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Abstract Within two hours on 01 July 2022, three earthquakes of Mw 5.8–6.0 hit the SE Fars Arc, Iran.
In the followingmonths, the region, characterized by the collision of the Iranian and the Arabian plate, thrust
faulting, and salt diapirism,was stroke bymore than 120 aftershocks ofmL 3.1–5.2, ofwhich twoof the largest
events occurredwithin oneminute on 23 July 2022 in spatial vicinity to each other. We analyzedboth the large
mainshocks and aftershocks using different techniques, such as the inversion of seismic and satellite defor-
mation data in a joint process, and aftershock relocation. Our results indicate the activation of thrust faults
within the lower sedimentary cover of the region along with high aftershock activity at significantly larger
depths, supporting themodel of a crustal strain decoupling during the collision in the Fars Arc. We resolved a
magnitude difference of > 0.2 magnitude units between seismic and joint seismic and satellite deformation
inversions probably caused by afterslip, thereby allowing to bridge between results from international agen-
cies and earlier studies. We also find evidence for an event doublet and triplet activating the same or adjacent
faults within the sedimentary cover and the basement.

Non-technical summary On01July 2022, threemoderate earthquakeswithmagnitudesof5.8–6.0
occurred in the Zagros mountain range in the Hormozghan province, SE Iran. Their close occurrence in space
and time impedes the analysis of such events. Using seismic and satellite deformation data with well-proven
and newly developed earthquake parameter estimation tools, we found evidence for south-dipping thrust
events within the shallow sedimentary layer. The relocation of more than 120 aftershocks with local magni-
tudes 3.1–5.2 revealed a strong spatial concentration in larger depths of 10–15 km beneath the mainshocks.
This result is consistent with the scenario of shallow-depth mainshocks followed by separated, deeper after-
shock sequences, as already observed at the western edge of the Hormuz Strait.

1 Introduction
The north-south convergence of ∼2–3 cm yr−1 between
the Arabian and Eurasian plates has led to active fault-
ing and folding, volcanic activities, mountainous ter-
rain, and variable crustal thickness in the Iranian
Plateau (IP) (e.g., Stoecklin, 1968; Vernant et al., 2004).
This convergence gave rise to the 1800 km long and
200–300 km wide Zagros continental collision zone in
the southwestern part of the IP, which accommodates
approximately one-third to one-half of the plate motion
(e.g., Vernant et al., 2004; Masson et al., 2005). The
Zagros mountain range, which is one of the seismi-
cally most active regions in the Alpine-Himalayan oro-
genic belt, is subdivided into three major tectonostrati-
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graphic domains from SW to NE: (1) the Mesopotamia-
Persian Gulf Foreland Basin, (2) the Zagros Fold-Thrust
Belt (ZFTB), and (3)High Zagros Zone (HZZ). The Simply
Folded Belt (SFB) or Zagros Foreland Folded Belt (ZFFB)
as a subdomain of ZFTB, is the topographically lower-
elevation part of the range where most of the active de-
formation in the Zagros is concentrated (e.g., Falcon,
1974; Hessami et al., 2001; Talebian and Jackson, 2004;
Alavi, 2007; Oveisi et al., 2009). The SFB itself is later-
ally subdivided into four physiographic provinces from
NWto SE, namely the Kirkuk Embayment, the Lurestan
Arc, the Dezful Embayment, and the Fars Arc (FA, see
Fig. 1a) (e.g., Stoecklin, 1968; Alavi, 2007; Nissen et al.,
2011; Jamalreyhani et al., 2023). The collision zone in
the foreland involves 10–15 km thick sections of sedi-
mentary rocks, including extended layers of evaporites
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and salt decoupling the deformation in the sedimen-
tary strata from the Arabian continental basement (e.g.,
Stoecklin, 1968; Jamalreyhani et al., 2023). This excep-
tional setting has resulted in one of the world’s most
productive oil and gas basins (Jamalreyhani et al., 2021).
Earthquake multiples and doublets are loosely de-

fined as two (doublet) or more (multiple) triggered and
sub-sequential mainshocks of comparable size ruptur-
ing the same or adjacent faults within a short time (e.g.,
Lay and Kanamori, 1980; Ammon et al., 2008). The
occurrence of doublets is explained by heterogeneous
stress on pre-existing faults with geometrical complex-
ities (e.g., steps, bends) and stress transfers from the
first to the second event of the doublet (e.g., Xu and
Schwartz, 1993; Jia et al., 2020; Zhang et al., 2021; Tay-
maz et al., 2022; Astiz et al., 1988). Doublets have been
observed in different tectonic settings, as (1) within
subduction zones (Lay and Kanamori, 1980; Xu and
Schwartz, 1993; Ammon et al., 2008; Lay, 2015; Ye et al.,
2013, 2016; Jia et al., 2020), (2) in collision zones (e.g.,
Thapa et al., 2018), (3) strike-slip fault systems (e.g.,
Zhang et al., 2021; Sokos et al., 2015; Dal Zilio and Am-
puero, 2023), or (4) on normal faults in sedimentary
basins (e.g., Cesca et al., 2013).
The central IP and its bounding tectonic structure

were hit by several doublets or multiple earthquakes
during the last decade, like the NW Iranian 2012 Ahar-
Varzagan and 2020 Qotur-Ravian doublets (Ansari, 2016;
Ghods et al., 2015; Donner et al., 2015; Momeni and
Tatar, 2018; Taymaz et al., 2022), or the December 2017
Hojedk triplet in SE Iran (e.g., Freund, 1970; Walker
and Jackson, 2002; Savidge et al., 2019; Asayesh et al.,
2020) (Fig. 1a). The occurrence of doublets in the ZFTB
is associated with the complex thrust and fold belts in
the Zagros mountains with a highly deformed and slid-
ing sedimentary and evaporitic cover with massive syn-
cline and anticline structures (Roustaei et al., 2010).
More recently, the ZFTB hosted doublets in Southern
Iran, the so-called 2021 Fin doublet (Fathian et al., 2022;
Rezapour and Jamalreyhani, 2022), and the 2022 Charak
events. These events drew the attention of scientists to
the region to better understand thephysicalmechanism
of earthquake doublets, which is crucial for hazard and
risk assessment.
Our study area is located in the FA, which is the

∼700 km-long segment situated in the East of the SFB
with a high-rate seismicity zone in Zagros (Fig. 1b)
(e.g., Karasözen et al., 2019). The FA is bounded by
the Kazerun Fault in the West and the Bandar Abbas
syntaxis in the East and works as the transition zone
to the Makran accretionary to the East (Edey et al.,
2020) (Fig. 1b). The seismicity of the FA is dominated
by shallow thrust events on steeply dipping (30◦–60◦)
blind faults in the sedimentary cover or the underly-
ing crystalline basement (e.g., Jahani et al., 2009; Nis-
sen et al., 2011). Tatar et al. (2004) revealed 10 mm yr−1

present-day shortening trending NNE-SSW at the cen-
ter of the FA. There, surface shortening is accommo-
dated by severalW-E to NW-SE trending, symmetric an-
ticlines and synclines with amplitudes within the scale
of kilometers and wavelengths of ∼10–20 km (e.g., Edey
et al., 2020). The relationship between buried seismic

faults and surface anticlines in the FA is still debated
(Walker et al., 2005). Several surface diapirs, which in-
dicate the presence of the Precambrian-Cambrian Hor-
muz salt layer between the basement and sedimentary
cover, are also observed in the FA (Jahani et al., 2009).
The occurrence of anthropogenic earthquakes has re-
cently been reported in this collision zone (Jamalrey-
hani et al., 2021, and references therein).
On 14 November 2021, the Fin area in the FA was

struck by an earthquake doublet (Mw 6.2 and Mw 6.3)
(Nemati, 2022; Fathian et al., 2022; Rezapour and Jamal-
reyhani, 2022) co-located with an earlier sequence of
earthquakes (Mw 4.9–5.7) on 25 March 2006 (Roustaei
et al., 2010) (Figs. 1c, 2). Furthermore, our study area
experienced many significant single events in 2021, in-
cluding the 16 March NW Lenge earthquake (Mw 5.9),
the 15 June Charak earthquake (Mw 5.5), the 21 June
Mogham earthquake (Mw 5.2), and the second Charak
earthquake on 25 June (Mw 5.6). Some other events,
such as the 2005 Qeshm and the 2006 Fin earthquakes,
ruptured the lower sedimentary cover and were ac-
companied by aftershocks in significantly greater depth
(Nissen et al., 2010, 2011, 2014). This vertical separation
of main- and aftershocks might be driven by the main-
shock, causing stress changes within the deeper and
harder Hormuz layer. As a result of the stress perturba-
tion, the Hormuz salt may flow, leading to a breakup of
intercalated, harder, non-evaporitic sediments and sur-
rounding rocks (Nissen et al., 2014).
Within this tectonic frame, three earthquake se-

quences with event magnitudes of Mw 5.3–6.1 and a se-
ries of aftershocks stroke theHormozgan Province. The
sequences occurred on 01 July 2022 (three earthquakes
of Mw 5.7–6.1), further sequence A, on 23 July 2022 (two
earthquakes of Mw 5.3–5.6), further sequence B, and
on 30 November 2022 (one earthquake of Mw 5.6), fur-
ther sequence C (Figs. 1c and 2, Tab. 1). All sequences
hit the same region SW from the Fin doublet, W from
the 2005–2009 seismic sequence on the Island of Qeshm
and close to the mapped Zagros Foredeep Fault (ZFF)
and Mountain Front Fault (MFF). Different agencies re-
ported the fault mechanisms for these earthquakes,
which mainly indicate pure thrust faulting with ENE-
WSW to ESE-WNW striking, and N-S oriented shorten-
ing. Reported locations scatter primarily along the east-
ern termination of the ZFF. The only exception is earth-
quake B2 located ∼25 km to the N along the MFF with a
strongoblique component. Using satellite geodesyYang
et al. (2023) suggests that two south-dipping, ESE strik-
ing thrust faults were activated during the mainshocks
A1 and A3 with dip angles of 65◦ and 33◦, a peak slip
of ∼1.1 m and ∼1.3 m, and a geodetic moment release
equivalent to Mw 6.22 and Mw 6.23, respectively. Both,
A2 and A3, and B1 and B2 occurred in quick succession
with interevent times of 60–80 s.
Analysis of earthquake doublets or sequences is chal-

lenging, especially when interevent times are smaller
than the travel time of surface waves to a station. Then,
timewindows and stations need to be selected carefully
to avoid any overlay of seismic signals (e.g., Jia et al.,
2022; Metz et al., 2022). The joint inversion of mul-
tiple sources using seismograms and near-field data,
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Figure 1 a) The Iranian plateau and its seismotectonic settings. Red circles areM > 5 earthquakes from 1900 to 2022 from
the USGS catalog. The magenta stars show the location of the 2012 Ahar-Varzagan doublet, the 2020 Qotur-Ravian doublet,
and the 2017 Hojedk triplet. The Fars Arc (FA), Dezful embayment (DE), Lurestan Arc (LA), and the Kirkuk embayment (KE)
from SE to NW are four tectonostratigraphic domains of the most active part of the Zagros (the Simply Folded Belt). b) SE
part of the Zagros Mountains at the leading edge of the Arabia-Eurasia collision zone and focal mechanism of moderate and
large events (Mw ≥ 5) from the gCMT catalog until October 2021. Black lines showmajor mapped active faults. c) A zoom-in
of the Hormozghan area. The white hexagons show the historical events (Ambraseys and Melville, 2005) and colored circles
demonstrate the seismicity from November 2021 until December 2022 from the Iranian Seismological Center (IRSC) catalog.
Colored stars depict 33 events with M > 4.5 during this period. For 20 of them, gCMT reported focal mechanisms (black
beach balls). The dashed rectangle depicts the location of Fig. 2.

e.g., static displacements derived from InSAR (Stein-
berg et al., 2020, 2022), can help to constrain the geom-
etry of and the dislocation on the activated faults within
a sequence. Inversions of the rupture kinematics on a
doublet fault network can resolve the onset and prop-
agation of the ruptures (e.g., Metz et al., 2022). The
back projection of the radiated high-frequency energy
helps to unravel the rupture processes (e.g., Daout et al.,
2020; Steinberg et al., 2022; Metz et al., 2022). Further-
more, the analysis of aftershocks might help to detect

the faults activated during a sequence or doublet (e.g.,
Ammon et al., 2008; Ghods et al., 2015; Donner et al.,
2015; He et al., 2018; Metz et al., 2022).

In this regard, we analyze the July–December 2022
earthquake sequence. We want to clarify if sequence
A or B can be classified as an earthquake doublet (or
triplet) according to the definition given in the introduc-
tion. In this context, we test a newly developed triplet
inversion schemeusing a combination of satellite defor-
mation with seismic data covering epicentral distances
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Table 1 Selected standard centroidmoment tensor inver-
sion results publishedbydifferent agencies for 01 July 2022,
23 July 2022 and 30 November 2022 earthquakes. Centroid
times are given.

ID Agency Time Lat, Lon Depth Mw Strike, Dip, Rake
Sequence A: 01 July 2022
A1 gCMT 21:32:08 26.68◦, 55.18◦ 12 km 6.1 113◦, 52◦, 110◦

282◦, 42◦, 66◦

GEOFON 21:32:08 26.89◦, 55.23◦ 10 km 6.0 103◦, 52◦, 98◦

271◦, 39◦, 80◦

USGS 21:32:08 26.942◦, 55.227◦ 10 km 6.0 95◦, 51◦, 83◦

286◦, 39◦, 98◦

A2 GEOFON 23:24:13 26.85◦, 55.29◦ 10 km 5.9 -, -, -
-, -, -

USGS 23:24:14 26.920◦, 55.219◦ 10 km 5.7 96◦, 47◦, 100◦

262◦, 47◦, 80◦

A3 gCMT 23:25:15 26.69◦, 55.13◦ 12 km 6.1 121◦, 45◦, 138◦

245◦, 62◦, 54◦

GEOFON 23:25:15 26.82◦, 55.33◦ 10 km 6.0 110◦, 22◦, 118◦

261◦, 71◦, 79◦

USGS 23:25:15 26.887◦, 55.285◦ 10 km 6.0 94◦, 34◦, 96◦

267◦, 56◦, 86◦

Sequence B: 23 July 2022
B1 gCMT 16:07:56 26.65◦, 55.52◦ 12 km 5.5 56◦, 59◦, 34◦

307◦, 62◦, 144◦

GEOFON 16:07:49 26.75◦, 55.28◦ 10 km 5.3 82◦, 33◦, 108◦

240◦, 59◦, 79◦

USGS 16:07:48 26.880◦, 55.210◦ 10 km 5.3 126◦, 35◦, 133◦

258◦, 65◦, 65◦

B2 gCMT 16:09:08 26.73◦, 55.22◦ 12 km 5.6 128◦, 65◦, 148◦

233◦, 61◦, 29◦

GEOFON 16:09:08 26.98◦, 55.52◦ 10 km 5.5 120◦, 48◦, 140◦

240◦, 61◦, 50◦

USGS 16:09:07 27.002◦, 55.366◦ 10 km 5.4 121◦, 58◦, 150◦

228◦, 64◦, 36◦

Sequence C: 30 November 2022
C1 gCMT 15:17:43 26.69◦, 55.21◦ 12 km 5.6 107◦, 54◦, 101◦

270◦, 40◦, 77◦

GEOFON 15:17:43 26.83◦, 55.29◦ 10 km 5.6 101◦, 68◦, 91◦

278◦, 22◦, 28◦

USGS 15:17:41 26.887◦, 55.239◦ 5 km 5.6 94◦, 65◦, 86◦

285◦, 26◦, 99◦

Agencies:
gCMT - Global CMT (Dziewoński et al., 1981; Ekström et al., 2012)
GEOFON - GEOFON program using data from the GEVN partner networks (Quinteros et al., 2021)
USGS - USGS National Earthquake Information Center, PDE

from local to teleseismic. We also aim at understand-
ing the interaction of main- and aftershocks in the re-
gion using relocated aftershocks. The joint analysis of
different data sets and main- and aftershocks shall pro-
vide deeper insights into source mechanisms and rup-
ture kinematics of the mainshocks. Our work comple-
ments studies focusing on satellite deformation data
(e.g., Yang et al., 2023) by resolving temporal aspects
and rupture parameters and constraining the position
of the activated fault system from aftershocks.

2 Materials andmethods
We want to understand the characteristics of the July–
November 2022, SE Iran, mainshocks (Tab. 1) from
point and finite fault inversions using seismic and, if
available, satellite deformation data. Complementing
our analyses we relocate aftershocks to gain insights
into the stress transfer and the activation of fault planes
caused by the mainshocks. In the following, we intro-
duce the pre-processing applied to the satellite defor-
mation data. This dataset is used in the joint multiple
source inversions. We also explain the settings of the
single- and multiple-earthquake-inversion approaches
for the point source and the finite fault models, which
are used to study the mainshocks. Furthermore, the
methodology for an independent measure of the focal

depth based on teleseismic body wave phases is pre-
sented. Finally, a brief introduction of the aftershock
relocation is given.

2.1 InSAR data pre-processing

Interferometric Synthetic Aperture Radar (InSAR) sur-
face displacement measurements are crucial to con-
strain earthquake locations, particularly in finite fault
inversions (e.g., Ide, 2007; Steinberg et al., 2020). For
our multisource inversion approaches, we use interfer-
ograms recorded on Sentinel-1. The unwrapped and
geocoded interferograms were obtained from an as-
cending orbit (track 130, 22 June 2022, to 04 July 2022)
and a descending orbit (track 166, 25 June 2022, to
07 July 2022), each with a 12-day temporal baseline,
via the COMET-LiCSAR web portal along with essen-
tial metadata and coherence data. The Generic Atmo-
spheric CorrectionOnline Service (GACOS) offers tropo-
spheric delay products (Yu et al., 2017, 2018b,a), which
aim at reducing tropospheric noise in interferograms.
However, due to the negative impact of GACOS-based
corrections on unwrapped interferograms, we opted to
employ a linear method that leverages the correlation
between phase and elevation for stratified tropospheric
noise correction (Doin et al., 2015).
We processed InSAR time series for the tracks 130 (as-

cending) and 166 (descending) using the open-source
Miami InSAR time-series software in Python (MintPy,
Yunjun et al., 2022) and theHybridPluggable Processing
Pipeline (HyP3) service (Hogenson et al., 2016). HyP3 is
a cloud-native infrastructure that offers a generic pro-
cessing platform for SAR data, including interferomet-
ric processing. It streamlines the generation of interfer-
ograms, coherence maps, and unwrapped phase prod-
ucts by automating the necessary processing steps. The
HyP3 service facilitated our processing of Sentinel-1
data, enabling consistent and efficient generation of in-
terferometric products. The results demonstrated sim-
ilar deformation patterns for both ascending and de-
scending tracks, providing consistency and confidence
in our findings.
Corrected displacement maps are post-processed us-

ing the software toolbox Kite (Isken et al., 2017) (Fig. 3).
Post-processing includes an empirical variance-
covariance estimation of the data error as an input for
data weighting within the later inversion (Sudhaus and
Jónsson, 2009) and irregular quadtree subsampling
(Jónsson et al., 2002) (Fig. 7).

2.2 Bayesian moment tensor (MT) inversion
of themainshocks

We performed moment tensor (MT) point source in-
versions on both the individual mainshocks and also
jointly on the whole sequence A using the Bayesian in-
version softwareGrond (Heimann et al., 2018). Utilizing
a particle swarmmethod combinedwith bootstrapping,
Grond estimates non-linear uncertainties of all inver-
sion parameters. We fit the MT components (full and
deviatoric for the individual source inversions and dou-
ble couple (DC) for the joint inversion), centroid loca-
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Figure2 (a) Seismicity from IRSC inSouthern Iranbefore01July2022 (greydots) andafter (coloreddots), includingGEOFON
MT solutions (or location for A2) for the mainshocks. Colors of the dots and MTs indicate the time after 1 July (red), after
22 July (blue), or after 30 November (yellow), respectively. (b) shows the temporal seismicity evolution (mL, cumulative
moment, and the number of events) using the IRSC catalog with the same color coding as in (a). Major tectonic/seismic
features highlighted/annotated in (a) are the Mountain Front Fault (MFF), the Zagros Foredeep Fault (ZFF), the Simply Folded
Belt (SFB), and the Bandar-e-Lengeh anticline (BELA).

Figure 3 Ground deformation derived from satellite data
from ascending (left) and descending tracks of Sentinel 1.
Track ID and acquiring dates are shown in the bottom left.
The line of sight (LOS) and satellite track (azimuth) direc-
tions are indicated by arrows. The displayed deformation
is used as input for the joint inversions. BELA indicates the
Bandar-e-Lengeh anticline.

tion, time, and duration based on waveform and static
ground displacement fits.
Individual earthquake inversions used teleseismic

and regional body wave signals, recorded at 18 teleseis-
mic and seven regional stations with an epicentral dis-
tance of ∼230–10 000 km with carefully selected time
windows to ensure less overlap between the signals
emitted by subsequent earthquakes. Due to inacces-
sible regional data, all inversions for C1 used only the

teleseismic dataset. Before inversion, data was visually
inspected, and all noisy, incomplete, or corrupted sig-
nals were removed. All waveforms have been fitted as
bandpass-filtered displacements (0.015–0.06 Hz for A1
and A3, 0.02–0.06 Hz for A2, B1, B2, and C1) in time do-
main on the vertical and transverse components. Lower
frequency limits were chosen to suppress low-frequent
noise. Relatively low upper-frequency limits diminish
high-frequent site effects and reduce the effect of struc-
tural inhomogeneities not captured within our ground
model on the data fit. Synthetic waveforms were gener-
ated based on Green’s functions calculated with QSEIS
(Wang, 1999) using the AK135 global and a regional ve-
locitymodel (Karasözen et al., 2019; Jamalreyhani et al.,
2021).
A joint inversion scheme described as the double DC

or double single force source by Carrillo Ponce et al.
(2021) was adapted and then used for the earthquakes
of sequence A. The original approach allows for simul-
taneous source estimates via parameterizing the tem-
poral and spatial distance between subevents with the
focus on single, but complex earthquakes. It subse-
quently enables the use of seismic records character-
ized by overlapping signals of different subevents. Fur-
thermore, ground displacements recorded by InSAR
with their coarse temporal resolution can be fitted to
the superposed synthetic ground displacements of all
inverted subevents.
The mentioned double DC inversion scheme was

enhanced for simultaneous inversions of three earth-
quakes as required for a complete assessment of se-
quence A. These inversions used seismic and satellite
deformation data within separate and joint runs. Satel-
lite deformation data was fitted to synthetic ground dis-
placements calculated with PSGRN and PSCMP (Wang
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et al., 2003; Wang, 2005; Wang et al., 2006) using the
regional velocity model by Karasözen et al. (2019); Ja-
malreyhani et al. (2021). An interpretation of the triple
source inversion must be done with care as more free
parameters within the inversion may also lead to over-
fitting or the fitting of noise signals. The double source
setup could not be applied to sequence B due to high
noise levels on the satellite deformation.
Throughout this paper, we will always refer to the

mean model and the standard deviations derived from
the inversions.

2.3 Bayesian inversion of the finite faults

Extended rupture characteristics have been estimated
using the pseudo-dynamic rupture (PDR) (Metz, 2019;
Dahm et al., 2021). This extended rupture model de-
pends on a flexible boundary elementmethod based on
Okada (1992) to iteratively estimate the instantaneous
dislocation on the fault from a prescribed stress drop
behind amoving rupture front. The rupture front prop-
agation is estimated using the 2D Eikonal equation and
the rupture velocity linearly scalingwith the shear wave
velocity of the regional velocity model by Karasözen
et al. (2019); Jamalreyhani et al. (2021). The further
parametrization was chosen as in Metz et al. (2022) fit-
ting 13 parameters per fault: the top edge location (lat,
lon, depth), the rupture orientation (strike, dip), length
and width of the rupture plane, the maximum shear
slip, the rake, the relative origin coordinates, the ori-
gin time, and the scaling factor between the rupture and
shear wave velocity.
The inversion settings are the same as for the MT

inversions using individual and joint inversion ap-
proaches. Due to the lack of regional data for C1 and
noisy satellite deformation records for sequence B, we
performed PDR inversions only on the earthquakes of
sequence A.

2.4 Focal depth estimation from teleseismic
depth phases

We want to validate the depth estimates of our point
source andfinite fault inversions. Here, we apply a tech-
nique for an accurate focal depth computation based on
the teleseismic delay between direct P phases and sur-
face reflected, pP, phases using the abedeto tool (https:
//github.com/HerrMuellerluedenscheid/abedeto). Using
the arrival time difference between the two phases (pP-
P) recorded on several arrays at teleseismic distances
(Fig. S18, Tab. S6 in supplementary material), we inde-
pendently calculated the focal depth for the six great-
est events as previously applied in the Zagros region (Ja-
malreyhani et al., 2021). The observed waveforms are
stacked for each array to increase the signal-to-ratio. In
order to create synthetic waveforms, first Green’s func-
tions are computedusing a reflectivity approach (QSEIS;
Wang, 1999) by taking into account themoment tensors
calculated in this study. TheGreen’s functions are based
on local crustal velocity models at the source and array
locations (CRUST2.0; Bassin et al., 2000), and a mantle
model (AK135; Kennett et al., 1995).

2.5 Relocation of aftershocks
Earthquake relocation is vital to improve the spa-
tial resolution of seismic sequences. We used the
GrowClust3D.jl relocation method (Trugman and
Shearer, 2017; Trugman et al., 2023), which implements
a cluster-based relocation scheme based on relative
time shifts between P- and S-wave arrivals of events
with similar waveforms. The method requires a high
waveform similarity among the different events and
clustered initial locations.
Time shifts are converted into distance and azimuths

using pre-calculated travel times based on a 1D veloc-
ity model; the required ray tracing was performed us-
ing the same regional ground model as for the inver-
sions (Karasözen et al., 2019; Jamalreyhani et al., 2021).
Due to limitations in waveform data access, we adopted
the scheme to handle picked Pg, Pn, Sg, and Sn arrivals
derived from the IRSC catalog. Required relative time
shifts for two events were obtained by subtracting abso-
lute arrival times for matching stations.
This approach allows getting a first-order relocation

of the catalog with the limitations caused by the arrival
time picks provided only to the tenth of a second and
the lack of quality control parameters like the cross-
correlation coefficient. In total, 120 aftershocks of all
three sequences A, B, and C with mL larger than 3.0
from01 July 2022until 12December 2022were relocated
(Fig. 2).

3 Results

In the following we will summarize our findings. We
start with the pure seismic inversions of both point
and finite source models. Thereafter, results from the
joint satellite deformation and seismic data inversions
are presented. We will also show results from the fo-
cal depth estimation. Finally, outcomes from the after-
shock relocation are shown. Due to indications for dom-
inant southward dipping thrusting (Yang et al., 2023) we
will discuss our point source results emphasizing the
south-dipping nodal planes.
The analysis of seismic data yields robust MT solu-

tions for seven events with Mw larger than 5.3 from
01 July 2022 to 30 November 2022 (Figs. 4a,b, S1–S6,
Tabs. 2, S1, S2). All indicate rupture on E-W striking
planes (88◦–118◦) with one focal plane dipping with
37◦–68◦ towards the South. Dips vary from shallow
37◦–39◦ (A3, B1) to more than 60◦ (A1, B2, C1). While
events A1, A2, and C1 show rather pure thrust (rake of
80◦–100◦), events A3 (rake of 120◦) and especially B1 and
B2 (rake of 132◦–142◦) indicate oblique faulting. The
magnitudes of the events range from 5.27 for event B1
to 6.01 for event A3 with the highest magnitudes ob-
served for sequence A (Mw 5.73–6.01). All centroids of
sequence A are located close to each other beneath or
slightly to the North of the Bandar-e-Lengeh anticline
(BELA) in depths of 6.8–8.0 km. B1 and B2 occurred in
larger depths of 10.4–11.5 km, with B1 being co-located
with sequence A and B2 shifted by 10 km towards the
North. The later event C1 shows a strong location mi-
gration towards the West by ≈20 km. Its centroid lays
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Figure 4 Results of seismic inversions with centroids from full MT inversions as map (a) and along the profile (b). PDR
inversion results using seismic data are shown as map (c) and profile (d) with their centroids (dots), rupture plane locations,
final slip, ruptureorigin (green star) and rupturepropagationcontour lines (every2 s, grey lines in (c)). Grey lines in (d) indicate
the PDR rupture plane locations and orientations through their respective centroids. The topography in the profiles (b, d) is
shown along the profile A–A’ (dark grey) and along parallel lines extracted every 0.01◦ longitude from 55.15◦W to 55.45◦W
(light grey). Increasing transparency scales with increasing distance to the profile A–A’.

beneath the BELA at a shallow depth of 5.4 km.

Independent finite fault solutions obtained from seis-
mic data for sequence A yield preferred orientations of
the fault plane butwithminimalmisfit differences com-
pared to the inversions for the auxiliary nodal plane
(Figs. 4, S7–S9, Tabs. 2, S4). Preferred fault planes
strike towards West (260◦) and dip towards North by
28◦ for A2 or strike East (102◦–107◦) with a southward
dip of 41◦–61◦ for A1 and A3. Rakes of 85◦–115◦ in-
dicate pure thrust faulting with a slight oblique com-
ponent for A3. Source plane extents range from 9.5 ±
2.3 km × 3.4 ± 1.5 km in length and width for A3 up
to 19.3 ± 3.0 km × 8.1 ± 1.3 km for A2. Resolved top
edge depths are similar through all events of sequenceA
ranging from 3.1 ± 0.7 km for A1 to 4.1 ± 0.6 km for A3
(Tab. S4). Significant uncertainties indicate a poor reso-

lution of the rupture origin location and hence the rup-
ture propagation. However, all events of sequence A
yield prevailing westward motion along the respective
fault planes. Centroids derived from thePDRare similar
to theMT solutions in location,magnitude, and orienta-
tion. Inferred centroid depths are slightly smaller, with
5.2–6.2 km. Also, the magnitude estimate for event A2
deviates from the MT solutions with Mw 5.87 compared
to 5.73 ± 0.03.

Modeled waveforms show a high fit in amplitude and
phase for both CMTand PDR inversions (Figs. 6 top row,
S1–S9). PDR fits of the mean model of A1 indicate an
overestimation of the amplitude at the displayed station
GE.SANI. Fits for the later event A2 are characterized
by a slight amplitude deficit of the modeled compared
to the observed waveforms for both PDR and CMT solu-
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Figure 5 Results of joint seismic and satellite deformation data inversions with centroids from joint 3 DC inversion as map
(a) andalong theprofile (b). JointPDR inversion results using seismic and satellitedeformationdataare shownasmap (c) and
profile (d) with their centroids (dots), rupture plane locations, final slip, rupture origin (green star) and rupture propagation
contour lines (every 2 s, grey lines in (c)). Grey lines in (d) indicate the PDR rupture plane locations and orientations through
their respective centroids. The topography in the profiles (b, d) is shown along the profile A–A’ (dark grey) and along parallel
lines extracted every 0.01◦ longitude from 55.15◦W to 55.45◦W (light grey). Increasing transparency scales with increasing
distance to the profile A–A’.

tions.

For sequence A, joint inversions were carried out
using seismic and satellite deformation data within a
triple source inversion scheme. The triple source in-
version accounts for the limited temporal resolution
of satellite deformation data, which only measures the
overlapping effect of the three sources. The triple DC
point source inversion fits the seismic, and the satel-
lite deformation data and yields results in agreement
with our previous seismic inversions (Figs. 5a,b, 6, 7a,b,
S10, Tabs. 2, S3). All mechanisms indicate thrust fault-
ing along an E-W striking plane. The MT for A3 shows
a significantly smaller oblique proportion and a much
larger dip towards the South (78◦) of one of its nodal
planes compared to the similarly oriented plane of the

pure seismic inversion (39◦). The moment release indi-
cates the highest magnitude for A1 with Mw 6.27, which
is about 0.3 magnitude units larger than the magnitude
estimate for A1 from the pure seismic single source in-
version. Synthetic waveforms (Figs. 6, S10) show sig-
nificantly larger amplitudes compared to the observed
and the synthetic traces from thepure seismic inversion
(Fig. S1), suggesting that the satellite deformation data
forces the seismic moment of A1 to have larger values.
On the other hand, magnitude estimates for A2 and the
correspondingwaveformfits are similar to the observed
traces. Finally, waveform amplitudes and the magni-
tude for A3 are underestimated when compared to the
observed traces and the seismicmodeling, respectively.

In general, the locations of the centroid double cou-
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Figure 6 P-wave fits for sequence A (left A1, right A2 and A3) displayed on the vertical displacement records of station
GE.SANI (distance ≈8215 km, azimuth ≈119◦) for seismic (top row) and joint inversions (bottom row). Observed, restituted
and filtered records are given in black, fitted traces in colored lines. Horizontal grey lines indicate the peak amplitude of the
observed records with the value given asApeak. Grey backgroundwith the top labels indicate themajor P-wave signal of the
different events.

Figure 7 InSAR fits for joint 3DC (ascending - a, descending - b) and 3PDR (ascending - c, descending - d) inversions with
quadtree subsampled observed data (1st column), the mean model fit (2nd column) and the corresponding residual (3rd
column). BELA indicates the Bandar-e-Lengeh anticline.

ple MTs are resolved well with the largest errors for A2
(max. 5.1 km horizontal and 2.7 vertical error - Tab. S3).
The depth of A2 (11.9 km) is significantly larger than es-
timated from seismic data (7.9 km).

The joint inversion of three PDR finite fault planes
yields stable estimates, especially for A1, withmore sig-
nificant uncertainties for A2 andA3. All events are char-
acterized as E-W striking thrust earthquakes with south
dipping source planes (Figs. 5c,d, 6, 7, S11, Tabs. 2,
S5). Fault orientations are mainly in agreement with

results from the other inversion approaches. Contrary
to the single PDR inversion, the joint inversion favors a
south-dipping fault plane for A2. For A3, we obtain a
large oblique component but with larger uncertainties
(rake of 134◦ ± 22◦) compared to point source and sin-
gle finite fault inversions. The estimated seismic mo-
ment from the mean model centroid defines A1 as the
largest event with Mw 6.42 and a maximum shear dislo-
cation of 2.26 ± 0.37 m, while A2 and A3 released a mo-
ment equivalent to Mw 5.91 (slip of 0.39 ± 0.20 m) and
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Mw 5.98 (slip of 0.50±0.24 m). For A1 and A2, bothmag-
nitudes and maximum dislocations are overestimated
compared to all other inversion approaches. The largest
magnitude (> 0.4 magnitude units), and slip increase
(∼1.4 m), compared to the single point source or PDR
seismic inversions, is observed for A1.

Waveform fits (Figs. 6, S11) indicate good phase re-
trieval, especially for A1 and A2. Slight phase shifts
are observable for some records of A3. Similarly to the
triple DC inversion, we obtain an amplitude overestima-
tion for A1, but here even more prominent. In general,
waveform amplitudes for A2 and A3 fit well.

Satellite deformation data shows a high correlation
in the estimated deformation pattern with residuals of
∼10 cm. The ascending track fit is characterized by
an underestimation of themaximumdeformationmea-
sured at the BELA. In contrast, the descending track
shows larger residuals along the NE boundary of the
BELA (Fig. 7c,d). Both, centroid location and depth of
A1 beneath the northern edge of the BELA are in good
agreement with solutions from the other inversion ap-
proaches. Centroids of A2 and A3 are co-located south
of the BELA beneath the Tangeh Khoran, indicating a
shift of∼ 10±8–9 km towards the South compared to the
other inversion results (Tab. S5). The respective depths
are in the range of 10.1–11.1 km, up to 6 km larger than
the results from our other inversion approaches.

Focal depths of the mainshocks estimated from P-
wave phase arrival time differences are in the range
of 7.0–11.0 km (Figs. S12–S17, Tabs. 2, S6). Smallest
focal depths are obtained for C1 (7.0 km), and A1 and
A2 (8.0 km). The origin depth for A3 is estimated with
10.0 km, while largest focal depths of 11.0 km are found
forB1 andB2. The stackedwaveformfits are rather good
for the smaller events B1, B2, and C1. The larger events
of sequence A generate more complex P-waves due to a
longer rupture duration and, hence, source time func-
tions. Therefore, stacked waveform fits are not as good
as for the smaller events.

120 aftershocks of the IRSC catalog from 01 July 2022
to 12 December 2022 have been relocated with average
vertical (depth) and horizontal location shifts and un-
certainties of 0.41 ± 0.39 km and 0.67 ± 0.82 km, respec-
tively (Figs. 8, S19, Tab. S7). The simultaneous opti-
mization of the origin times yields an average shift of
0.1±0.1 s. Themajority of events are located indepths of
10–15 km scattering within a ∼10 km × 10 km wide area
around 26.8◦ lat, 55.35◦ lon. They are characterized by
minor location errors (Fig. S12). Larger errors in the re-
location of up to 3 km horizontally and 2 km in depth are
observed for the few events located towards the North
and SW of the major aftershock area. The location of
most aftershocks fits well with inversion results from
both MT and PDR inversions, except the MT solution of
C1. The westward location shift of C1 compared to se-
quences A and B (Fig. 4) is not reflected in the relocated
aftershocks. We also do not resolve any scattering of af-
tershocks along preferred planes.

4 Discussion and interpretation

The analyzed earthquakes between 01 July 2022 and
12 December 2022 highlight the interaction of large,
shallow thrust earthquakes in the sedimentary layer
with smaller aftershocks in the upper basement or
deeper sedimentary cover (Fig. 9), which is a peculiarity
of the continent-continent collision in the ZagrosMoun-
tains (see e.g., Nissen et al., 2011, 2014). Using different
inversion approaches, we can also resolve significant
differences in the earthquake parameter estimates due
to uncaptured tectonic processes or uncertainties in the
used ground models. In the following, we will discuss
our results related to regional tectonics, the effect of the
incorporated satellite deformation data and its seismo-
logical implications, and the quality of the newly devel-
oped triple source inversion scheme.

4.1 Mainshockmechanisms and location

The earthquakes in Zagros generally have low to strong
magnitudes up to Mw 7.3 and commonly occur on
blind faults (Barnhart et al., 2013; Karasözen et al.,
2019; Asayesh et al., 2022; Jamalreyhani et al., 2022;
Nissen et al., 2019), often in depths of 8–14 km (e.g.,
Ni and Barazangi, 1986; Baker et al., 1993; Hessami
et al., 2001; Talebian and Jackson, 2004; Jamalreyhani
et al., 2021; Nissen et al., 2019). Ruptures often occur
in the sedimentary layer, called a “competent group”,
which spans from ≈4–8.5 km depth in the south east-
ern FA. The competent group is decoupled from the
crystalline basement by the Hormuz Salt Formation at
about 8–10 km (Nissen et al., 2011), a formation interca-
latedwith stronger non-evaporitic layers. The centroids
of the earthquakes A1, A3, and C1 locate in a depth of
5–8 km depth (Figs. 4, 5), which indicates an activation
of faults in the lower competent group. This interpreta-
tion is supported by Roustaei et al. (2010); Nissen et al.
(2010, 2011); Barnhart et al. (2013); Elliott et al. (2015)
who found thatmostMw > 5 events occur in the shallow
sedimentary layer between ∼5–10 km. Estimated focal
depths for A1, A3, and C1 of 7.0–10.0 km are in line with
results of our inversion and of the given studies (Tab. 2).
The later earthquake sequence B (and perhaps also

A2) occurred at a larger depth of 10.5–11.5 km, shown
by both centroid and focal depths, indicating a possi-
ble stress transfer from the shallow primary events A1
and A3 into depth with an activation of the deeper sed-
imentary Hormuz layer, interface between sediments
and basement and/or faults within the crystalline base-
ment. Both, stress transfer and the activation of sig-
nificantly deeper strata are also evident from the af-
tershock depth range of 10–15 km below the Bandar-e-
Lengeh anticline (BELA), which fits well with earlier es-
timates of aftershock depths, e.g., for the 2005Qeshmor
2006 Fin earthquakes (e.g., Talebian and Jackson, 2004;
Tatar et al., 2004; Nissen et al., 2011; Yaminifard et al.,
2012). The scenario of a shallow mainshock followed
by a separated, deeper aftershock sequence has been
observed and described by Nissen et al. (2011); Yamini-
fard et al. (2012) for the 2005 Qeshm earthquake. The
pattern may indicate that characteristic earthquakes in
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Table 2 Centroid locations and orientations derived from MT and PDR inversions using both seismic and a joint seismic
and InSAR dataset. The ensemblemean solution is given. Full set of resolved parameters including uncertainties are given in
Tables S1–S5. Also, results from teleseismic focal depth estimation are given.

ID Method Time Lat, Lon Depth Mw max. Slip Strike, Dip, Rake
Sequence A: 01 July 2022
A1 MTs 21:32:08.7 26.856◦, 55.417◦ 8.0 km 5.97 - 100◦, 58◦, 101◦

260◦, 33◦, 83◦

MTj 21:32:06.3 26.835◦, 55.340◦ 8.3 km 6.27 - 94◦, 66◦, 79◦

299◦, 26◦, 113◦

PDRs 21:32:08.8 26.861◦, 55.390◦ 6.2 km 5.96 0.82 m 102◦, 61◦, 102◦

PDRj 21:32:09.4 26.851◦, 55.292◦ 8.2 km 6.42 2.26 m 98◦, 67◦, 87◦

TELE - - 8.0 km - - -
A2 MTs 23:24:14.8 26.884◦, 55.210◦ 7.9 km 5.73 - 93◦, 59◦, 95◦

264◦, 32◦, 83◦

MTj 23:24:15.7 26.826◦, 55.153◦ 11.9 km 5.78 - 85◦, 65◦, 94◦

256◦, 25◦, 82◦

PDRs 23:24:14.6 26.896◦, 55.234◦ 5.2 km 5.87 0.24 m 260◦, 28◦, 85◦

PDRj 23:24:11.6 26.748◦, 55.301◦ 11.1 km 5.91 0.39 m 102◦, 59◦, 86◦

TELE - - 8.0 km - - -
A3 MTs 23:25:14:3 26.858◦, 55.252◦ 6.8 km 6.01 - 104◦, 39◦, 120◦

248◦, 57◦, 69◦

MTj 23:25:15.5 26.858◦, 55.270◦ 6.1 km 5.93 - 92◦, 78◦, 95◦

251◦, 13◦, 69◦

PDRs 23:25:14.5 26.838◦, 55.272◦ 5.6 km 5.98 2.83 m 107◦, 41◦, 115◦

PDRj 23:25:20.9 26.756◦, 55.226◦ 10.1 km 5.98 0.50 m 106◦, 48◦, 134◦

TELE - - 10.0 km - - -
Sequence B: 23 July 2022
B1 MTs 16:07:47.6 26.891◦, 55.293◦ 10.4 km 5.27 - 118◦, 37◦, 132◦

250◦, 64◦, 64◦

TELE - - 11.0 km - - -
B2 MTs 16:09:07.8 26.993◦, 55.372◦ 11.5 km 5.42 - 116◦, 60◦, 142◦

227◦, 58◦, 36◦

TELE - - 11.0 km - - -
Sequence C: 30 November 2022
C1 MTs 15:17:46.9 26.914◦, 54.936◦ 5.4 km 5.63 - 88◦, 68◦, 83◦

286◦, 23◦, 107◦

TELE - - 7.0 km - - -
Methods:
MTs - Full moment tensor inversion from seismic data.
MTj - Joint inversion of triple DC sources from seismic and InSAR data.
PDRs - PDR inversion from seismic data.
PDRj - Joint inversion of triple PDR sources from seismic and InSAR data.
TELE - Focal depth estimation from teleseismic depth phases.
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Figure 8 Map (a) and profile (b) of the IRSC catalog after relocation between 01 July 2022 and 12 December 2022. Main-
shocks of sequences A, B and C are excluded. Colors indicate the time after sequence A (red), B (blue) or C (yellow). Points
scale with reported local magnitude. The topography in the profile (b) is shown along the profile A–A’ (dark grey) and along
parallel lines extracted every 0.01◦ longitude from 55.15◦W to 55.45◦W (light grey). Increasing transparency scales with in-
creasing distance to the profile A–A’.

Figure 9 Interpretation of the tectonic processes during the July–December 2022 sequence. Phase I (top row) indicates the
rupture processes on the 01 July 2022while phase II (bottom row) resolves the later events. Moment tensors do not show cor-
rect rotations but shall illustrate general trends in location andmechanism. We show three interpretation possibilities using
an activation of the detachment plane (left), a listric fault cutting through the sediments (center), or a rupture independent
of the sediment to basement interface (right). North is indicated at each profile. The profiles are also referenced to the profile
A–A’ shown in Figs. 4, 5, and 8.

the competent group of the sedimentary cover are con-
trolled by a combination of stress and forces from the
horizontal collision and buoyant salt movements, while
the crystalline basement of the crust is moving as a de-
coupled, rigid body beneath the ZFFB. Aftershocks can
be induced in the basement if Coulomb stress changes
occur. However, the crustal shortening in the base-
ment is either accommodated by ductile deformation,

or through crustal thickening as observed further to the
north beneath the HZZ.

In addition to thrust faulting and shortening, trans-
verse strike-slip faults play a role in the evolution of Za-
gros. For instance, Talebian and Jackson (2004) empha-
sized the importance of strike-slip faults in the base-
ment of the southeastern-most Zagros, which has also
been revealed by Yaminifard et al. (2012) studying after-
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shocks of the 2005 Qeshm Island event.
Sequence A is dominated by the two largest thrust

events of Mw ∼ 6.0 (A1 and A3). Satellite deforma-
tion data (InSAR) show largest displacements on the
BELA andminor deformation towardsNorth (Figs. 3, 7).
From thedeformationpatternYang et al. (2023) have de-
rived two southward dipping rupture planes with dips
of 33–65◦. Despite the steeply dipping planes, no sur-
face ruptureswere observed. This is, however, common
for thrust events in Zagros mountains (e.g., Berberian,
1995; Regard et al., 2004; Yamini-Fard et al., 2007; Edey
et al., 2020). From our joint seismic and InSAR inver-
sion, we found a southward dipping plane of 48◦ ± 13◦

(Triple PDR) or 78◦ ± 2◦ (Triple DC) (Tabs. 2, S3) for the
second large event of sequence A (A3). However, Yang
et al. (2023) interpret A3 as a possible southward dip-
ping but low angle, shallow splay fault of A1 with a dip
of about 33◦.
The results of our single PDR seismic inversions yield

similar dip angles as the triple PDR inversion between
41◦ and 48◦ on the southward dipping plane, support-
ing the results by USGS, gCMT, and GEOFON. Prevailing
dips for thrust events are up to 60◦ (Jahani et al., 2009;
Nissen et al., 2011). The steep dip estimate of 78◦ for
A3 from the triple DC inversion is well above this range.
It could be a result of our triple source inversion setup
with many free parameters, allowing for overfitting of
small amplitude satellite deformation data (Fig. 7). The
poor waveform fits from the triple DC inversion for A3
compared to the single MT inversion support the inter-
pretation of overfitting satellite deformation data at the
expense of the waveform data fit (Figs. 6, S3, S10).
Event A2 is characterized by rather good waveform

fits (Fig. 6) and comparable solutions through all ap-
plied techniques and inversion setups. However, the
joint inversions yield a significantly larger centroid
depth of 11.1–11.9 km vs. 5.2–7.9 km. The larger depth
would imply that A2 ruptured within the upper base-
ment, lower sediments or along their interface. The
low-angle northward dipping rupture plane, resolved
from PDR inversions, fits well with the latter interpre-
tation of a low-angle detachment earthquake along the
interface (Nissen et al., 2011) (Fig. 9 left column). Re-
solved dips of more than 20◦ make this scenario un-
likely.
Instead of a steeply northward dipping fault plane,

the ZFF could also be of listrical shape propagating into
the sediment-basement interface as indicated by Jahani
et al. (2009) (Fig. 9 center column). Such fault shape
could accommodate events with intermediate north
dipping focal planes as observed.
A rupture of listric or ramp-flat faults within the base-

ment, as suggested for the 2017 Mw 7.3 Sarpol-e Zahab
earthquake (e.g., Fathian et al., 2021; Guo et al., 2022;
Zhao et al., 2023) is unlikely in our case. A centroid
depth at the top level of the basement andno observable
spatial clustering of aftershocks along listric lineaments
in the basement, prohibit such interpretation. We also
obtain a origin depth of 8 km indicating a rupturewithin
the lower sediments, and not within the basement. Fur-
ther investigations of the fault geometry, e.g., by using
teleseismic body waves (e.g., Braunmiller and Nábělek,

1996), are not easily applicable here due to the rather
small magnitude, and hence, the small rupture plane
extent of A2, and the complex rheology in the study
area, which is not fully reflected in our ground models.
We favor the interpretation of Yang et al. (2023), as-

suming A2 as a foreshock to A3 on the thrust fault plane
of A1 or A3 (Fig. 9 right column). The shallow cen-
troid and focal point depths from seismic inversions
and from P-wave phases arrival differences, and the
similar focal plane orientations support their hypothe-
sis. Coulomb failure stress changes caused by A1 or A2
on the fault plane of A3 calculated by Yang et al. (2023)
also strengthen this interpretation.
Our finite fault inversions with slip estimates for the

two largest events of 0.82±0.25 m (single PDR) or 2.26±
0.37 m (triple PDR) for A1 and 2.82 ± 0.88 m (single
PDR) or 0.50 ± 0.24 m (triple PDR) for A3 support find-
ings on different recent earthquakes in the FA (e.g.,
for 2005 Qeshm, 2006 Fin, 2008 Qeshm or 2013 Khaki-
Shonbe earthquakes) that coseismic slip is mainly ac-
commodatedwithin the competent group (Lohman and
Barnhart, 2010; Elliott et al., 2015; Nissen et al., 2007,
2010; Roustaei et al., 2010; Jamalreyhani et al., 2021).
Slips are significantly larger than results from Yang

et al. (2023), who estimate peak dislocations of up
∼1.25 m. From seismic data, we also estimate different
locations for the high slip patch of A1 compared to Yang
et al. (2023). It is shifted further to the East with respect
to their results. The joint finite fault inversion yields
swapped locations of A1 and A3 compared to Yang et al.
(2023). While they resolve A1 to the west of A3, we ob-
tain the opposite results. This could be caused by the
limited temporal resolution in the study of Yang et al.
(2023) as based only on satellite deformation data.
Besides the slip, first-order estimates of the rupture

kinematics are obtained fromourfinite fault inversions.
Although shipping with larger uncertainties (Tab. S4),
single PDR inversion solutions indicate dominant west-
ward rupture propagation. This indicates that the ear-
lier A1 ruptured into the region of A2 and A3 (Figs. 4,
5).

4.2 Vertical separation of aftershocks

Both, relocated aftershocks, and the larger earthquakes
B1 and B2 are spatially concentrated around the eastern
tip of the BELA and predominantly scatter in a depth of
10–15 km, which implies aftershock activity is either in
the upper crystalline basement (Talebian and Jackson,
2004; Tatar et al., 2004; Nissen et al., 2011) or deeper
sediments (Jahani et al., 2009; Nissen et al., 2014). We
also see a vertical separation of the aftershocks from the
mainshock in the SFB, which fits well with observations
by Nissen et al. (2010, 2011, 2014) for the 2005 Qeshm
and 2006 Fin earthquakes. While mainshocks rupture
the middle-lower sedimentary cover, aftershocks oc-
cur in the basement or the deeper sediments within
the Hormuz formation. Hence our aftershock locations
also indicate a relatively shallow top boundary of this af-
tershock region at ≈10 km depth compared to findings
of Nissen et al. (2014).
The co-location of the mainshocks and aftershocks,

13 SEISMICA | volume 2.2 | 2023



SEISMICA | RESEARCH ARTICLE | Insights into the 2022 earthquake sequence in SE Iran

despite C1, could highlight Coulomb stress changes, or
dynamic stress transfer from the mainshocks into the
deeper and harder Hormuz formation (Nissen et al.,
2010, 2014). The saltmay flow as a response to the stress
changes causing aftershocks within the formation and
its surroundings. The substantial location shift between
C1 and its aftershocks could be due to location uncer-
tainties and poor spatial resolution of our seismic inver-
sion caused by the lack of regional seismic or ground
deformation data.
Nevertheless, as derived from travel time picks with-

out quality constraints, our relocations are only valid
as a first-order approximation of the aftershock loca-
tions. As we used the same groundmodel for relocation
as for the inversions, uncertainties and structural in-
consistencies between the model and the actual under-
ground structure might have also caused a bias within
the relocation.

4.3 Implications from joint data and multi-
source inversion

The newly implemented triple source inversion scheme
has proven its usability for complex rupture inversions
using multiple satellite deformation and seismic data.
We resolved major features of deformation and seismic
data, especially when using the triple DC sourcemodel.
However, additional free parameters in the triple source
inversion scheme have also affected the results, as in-
creased centroid depths for A2 and partially A3, larger
uncertainties and the largewaveformfit residuals, espe-
cially for A3. Different weighting schemes for the rela-
tive misfit contribution of surface deformation data fits
compared towaveformfitswere employed to reduce the
described effects but didnot fully solve this issue. In this
regard, our interpretations on the faults activated by A2
can not be validated from the triple source inversion re-
sults.
Comparing results from single source seismic and

combined source joint seismic and satellite data in-
versions, we obtain a significant increase in the cu-
mulative moment release with the latter inversion ap-
proach (Figs. 4, 5). Our seismic inversions for se-
quence A yield a cumulativemoment release equivalent
to Mw 6.24–6.26, similar to results from GEOFON (cu-
mulative Mw 6.29) or USGS with a cumulative Mw 6.25.
Meanwhile, our joint inversion approaches give a cu-
mulative moment release equivalent to Mw 6.39–6.52.
These values confirm results from Yang et al. (2023),
who have obtained a cumulativemoment release equiv-
alent to Mw 6.43.
This 60–70 % increase inmodeledmoment release de-

rived from the triple DC inversion could be caused by a
significant afterslip resolved in the satellite deformation
data with its broad temporal coverage but not reflected
in the seismic data. Observations of afterslip within Za-
gros reveal a rather large relative contribution to the
grounddeformation (Zhao et al., 2023) and can yield sig-
nificant overestimation of themagnitude in the range of
0.1 to > 0.2 magnitude units (Weston et al., 2012). This
behavior might be caused by the complex tectonics of
the Zagros, e.g., its salt diapirism (Yang et al., 2023).

Another reason for the magnitude differences could
be our choice of the ground model. It is specific to
the Zagros region (Karasözen et al., 2019; Jamalreyhani
et al., 2021). Nevertheless, underground structure vari-
ations, as evident from, e.g., Nissen et al. (2011); Ja-
hani et al. (2009); Jamalreyhani et al. (2021) along the
Zagros, can not be fully resolved due to the lack of lo-
cal tomographies. The choice of a rather low-frequency
range for waveform fitting reduces such structural ef-
fects, though. Nevertheless, local studies, e.g., a tomog-
raphy using the aftershocks of the sequence combined
with seismic profiles, could enhance the knowledge and
shed light on this issue.
The significant moment release overestimation by

the triple PDR inversion with an increase of 145–165 %
compared to the pure seismic inversions may also be
influenced by our inversion setup with many free pa-
rameters as the larger uncertainties andmisfits suggest
(Figs. 7, 6, S11, Tabs. 2, S5).
We have resolved a sequence of three earthquakes

close in time and space with similar focal mechanisms
(sequence A). As likely rupturing the adjacent patches
of the same faults or adjacent splay faults (Yang et al.,
2023) sequence A can be characterized as an event
triplet according to the definition of Lay and Kanamori
(1980); Ammon et al. (2008). The sequence highlights a
region of large tectonic complexity with overthrusting,
opposed dipping splay faults, and the effect of the Hor-
muz salt formation limiting rupture propagation (Nis-
sen et al., 2011; Jamalreyhani et al., 2023).
Sequence B might be a doublet with its short in-

terevent time and similar mechanisms. We can not re-
solve if both ruptured on one common fault, though
(Figs. 4a,b, 9). Here, a more detailed investigation of
stress transfers could help to fully understand this part
of the 2022 seismic unrest. Our observations of an event
triplet and a possible doublet fit well with recent obser-
vations of two other doublets close to our study area
(November 2021 Fin and June 2022 Charak - e.g., Ne-
mati, 2022; Fathian et al., 2022; Rezapour and Jamalrey-
hani, 2022) highlighting the tectonic complexity of the
south eastern FA.

5 Conclusions
The 2022 earthquake sequence in SE Iran has re-
vealed a rather complex interaction of larger shallow
thrust faults within the sedimentary cover with deeper,
smaller events at the interface to and/orwithin the crys-
talline basement. The sequence was initialized by a
triplet of thrust earthquakes on 01 July 2022. The two
largest earthquakes of the triplet (both Mw ∼ 6.0) rup-
tured the lower sediments at depths of 4–9 km, likely
occurring on a south-dipping splay fault to the Za-
gros Foredeep Fault beneath the Bandar-e-Lengeh anti-
cline. The third, smaller,Mw 5.7–5.8 event occurred one
minute before the second large event. This small earth-
quake either indicates an early activation of deeper
strata ormight also have been a foreshock co-located on
the faults, which ruptured during the two mainshocks.
The event triplet caused high aftershock activity

within the deeper sediments or upper crystalline base-
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ment characterized by depths of 10–15 km beneath the
Bandar-e-Lengeh anticline with several larger thrust
events. Hence, the 2022 seismic unrest is a new case
of observable vertical separation of themain- and after-
shocks in SE Iran, which may be caused by a complex
stress state within the deeper sediments and the crys-
talline basement beneath.
Magnitude overestimations when utilizing satellite

ground deformation data also indicate a significant af-
terslip activity due to salt diapirism.
The comprehensive analysis ofmain- and aftershocks

using available seismic and ground deformation data
has embedded the July–December 2022 sequence into
the complex tectonics in the SE Fars Arc with a frequent
occurrence of event doublets over the past year. The
lack of regional and local seismic records and the rather
uncertain groundmodels limited the accuracy of our re-
sults. This issue highlights the need for further detailed
tectonic studies in the region and better data accessi-
bility to properly understand the geophysical processes
and their potential risk within the SE Fars Arc.
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