalili (Jamal-
reyhanietal., 2021a)) and in the NW Zagros (Ezgeleh and
Sarpolzahab (Nissen et al., 2019; Jamalreyhani et al.,
2022), Mandali (Nissen et al., 2019), Murmuri (Copley
et al., 2015)) have illuminated the structural style in
those regions, but so far there has been an absence of
large events in the central Zagros. The My, 5.9 Genaveh
earthquake on 2021 April 18, therefore, fills an impor-
tant gap and provides an opportunity to study the char-
acteristics of observed seismicity in the Dezful Embay-
ment.

The Dezful Embayment, known as the lower-lying
area in Zagros ZFFB (Allen and Talebian, 2011), is the
~500 km-long segment situated in the outer part of the
central Zagros and covers an area of 75000 km? (Allen
and Talebian, 2011) (Figure 1). It contains a > 5 km thick
of the Fars Group sediments (Figure S1; Gachsaran,
Mishan, Aghajari, and Bakhtiyari formations) (Abdul-
lahie Fard et al., 2011; Shamszadeh et al., 2022a). This
region is co-located with 45 natural oil fields, equal to
~8% of Earth’s total (Najafi et al., 2014; Seraj et al., 2020;
Najafi and Lajmorak, 2020; Shamszadeh et al., 2022a)
(Figure 1). It is formed from the west of the Kazerun
fault zone to the Balarud fault zone in the northwest
and in the footwall of the Mountain Front Flexure (MFF)
(Berberian, 1995; Allen and Talebian, 2011; Shamszadeh
et al., 2022a) . Most of the Dezful Embayment arc’s seis-
micity occurs on ~30°-50° dipping blind reverse faults
and some on strike-slip mechanisms (Figure 1). In the
Dezful Embayment, layer-parallel shortening resulting
from the Zagros orogeny is accommodated by several
symmetric and asymmetric mostly NW-SE trending an-
ticlines and synclines (Figure 1) (e.g. Sherkati et al.,
2006; Seraj et al., 2020).

Almost 7-12 km of the Phanerozoic sedimentary suc-
cession including alternative competent and incompe-
tent layers, is folding and faulting in response to the
continental collision in the ZFTB (Alavi, 2008; Irandoust
et al., 2022). The Precambrian-Cambrian Hormuz salt
layer is located between the basement and sediments in
ZFFB. Despite some outcrops of Hormuz salt being ob-
served in the adjacent area of the Dezful Embayment,
the fold style and geometry suggest a decollement layer
at the base of the sedimentary cover in the South Dez-
ful Embayment (SDE) (Shamszadeh et al., 2022a,b, and
references therein). Nonetheless, the surface salt di-
apirs are lacking in the Dezful Embayment (Jahanietal.,
2009; Sherkati and Letouzey, 2004; Najafi and Lajmorak,
2020). This challenges the clear exposure of the Hor-
muz salt layer in the Dezful Embayment (Sherkati and
Letouzey, 2004; Jahani et al., 2017) but the lower Pa-
leozoic Shale at depth of ~3-4 km has been reported
(Sherkati and Letouzey, 2004; Farahzadi et al., 2019; Na-
jafi and Lajmorak, 2020). The estimated thickness of
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the sedimentary cover from subsurface investigations
shows ~8-12 km of sediment in the SDE (Sherkati et al.,
2006; Najafi and Lajmorak, 2020; Shamszadeh et al.,
2022a). This is suggested by the construction of some
longitudinal sections along the strike of anticlinal struc-
tures and across the NNE-SSW trending, e.g. Kharg-
Mish Paleo High (KMPH) (Sherkati et al., 2006; Sham-
szadeh et al., 2022a). Above the Precambrian crystalline
basement, a 4-6 km thick sequence which has been
named as ‘Competent Group’ is composed (Vergés et al.,
2011; Najafi and Lajmorak, 2020). Mainly two sets of
faults with the NW-SE Zagros trend and the NNE-SSW
Afro-Arabian trend have been developed and involved
in the deformation of the SDE (e.g. Sepehr and Cos-
grove, 2004; Shamszadeh et al., 2022b). In addition to
several NW-SE pre-existing basement faults in the ZFTB
(e.g. the MFF), most of the SDE’s anticlinal structures
(e.g. Gulkhari and Gachsaran anticlines) with steeper
SW forelimbs are developed over an NW-SE trending
emergent or blind thrust faults dipping NE (e.g. Mc-
Quarrie, 2004; Carruba et al., 2006). Furthermore,
several NNE-SSW trending basement-involved faults,
e.g. Kharg-Mish and Hendijan-Bahregansar-Norooz, af-
fected the tectono-stratigraphy evolution of the SDE dur-
ing the Phanerozoic (Figure 1) (Sherkati and Letouzey,
2004; Abdullahie Fard et al., 2011; Shamszadeh et al.,
2022a).

On 2021 April 18, at 6:41 UTC the My 5.9 Genaveh
earthquake (named after a nearby famous harbor in the
Persian Gulf) occurred in the southern portion of the
SDE (Figure 1). It was followed by 370 aftershocks larger
than M, 2.5 and 21 aftershocks larger than M, 4 (Ira-
nian Seismological Center (IRSC) bulletin). This earth-
quake is an excellent case study of buried thrust fault-
ing in the sedimentary cover of the SDE that could pro-
vide valuable information on the subsurface structure
of the area. The Genaveh earthquake and its aftershock
activity affected the Bushehr province (Tourani et al.,
2021) but there are no reports of death due to this event
(Tourani et al., 2021). There are no historical and in-
strumental records of any earthquake unambiguously
linked to faults within Bushehr province (Ambraseys
and Melville, 1982; Berberian, 1995). The Genaveh seis-
mic cluster partially filled the data gap in the Karasozen
etal. (2019) study, in which they relocate the 70-year in-
strumentally recorded seismicity in the entire Zagros,
but there was no report of relocated events in our study
area. Nevertheless, the IRSC catalog indicates 3 events
larger than Mw 5, co-located with the Gulkhari anti-
cline, and in this study considered as the background
seismicity.

Thanks to high-quality satellite data before and af-
ter the mainshock, and co- and post-seismic waveform
records (both for mainshock and aftershocks), we focus
on understanding whether the growth of the Gulkhari
anticline is controlled by a fault directly beneath it
or not. We probe links between faulting and folding
and investigate the robustness of the vertical separation
idea, suggested by Nissen et al. (2011). Another impor-
tant question to answer is which fault or faults are re-
sponsible for the shaking. Furthermore, the Genaveh
earthquake co-located with the major active Gulkhari
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Figure1l a) Seismicity of Iran and the location of the Zagros Mountains. Red circles are M,, > 5.0 earthquakes from 1900 to
2020 from the USGS catalog. The black lines represent the major active faults of Iran. Four tectono-stratigraphy domains:
from SE to NW, the Fars Arc (F.A.), the Dezful Embayment (D.E.), the Lurestan Arc (L.A.), and the Kirkuk Embayment (K.E.).
b) A zoom-in of the Dezful Embayment. The oil fields are shown by blue polygons in this area (Najafi and Lajmorak, 2020).
Red lines show major mapped active faults, including the Mountain Front Flexure (MFF) (Berberian, 1995), Kharg-Mish Fault
(KMF), Hendijan-Bahregansar Nowrooz Fault (HBNF), Izeh Fault Zone (IFZ), BalaRud Fault Zone (BFZ), and Kazerun Fault (KF).
Focal mechanisms from published waveform modeling studies are plotted at relocated epicenters and colored according to
focal depth (Karastzen et al., 2019). Those with gray color are from Yaghoubi et al. (2021) without showing depth. The black
rectangle shows our study area and the black star shows the location of the 5.9 M,, 2021 Genaveh earthquake (Figure 2).

oil field, raising the possibility that this earthquake is
induced by human activity. We check the feasible re-
lationship between the exploitation of oil reservoirs
with this earthquake. The coseismic slip distribution of
the Genaveh earthquake has been investigated by Gol-
shadi et al. (2022) and Jafari et al. (2023) based on In-
terferometric Synthetic Aperture Radar (InSAR) model-
ing and they only discuss the mainshock causative fault
plane. In this study, we applied a combination of dif-
ferent seismological methods, including relocation of
aftershocks using phase readings of local and regional
seismic stations, moment tensor inversion of the main-
shock, and aftershocks down to M, 4 using regional
waveform records of Iran seismic networks, and slip
distribution of the mainshock using Sentinel-1 data.

Our results reveal a close relationship between co-
seismic uplift and the growth of Gulkhari anticline. We
show the seismicity and causative fault are parallel to
the trend of the Gulkhari anticline with complex fault
zone architecture. Because of the absence of surface
rupture, the clear relationship between buried faulting
and surface folding remains debated. Our results are
helpful for hazard and risk assessment of the Genaveh
harbor and surrounding area—one of the important
economic spots of Iran.

2 The 2021 Genaveh earthquake se-
quence

2.1 Relocation of the sequence

To refine the seismicity patterns we applied the
multiple-relocation method “mloc” which is specialized
to provide (given suitable data) hypocenters with min-
imal bias from unknown Earth structures, and realis-
tic uncertainties (Bergman et al., 2022). This technique
has been used in relocating many earthquakes in the Za-
gros and other regions of Iran (e.g., Nissen et al., 2019;
Walker et al., 2011; Karasozen et al., 2019; Jamalreyhani
et al., 2021a). Thanks to the local and regional seismic
networks of the IRSC and the International Institute of
Earthquake Engineering and Seismology (IIEES) (Fig-
ure 2), we were able to improve the relative locations
of the Genaveh seismic sequence and calibrate the ab-
solute location of the cluster with an epicentral uncer-
tainty of 3.1-3.5 km (Figure 2). The relocated cluster in-
cludes 117 earthquakes (Table S1), from early 2015 to
January 2022, selected on the basis of the number of
phase readings and the azimuthal gap. The minimum
number of readings for events that are connected to
other events, and thus used to estimate relative loca-
tions, is 24. The minimum and maximum azimuthal
gaps are 19.5°and 163.7°, respectively. There are 69 relo-
cated events soon after the mainshock but some of them
are spatially away from the mainshock and likely repre-
sent background seismicity. Due to the lack of perma-
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Figure 2 (a) Station distribution (black triangles) and ray paths (red straight lines) used to determine the calibrated
hypocentroid (i.e., absolute location) of the Genaveh cluster. Only observations within 1.2° are used for this purpose. All
events in the cluster are plotted, including the 13 events that do not have any readings in that distance range. Large red cir-
cles show radii of 1.0° and 2.0° from the cluster hypocentroid. (b) Relocated earthquake hypocenters with 90% confidence
ellipses for relative location. The 90% confidence ellipse for the absolute location of hypocentroid is shown as a blue ellipse
on the left bottom corner of the figure. The red ellipse represents a reference circle of 5 km radius. The full epicentral un-
certainty of any given event requires the addition of relative uncertainty to the hypocentroidal uncertainty. Red stars denote
events with a magnitude larger than 5. Black vectors for each event show the change in location from the epicenter given
in the arrival time data file, which varies from event to event. (c) Fit between observed phase arrivals (Pg: red crosses, Sg:
red circles, Pn: green crosses, Sn: green circles) and theoretical travel times (red and green lines) calculated from the simple
flat-layered velocity model determined for this dataset, for epicentral distances of up to 4°. The vertical dashed line at 1.2°
indicates the cut-off distance used in the calibrated location of the hypocentroid (228 readings).

nent seismic stations in this region, no near-source data km away. Focal depths of most events in the cluster are
is available for this cluster; the nearest readings are ~30 set manually and fixed in the relocation according to the
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fit of local distance data (first-arriving Pg and Sg) and a
crustal model typical of the Zagros region from other re-
location studies, a method with poorer resolving power
than near-source readings, but still useful. Due to the
lack of appropriate data, we fix the depth of three events
at the centroid depth obtained from waveform model-
ing (see Section 2.2) and in nine cases the focal depths
were fixed at 12 km, the median of constrained focal
depths for this cluster, and very typical of Zagros earth-
quakes (e.g. Karasozen et al., 2019). To predict theoret-
ical travel times (Figure 2a), we use a 2 layered crustal
model (Moho depth 47 km), in combination with the
AK135 model (Table S2). Figure 2 shows the station dis-
tribution and ray paths used to relocate the Genaveh
seismic sequence and background seismicity, and the
pattern and uncertainty of the relative locations. Both
Pg and Sg phases have near-zero mean and there is no
evidence of a slope with distance to the residuals. The
scatter is typical in a region that certainly has some het-
erogeneity in crustal velocities. The only drawback is
the lack of really close-in data, which hampers depth
constraints. The 90% confidence ellipse of the hypocen-
troid has semi-axis lengths of 3.1 and 3.5 km and the rel-
ative locations, as seen in Figure 2b, are very well con-
strained.

2.2 Momenttensorinversion of the sequence

The temporal evolution of the Genaveh earthquake se-
quence depicts a mainshock aftershock behavior, in-
cluding 22 aftershocks larger than 4 within 5 months
(Figure 3). During 2015-2020 and before the Genaveh
earthquake mainshock, there are 3 events larger than
M, 5 in the southeast of Gulkhari anticline consid-
ered as the background seismicity (Figure 3). Seismic
records of the Genaveh earthquake sequence and back-
ground seismicity were recorded with a good signal-to-
noise ratio by broadband sensors at regional distances.
Thus, we estimate the centroid Moment Tensor (MT),
based on the inversion of regional data. In this dis-
tance, modeling has been performed in the frequency
band 0.02-0.05 Hz, representing dominant periods of
the Rayleigh and Love waves. The MT inversion is based
on broadband data of IRSC and IIEES and simultane-
ously fitting 3-component waveforms in the time and in
frequency domains (Figure S2). The observations have
been revised manually to exclude noisy records and
have been restituted to displacement. To perform cen-
troid MT inversions of the Genaveh earthquake, its after-
shocks down to M, 4, and background seismicity down
to My, 5, we use a probabilistic Bayesian bootstrap opti-
mization nonlinear inversion method (Heimann et al.,
2017), which provides ensembles of best-fitting MTs,
and estimates the uncertainties and trade-offs for all in-
verted source parameters. This technique previously
has been successfully applied to other earthquakes in
the Zagros (Jamalreyhani et al., 2021a, 2022) as well as
in other regions (Jamalreyhani et al., 2020; Biiytikakpi-
nar et al., 2021; Wang et al., 2022).

Synthetic seismograms are computed using pre-
calculated Green’s functions (Heimann et al., 2019).
The pre-calculated Green’s functions were calculated

5

on a grid for combinations of source depth and source-
receiver surface distance based on the regional velocity
model “Karbaas” by Karasozen et al. (2019).

Our results for the focal mechanism of the mainshock
show that the causative fault plane has a either strike of
306°+5°, a dip of 28°+9°, with a reverse mechanism (rake
86°+10°), or strike of 131°+5°, a dip of 62°+4°, and rake of
92°+5° within 68% of confidence (Table S3, Figure S3).
All fault plane angles are very well resolved with uncer-
tainties not exceeding 10°. We also determined a shal-
low centroid depth of 6+2 km and a moment magnitude
of My, 5.9. The obtained focal mechanisms for the main-
shock are in good agreement with the Global Centroid
Moment Tensor (GCMT) and other available solutions
(Table S3). For the smaller magnitude aftershocks, no
solution is available to compare. All obtained source pa-
rameters for the studied events, together with their un-
certainties (68% confidence intervals) are listed in Table
S4. We observe almost the same types of focal mech-
anisms for the aftershocks; the reverse/thrust mecha-
nisms which are located on both sides of the Gulkhari
anticline (Figure 3). A combination of seismic section
and focal mechanism solutions manifests the faulting
and folding at the sedimentary cover (Figure 3).

Figure 4 shows the full moment tensor inversion re-
sult of the M, 5.9 Genaveh earthquake and its decompo-
sition into ISOtropic (ISO), Compensated Linear Vector
Dipole (CLVD), and Double Couple (DC) parts. A rela-
tively large CLVD component, similar to that resolved
independently by GCMT is observed for the mainshock.
Resolving non-DC components in MT inversion is chal-
lenging (e.g., Zahradnik et al., 2008; Wang et al., 2018;
Jamalreyhani et al., 2021b). To exclude that the non-DC
is not a result of mismodeling, we evaluate the influ-
ence of frequency bands, input data types, and Green
functions on non-DC components, and we find the sta-
ble non-DC components of the mainshock. However,
the accurate resolving of non-DC requires a more de-
tailed 3D-velocity model (Donner et al., 2018; Jamalrey-
hani et al., 2021b), which is not available for the region.
For aftershocks, that are smaller, the double-couple ap-
proach is used.

2.3 Slip distribution of the 18 April 2021 M,,
5.9 Genaveh earthquake by InSAR model-

ing

To estimate the slip distribution and fault geometry of
the Genaveh earthquake, we rely on near-field geode-
tic data. The coseismic surface displacement field of
the Genaveh mainshock was recorded by the Sentinel-1
from European Space Agency (ESA) in both descending
and ascending orbits. We calculated two twelve-day in-
terferograms capturing the mainshock and a few days of
post-seismic (8 days on the ascending track A101 and 4
days on the descending track D35, see detail in Table 1).
Both interferograms recorded 8 events of 4<M,<4.6 af-
ter the mainshock. We applied the same methodology
as described in Pousse-Beltran et al. (2020) and Jamal-
reyhani et al. (2021a) for interferograms. The wrapped
interferograms were processed with GDM-SAR online
service and then were unwrapped using the branch
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Figure 3 a) Relocated epicenters (Black circles) of M,, > 3.0 events and focal mechanisms of M,, > 4.0 events colored
by centroid depth. Four earthquake mechanisms labelled with years (2014, 2018) are background events and every other
mechanism is an aftershock of the April 18, M,, 5.9 Genaveh earthquake. The blue square shows the closest oil well to the
seismic cluster. The Kharg-Mish Fault (KMF) and NW-SE trending blind thrust faults dipping NE and SW are shown by red lines.
b) Cross section across the Gulkhari anticlines (A-A’ profile) with our calculated focal mechanisms at their centroid depths.
The red mechanism presents the Genaveh mainshock. c) Interpreted seismic reflection profile (AA’ in panel a) across the
Gulkhari anticline (Shamszadeh et al., 2022a). The y-axis is two-way travel time (TWT). Aj-Bk: Aghajari-Bakhtiyari formations,
Mn: Mishan Formation, Gs: Gachsaran Formation, As: Asmari Formation, Sv: Sarvak Formation, and Dk: Dashtak Formation
(for more information see figure S1). d) The interpreted 2D seismic profile of the Gulkhari anticline (after Shamszadeh et al.,
2022a). Theinterpreted approximately NE-dipping reverse fault has an associated fold. The A-A’ seismic sections is presented

in panel a. Panels (b),(c) and (d) are designed such that they have roughly equivalent vertical scales.

cut algorithm, unwrapping errors were then manually
fixed. The fringes patterns obtained from InSAR con-
sist of 4-5 fringes (Figure 5) that could be produced
with a single fault plane either by a gently NE-dipping
thrust fault or by a steeper SW-dipping one. To invert
the ground displacements observed we followed routine
elastic dislocation modeling procedures(Okada, 1985;
Funning et al., 2005; Pousse-Beltran et al., 2020) in a
half-space with elastic Lamé parameters A = yu = 2.5 x
100 Pa, to represent the sedimentary cover in which the
fault is embedded (e.g. Nissen et al., 2010; Elliott et al.,
2015; Jamalreyhani et al., 2021a). We derive the coseis-
mic slip model in two steps: first, a uniform slip inver-
sion with multiple Monte Carlo restarts (Wright et al.,
1999), to search for the best fault geometry (position,
strike, rake, dip, see Text S1, Figures S4, and S5), and
secondly, we use this geometry to perform a slip distri-
bution inversion. For the slip distribution inversion, we
extended the model fault planes along the strike and up-
and down-dip obtained in the first step, and we subdi-
vided the extended fault plane into 1 km square patches
(Figure 5). We also applied a Laplacian smoothing oper-
ator and assessed misfits using the L-curve criterion in
order to determine the appropriate degree of smooth-
ing (Funning et al., 2005; Wright et al., 2003). Ascend-
ing and descending data were weighted equally in the
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inversion. We observe more residuals in the descend-
ing track, those positive residuals reaching 9.4 mm can
be due to post-seismic displacements inverted as being
recorded in the ascending track. Indeed the ascending
interferogram spans 4 days more of the post-seismic pe-
riod than the descending track.

The dip direction of the causative fault is ambiguous
from the interferograms and both NE-dipping and SW-
dipping model faults could reproduce the overall InSAR
deformation pattern. But based on the mainshock and
aftershock hypocentral locations, as well as the wide af-
tershock cloud (Figure 3), our preferred dip is the lower
angle NE-dipping plane. This model also fits the InSAR
data better than the other (RMS 0f 5.8 x 10 m here vs 6.3
x 10 m). The alternative SW-dipping model and a side-
by-side comparison of the two models are shown in fig-
ures S6 and S7. Furthermore, the possible trade-off be-
tween parameters during the uniform inversion in both
models is presented in figures S8 and S9. To consider
the usual trade-off between slip and width, we repeat
the inversion with slip fixed to an appropriate value for
the My 5.9 earthquake (e.g. 0.5 meters). We observed
the high value of RMS and M, for the SW-dipping model
(Table S5 and Figure S10). In addition, when the slip is
fixed, for the SW-dipping model, the dip is 7° higher (66°)
and the fault plane is wider (Figure S10). Meanwhile, for
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Figure 4 a) Solution of full moment tensor inversion for the M,, 5.9 Genaveh earthquake and decomposition of it in ISO,
CLVD, and DC parts. The symbol size indicates the relative strength of the components. The Global Centroid Moment Tensor
(GCMT) solution is shown for comparison. (b) The fuzzy full MT solution illustrates the uncertainty of the solution. ¢) Hudson’s
source type plot with the ensemble of bootstrap solutions. The red mechanism shows the GCMT solution in the Hudson plot.

the NW-dipping fault model, solutions are similar.

The slip distribution model of the NE-dipping plane
shows a slip mainly concentrated at depths of 5-6 km
reaching 1m of slip. This distribution and amplitude
depend on the degree of smoothing chosen according
to the Funning et al. (2005) methodology. The InSAR
model moment reaches 1.104 x 10*®* Nm (M, 6.0) and
yields an RMS of 0.00316 m. The hypocenter is located
atthe eastward limit and closer to the bottom of the slip-
ping areas, likely indicating up-dip lateral rupture prop-
agation toward NW.

3 Discussion

The My 5.9 Genaveh earthquake occurred on 2021 April
18 in the SDE of ZFFB. The coseismic slip distribution of
the Genaveh earthquake has been investigated by Gol-
shadi et al. (2022) and Jafari et al. (2023) based on satel-
lite data (see Table 2). Golshadi et al. (2022) suggested
5.0 x 9.5km? for the fault plane and the fault top-edge
depth at 4 km. Our obtained source geometry based on
InSAR data conforms to their finding although we use
a different downsampling methodology. There are dif-
ferences between the results of Golshadi et al. (2022)
and our study concerning slip depth, and the amount
of maximum slip. Golshadi et al. (2022) obtained a max-
imum slip around 4.5 km depth, whereas we obtained
a maximum slip at depths of 5-6 km. The localization
of the Golshadi et al. (2022) fault is not clearly specified
enough to compare. In addition, they obtained higher
residuals above 10 mm. Furthermore, Golshadi et al.
2020 and Jafari et al., 2023 suggest the NE-dipping Za-
gros foredeep fault (Berberian, 1995) as a causative fault

7

for the Genaveh earthquake, however, our results show
the shallow, RNW-trending, NE and SW dipping faults,
located at both crest of the Gulkhari anticline and par-
allel to the trend of it, control the growth of this par-
ticular fold (Figure 3, e.g. M1, M2). Thus, we suggest
the causative fault for the Genaveh earthquake main-
shock is the gently NE-dipping Gulkhari fault, modeled
through the InSAR technique and seismological obser-
vations. Our NE-dipping model fault has a strike of
311°, dips of 20°, and rake of 96°, conforming to the fo-
cal mechanism solution from waveform modeling (306°,
28°, and 86° for the strike, dip, and rake, respectively).
The InSAR model moment is higher than the seismic
moment (My 5.9), though it is possible that our InSAR
models also include a small amount of postseismic af-
terslip. This solution is also coherent with other pub-
lished source models (see Table 2). Our results show
minimum RMS with a top depth around 4-5 km and a
bottom depth around 5.5-6.5 km (Figure S8). This sup-
ports the slip localization around 5-6 km depth in our
slip distributed inversion and at the same depth range
determined by moment tensor inversion (Figure S3).

We additionally assess the aftershock sequence and
calculate their focal mechanisms by waveform model-
ing. Locations and mechanisms of the aftershock se-
quence are very useful to understand the on/off fault
seismicity, the process of mainshock rupture, and post-
seismic deformation (Das and Henry, 2003). The relo-
cation of the Genaveh earthquake sequence, which was
recorded by newly installed stations by the IRSC net-
work, helped to partly complement the existing data
gap in the South Dezful Embayment in Karasozen et al.
(2019) study which was due to poor station coverage.
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shocks. The bold black dashed line corresponds to the surface projection of the modeled faults. The black dashed dotted
rectangle corresponds to the projection of the modeled fault plane. The Kharg-Mish Fault (KMF) and NW-SE trending blind
thrust faults dipping NE and SW are shown by red lines. (b) Coseismic slip distribution in map view, the model fault is divided
by a 1 km? patch. The red star is the relocated epicenter, dots show the relocated aftershocks. (c) Coseismic slip distribution
in 3D, dots shows the relocated aftershocks colored according to time.

The aftershock focal mechanisms and their distribution
suggest that some of the aftershocks take place on the
same fault plane as the Genaveh mainshock, but some
are also distributed along the ~NW-trending, SW dip-

ping fault, located at the northern crest of the Gulkhari
anticline (Figure 3), likely the consequence of main-
shock and bending stresses within the layers of the fold,
which highlights the role of fault structure and rheology
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Track Datel Date 2 LOS incidence (°)  LOS azimuth (°)
A101 14 Apr. 2021 26 Apr. 2021 42 7
D035 10 Apr. 2021 22 Apr. 2021 35 =77

Table 1
and azimuth angles are measured at the epicenter.

InSAR interferogram characteristic used in this study (A: Ascending, D: Descending, LOS: Line of Sight). Incidence

Method Source Magnitude (Mw)
INSAR Golshadiet al.,(2022) 5.9

INSAR Jafarietal,, (2023) 5.8

INSAR This study 6

Waveform modeling ~ This study 59

Strike (°)  Dip(®) Rake(®) Depth(km) MaxSlip (m)
313 20 100 4 1

306 23 89 6 0.95

311 20 96 4-7 1

306+5 2849 86+ 10 6.0+2.0

Table 2 Source parameters of the 2021 Genaveh earthquake obtained in this study, Golshadi et al. (2022) and Jafari et al.

(2023) based on InSAR and seismological models.

in controlling the distribution of seismicity (e.g. Collet-
tini et al., 2022). Furthermore, this displays the corre-
lation between the Gulkhari anticline and the seismo-
genic thrust and reverse faults beneath it.

The focal solution and location of the background
seismicity which are spatially away from the mainshock
and localized in the southern part of the Gulkhari anti-
cline (Figures 2 and 3), demonstrate that the southern
part of the NE dipping Gulkhari fault was seismically ac-
tive (Two events occurred on 21 April 2014 within the
magnitude of M,, 5.3 and 5.1, and an event in March
2018, My 5.0). The Genaveh earthquake is spatially lo-
calized in the northern part of the Gulkhari anticline.

The MT inversion of the mainshock shows a cen-
troid depth of 622 km. Focal mechanisms represent
a regional transpressional tectonic regime (maximum
horizontal stress, 01) oriented axis at ~N45E (Heidbach
etal., 2018), and are compatible with the principal stress
axis of the region. From InSAR modeling, we obtained
the depth of a large slip area of about 5 km. Consider-
ing the low dip angle of the modeled fault (from both
focal mechanism and finite fault modeling), the rupture
occurred in the competent group (Sherkati et al., 2005;
Nissen et al., 2011) of sedimentary cover. It is probable
that the incompetent layers limit the rupture to propa-
gate and generate large magnitudes (M,, 6+) of shock.
Likely, the rupture deepest part is affected by the Paleo-
zoic Shale layer, which makes the rupture fail to propa-
gate and highlights the influence of lithology in the rup-
ture propagation. Furthermore, the top depth of the
ruptured area confines at the depth of ~3-4 km, corre-
sponding to the depth of the upper mobile group. More-
over, the presence of an NE dipping fault is clear in the
seismic section and it has grown in between Gachsaran
and Dashtak layers (Figure 3). This explains top and
bottom depths corresponding to detachments in weak
evaporitic layers that act to limit up- and down-dip rup-
ture propagation and thus, restrict the magnitude. Also,
none of the aftershock centroid depths are less than ~3
km. There are no large instrumental earthquakes ex-
ceeding My, 6 in the Dezful Embayment, showing that
the seismogenic layer is segmented by weak evaporitic
within the sedimentary cover, and controls the propaga-
tion of earthquake rupture, similar to the Fars arc (Nis-
sen et al., 2010; Jamalreyhani et al., 2021a).
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There are very few thrust-faulting earthquakes in the
Fars arc of ZFFB with significantly large magnitudes
(Nissen et al., 2011). Clearly, at the base of the cover, the
Hormuz salt plays a role and barriers the rupture prop-
agation in the Fars arc. The most moderate-sized event
(5<M<6) in the ZFFB occurs within the mid-lower sedi-
mentary cover (Nissen et al., 2007, 2010; Roustaei et al.,
2010; Copley et al., 2015; Motagh et al., 2015). In the
Dezful Embayment, the presence of the Hormuz salt
layer is debated. Nonetheless, in the Gulkhari anticline,
the seismic profile displays a salt-cored structure within
slight vergence to the SW, which is detached from the
Hormuz salt layers (Shamszadeh et al., 2022a). There-
fore, this may be controlled by other weak evaporitic
or shale horizons within the cover and also reflect the
narrow (small width-to-length ratio) dimensions, as ob-
served in the Genaveh coseismic slip. In the middle and
upper parts of the cover, there are for example Gurpi
marls and Gachsaran evaporites to play a barrier role.
Aftershocks of the Genaveh earthquake lie within the
sedimentary cover too, there is no observation of ver-
tical separation for this cluster. Meanwhile, a detailed
micro-aftershocks study would be required to discuss
this, which is beyond the data resolution of this study.

The Genaveh earthquake is co-located with the ma-
jor Gulkhari oil reservoir at the Asmari-Jahrum forma-
tion and raised the question about the possible involve-
ment of the oil extraction in the field and this earth-
quake. However, human actions only affect the upper-
most several kilometers of the crust, and the induced
earthquakes are expected to occur at shallow depths
(Dahm et al., 2015; Cesca et al., 2021). Hence, depth
is a particularly important discriminator between an-
thropogenic and natural seismicity in the Zagros (Ja-
malreyhani et al., 2021a). The depth of the Genaveh
seismic sequence is in the typical earthquake depth
range in the Zagros and does not support an induced
earthquake related to the oil field (oil extraction start-
ing in 1987 with 15,000 barrels per day), which is deeper
than the oil reservoir’s depth (~4 km). Although, the
full moment tensor of the mainshock, suggests a no-
table non-DC component (Figure 4) and may reflect
the source complexity (Dahm et al., 2015; Wang et al.,
2018). The sequence also depicts typical mainshock-
aftershock patterns and focal mechanisms represent-

SEISMICA | volume 2.1| 2023



SEISMICA | RESEARCH ARTICLE | Co-seismic slip of the 18 April 2021 My, 5.9 Genaveh earthquake in the South Dezful Embayment of Zagros (Iran) and its

aftershock sequence

ing reverse/thrust faulting, compatible with regional
tectonic stresses and corresponding to the previously
known fault(s). Furthermore, the Genaveh earthquake
is spatially localized in the northern part of the Gulkhari
anticline, which is outward of the location of extrac-
tion/injection wells (Figure 3). Therefore, detailed so-
phisticated production data in the Gulkhari oil field is
required to track the relationship between oil extraction
and seismic activity in the past and future.

4 Conclusion

We present a detailed analysis of the My, 5.9 Genaveh
earthquake on 2021 April 18 as a well-recorded example
of seismic activity in the South Dezful Embayment of
Zagros foreland folded belt. We analyzed the Genaveh
earthquake sequence using local and regional seismic
data and constrained the co-seismic slip of the main-
shock with InSAR modeling. Coseismic uplift in the
Gulkhari anticline shows the surface configuration of
this fold, reflecting subsurface structural conditions.
This earthquake involved a gently (~20°) NE-dipping
fault plane (named Gulkhari fault). The main slip of
the mainshock was restricted to depths of between 4-
7 with a maximum slip of 1 m within the sedimentary
cover which highlights the influence of lithology in the
rupture propagation. Aftershocks of the Genaveh earth-
quake are widely distributed and dominated by reverse
faulting at centroid depths of 4-10 km.

Although the Genaveh earthquake is co-located with
the major Gulkhari oil reservoir, the detailed rela-
tionship between the oil extraction in the field and
this earthquake needs sophisticated data to investigate,
though, our results support the essence of a tectonic
earthquake.
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