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Abstract

This study investigates the 2023 Murghob Earthquake in Tajikistan (Mw 6.9) using modelling and multi-track InSAR
techniques to analyze the surface deformation and fault dynamics. The modelling approach using Pyrocko produced
observation, model, and residual images, each revealing aspects of the fault geometry and rupture characteristics. Our
study identified a dominant right-lateral strike-slip event, with a calculated fault strike of 128°, dip of 67°, and rake of 177°,
differing slightly from previous studies. Furthermore, the modelling also suggested mixed-slip faulting, incorporating
normal faulting components along the Sarez-Karakul Fault system and the Sarez-Murghab Thrust system. These find-
ings indicate a more complex rupture process than previously emphasised in other models. Multi-track InSAR analysis
supported these findings by providing high-resolution measurements of horizontal (dH) and vertical (dV) displace-
ments. The horizontal displacements revealed significant strike-slip movements (-0.53 to 0.12 meters) along the Aksu
Murghab Fault system. Meanwhile, the vertical displacements indicated substantial uplift (-0.13 and 0.32 meters), likely
due to normal and thrust faulting interactions. The results highlight the complexity of the region’s tectonic setting,
which is influenced by multiple fault systems, including the Sarez-Karakul and Aksu Murghab faults. The study under-
scores the importance of integrating various geophysical methods to understand earthquake mechanisms better and

improve seismic hazard assessments in tectonically active regions like Tajikistan.
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1. Introduction

Tajikistan is situated at the collision spot of the Indian
Plate and the Eurasian Plate, moving at a speed of 20-30
mm/year (Avouac & Tapponnier, 1993; Zhou et al.,
2016). This ongoing plate collision has formed mountain-
ous terrain, such as the Himalayan Mountains and the Ti-
betan (Tapponnier et al., 2001). Due to frequent earth-
quakes stemming from this collision, Tajikistan is consid-
ered one of the seismically dangerous regions (Singh &
Ghosh, 2019). The Pamir Mountains region, commonly
called the ‘Pamir Fault,” stands out as one of Tajikistan’s
most significant seismic zones (Avouac & Tapponnier,
1993; Singh & Ghosh, 2019; Tapponnier et al., 2001).

On February 23, 2023, a 6.9 in magnitude earthquake
struck Murghob, Gorno-Badakhshan, Tajikistan, occur-
ring at 00:37:38 UTC. According to information provid-
ed by the United States Geological Survey (USGS), the
earthquake’s epicentre was located in a seismic zone at
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coordinates 38.055° N, 73.229° E, at a depth of 9 km. In
contrast, the Global Centroid Moment Tensor Project
(GCMT) reported the recent earthquake’s epicentre at
38.16° N, 73.32° E, with a depth of 14.5 km. This earth-
quake was notably intense, registering a value of 9 on
the intensity scale and 7 on the shaking intensity scale
(USGS Earthquake Hazard Program, 2024).

From the beginning of 2023 until March 3, 2023, the
USGS recorded approximately 33 earthquakes in the
area, ranging in magnitudes from 4 to 5. This region has
a history of significant earthquakes, such as the one on
December 7, 2015, measuring 7.2 in magnitude, and an-
other on February 18, 1911, with a magnitude of 7.3
(USGS, 2023). The Sarez-Karakul Fault and the Aksu
Murghab Fault are among the fault systems responsible
for the seismic activity in the region. The Sarez-Karakul
Fault currently remains active as a sinistral fault system
occupying the meridian axis of the Pamir. On the other
hand, the Aksu-Murghab Fault system constitutes a dex-
tral active fault zone located southeast of the Pamir. Ad-
ditionally, the Tanymas Thrust system and the Sarez-
Murghab Thrust system exists (see Figure 1) (Avouac
& Tapponnier, 1993).
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Figure 1. Tectonic setting around the 2023 Murghob earthquake. The white circles indicate aftershock events
over a week. The two beach balls represent the epicentres of the 2015 Mw 7.2 and 2023 Mw 6.9 earthquakes.
The lines with red triangles represent thrust faults, while the lines with blue triangles represent normal faults.
The yellow box highlights the area of interest.

In geodesy, various methods are commonly employed
to observe surface deformation, including the Global
Navigation Satellite System (GNSS) method (Abidin et
al., 2009) and the Interferometric Synthetic Aperture
Radar (InSAR) method (Massonnet & Feigl, 1998). In-
SAR is more suitable for earthquake areas because the
affected areas are often large, making GNSS less effi-
cient (He et al., 2023). Moreover, GNSS observations
are limited to specific receiver station locations.

Interferometric Synthetic Aperture Radar (InSAR) is
a technique used to depict surface topography and sur-
face displacement by using the phase values from two or
more Synthetic Aperture Radar (SAR) images (Furuya,
2011). Radar waves can penetrate clouds and are effec-
tive in various weather conditions, including nighttime.
The precision of InNSAR can reach the centimetre level or
better. INSAR works by utilizing two SAR images of the
same Area of Interest (AOI) taken at different times,
which are then processed to obtain range values based
on phase differences. These elevation differences deter-
mine whether an area has experienced upward or down-
ward movement.

The detection of changes on the Earth’s surface using
InSAR (Interferometric Synthetic Aperture Radar) has
been rapidly advancing since the early 1990s. The In-
SAR technique calculates the interferometric phase dif-
ferences between two Synthetic Aperture Radar (SAR)
images, revealing changes in the terrain between the
ground and the SAR instrument (Massonnet & Feigl,
1998). One of the pioneering studies using the InSAR
method to detect changes on the Earth’s surface caused
by an earthquake in Landers, California. The study uti-

lized the European Remote-Sensing Satellite-1 (ERS-1)
and provided valuable insight into the potential of In-
SAR for earthquake monitoring and surface deformation
analysis (Massonnet et al., 1993). Their findings sig-
nificantly contributed to developing the InSAR tech-
nique as a powerful tool for studying seismic events and
their impacts on the Earth’s surface. Furthermore, earth-
quakes with a magnitude greater than 5.5 Mw and a
shallow depth of less than 10 km tend to be detectable
through InSAR processing techniques (Funning &
Garcia, 2019).

Previous research on the 2023 6.9 Mw Murghob
earthquake using Sentinel-1 data has yielded varied in-
sight. The first study (Shi, et al., 2023) determined the
total moment and identifying a 28.1° strike value based
on modelling from Sentinel-1 InNSAR. Furthermore, they
deduced that the 7.2 Mw Sarez earthquake in 2015 initi-
ated the 6.9 Mw Murghob earthquake. Meanwhile, (Chen
et al., 2024) reported a dextral strike-slip fault mecha-
nism with a maximum displacement of 0.7 meters, de-
termined through InSAR inversion.

In this study, we investigate the 6.9 Mw Murghob
earthquake using different approaches. First, we pro-
cessed ascending and descending InSAR pairs utilizing
Sentinel Application Platform (SNAP), followed by For-
ward Modelling with Pyrocko (Heimann et al., 2017)
using the Bayesian Bootstrap Optimization (BABO) al-
gorithm. Another notable difference is the Digital Eleva-
tion Model (DEM) used for geocoding. While the previ-
ous study (Shi et al., 2023) employed the Shuttle Radar
Topography Mission (SRTM) DEM with a 90-meter
resolution, our study implements the SRTM DEM with a
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resolution of 30 meters. The accuracy of terrain correc- Table 1. Scene used for InSAR processing
tion during the InSAR processing step heavily depends > —
on the spatial resolution of the DEM. Consequently, our | Scene ate ‘el Heading at
. . . Acquisition and Frame
results are anticipated to be more accurate, given our en-
hanced capability to mitigate topographic phase compo- | Ascending February 3, o |Path 100,
. 346.6836

nents. Therefore, our modelling approach supposedly |reference 2023 Frame 122
has greater accuracy. Furthermore, we implement mult?— Ascending March 23, ., |Path 100,
track InSAR to the 6.9 Mw Murghob eaﬁhquake: Multi- | secondary 2023 346.6830° |k e 122
Track InSAR demonstrates notable efficiency in thor- -
oughly measuring complex displacements by decom- D;scendmg gglzuguary 2L, 119325980 Eath 5 166
posing surface motion into horizontal (dH) and vertical | "'*T*"“¢ rame
(dV) components. This methodology has been effective- | Descending | March 5, o |Paths,

oy . .. . . . 193.2598
ly utilized in examining three-dimensional displacement | secondary 2023 Frame 466

fields, as demonstrated in the study of the Turkey Earth-
quake 2023 (Liu et al., 2024). Previous studies have
typically relied on a single InSAR pair to derive earth-
quake parameters, which limits the ability to resolve
three-dimensional displacement fields. In this study, we

START
address this gap by employing a multi-track InSAR '

methodology to enhance the analysis of surface defor- 1
mation associated with the Murghob earthquake. This

approach is expected to enable a more comprehensive m
understanding of fault dynamics by systematically de-

composing line-of-sight (LOS) displacements into their ¥

horizontal and vertical components. =IO
and Coherence

2. Methods Remove
This research primarily utilizes secondary data Topography

sourced from the official website of the European Space

Agency (ESA). Specifically, it employs satellite imagery Multilook

from Sentinel-1A Single Look Complex (SLC) data for
descending and ascending orbits. These images were ac- l
cessed via the Copernicus Open Access Hub (https://

scihub.copernicus.eu/dhus/#/home). Detailed informa- ——

tion regarding the Interferometric Synthetic Aperture l

Radar (InSAR) data used for ascending and descending

scenes in this study is provided in Table 1. The flow- Unwrap Phase

chart illustrates our research’s main steps: InNSAR pro- l

cessing, earthquake modelling, and multi-track InSAR

processing (see Figure 2). Geocode

2.1. InSAR Processing I 3

Earthquake Multi-track

We utilised Sentinel Application Platform (SNAP), an Modelling InSAR

open-source tool to process Sentinel-1 images, down-
loadable from the European Space Agency’s (ESA) lteration
official website. One of SNAP’s key advantages is its
user-friendly graphical user interface (GUI), simplifying
image processing. The processing stages include co-reg-
istration, interferogram formation, phase unwrapping,
and terrain correction. Co-registration is a crucial step
that aligns images by utilizing statistical values to
achieve sub-pixel accuracy in spatial matching between
them. This process consists of two main steps: the Apply _
Orbit Information step, which employs precise orbit :
files, and the Back Geocoding step, which uses the Shut- '

tle Radar Topography Mission (SRTM) Digital Eleva-

tion Model (DEM) with a 1 arc-second resolution. Figure 2. Research flowchart

Accuracy
Test
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An interferogram is generated by multiplying the ref-
erence image with the complex conjugate of the second-
ary image, where the amplitudes of both images are
combined, and the resulting phase reflects the phase dif-
ference between the two images. The interferometric
phase at each pixel of the SAR image is determined by
the difference in the travel paths of the radar signals be-
tween the two SAR acquisitions to the resolution cell
under consideration. The calculated interferogram ex-
hibits phase variations (A@insar) due to several contrib-
uting factors, including flat Earth phase (A@orb), topo-
graphic phase (A@topo), atmospheric phase (A@atm),
phase noise (A@noise), and surface deformation (A@defo).
These components are represented mathematically, as
shown in Equation 1.

AQinsar = AQorb + A@topo +

+ AQatm + A@Pnoise + AQ defo (1)

Factors other than surface deformation (A@defo) are
eliminated to extract the displacement or vertical change
value. The process begins with subtracting the Flat Earth
Phase, which is calculated using orbit metadata and re-
moved from the interferometric phase. Subsequently, the
Topographic Phase is eliminated by differencing the in-
terferogram data with the Digital Elevation Model
(DEM). The atmospheric phase, comprising tropospher-
ic and ionospheric components (Furuya, et al., 2017;
Setiawan & Furuya, 2021; Setiawan & Furuya,
2024), is considered. However, for certain cases, such as
large earthquakes, the phase changes due to atmospheric
effects are significantly smaller than the deformation
signal (He et al., 2023). To further reduce noise, multi-
looking and filtering are applied. Goldstein Phase Filter-
ing (Goldstein & Werner, 1998) filters the data. Since
the phase in interferometry is inherently ambiguous and
confined to the range of 27w, a phase unwrapping process
is necessary to connect the interferometric phase with
the actual topographic height. Additionally, a multi-
looking process is performed after interferogram forma-
tion to optimise phase unwrapping. The multi-looking
parameters used are 6 for range and 2 for azimuth. The
Statistical-Cost, Network-Flow Algorithm for Phase
Unwrapping (SNAPHU) (Chen & Zebker, 2001) is uti-
lised for phase unwrapping. After the unwrapping pro-
cess, Phase-to-Displacement Conversion and terrain
correction are performed. The Phase-to-Displacement
Conversion transforms the image data, measured initial-
ly in radians, into metric units (Equation 2). Meanwhile,
the Terrain Correction process involves geocoding the
image by correcting geometric distortions using the Dig-
ital Elevation Model (DEM), resulting in a georefer-
enced product.

g _AA4(Dd 2

Where d is the surface displacement, A is the wavelength,
v is Poisson’s ratio, @ is the phase different.

2.2. Earthquake Modelling

Earthquake modelling in this study is conducted us-
ing Pyrocko (https://git.pyrocko.org/pyrocko), an open-
source software designed for applications in seismology
and geophysics. Built on the Uniplexed Information
Computing System (UNIX), Pyrocko offers diverse
toolboxes for analyzing and processing seismic and geo-
physical data. It is particularly suited for studying Earth’s
movements, earthquakes, and geodynamics (Heimann
et al., 2017).

Kite, one of the toolboxes available in Pyrocko, can
be used to process data from the Sentinel Application
Platform (SNAP). Specifically, Kite is designed to pro-
cess and analyze surface displacement data derived from
InSAR (Isken et al., 2017). Within Kite, a data down-
sampling process is performed to facilitate modelling.
The quadtree sampling methodology efficiently manag-
es high-resolution Interferometric Synthetic Aperture
Radar (InSAR) data. This approach subdivides the data-
set into a hierarchical arrangement of tiles based on spa-
tial variability, as illustrated in Figure 3. The epsilon
parameter modulates the sensitivity of tile refinement,
thereby ensuring that regions exhibiting significant vari-
ability are sampled at elevated resolutions, while uni-
form areas are represented by a smaller number of larger
tiles. Parameters such as minimum tile size and maxi-
mum tile size establish the constraints for tile dimen-
sions, thereby achieving a balance between resolution
and computational efficiency. This adaptive technique
facilitates effective data processing while maintaining
critical spatial details, particularly in regions character-
ized by complex surface displacement patterns.

Figure 3. Downsampling of InSAR data using the Kite
module. The figure illustrates how interferogram data points
are reduced to representative subsets, allowing efficient
modelling while preserving the main deformation signal.

Earthquake modelling in this study is performed us-
ing the Grond (Heimann et al., 2018) toolbox, with data
imported from the Kite toolbox. To conduct modelling
utilizing Pyrocko, it is essential to acquire two distinct
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Figure 4. Unwrapped interferograms reveal coseismic deformation from the Murghob earthquake:
(a) ascending and (b) descending Sentinel-1 tracks. Changes in colour gradients point to displacements in the line of sight,
predominantly with maximum alterations occurring near the epicentral region. Negative measurements reveal ground
displacement moving away from the satellite (subsidence), while positive measurements reflect an upward shift (uplift).

scenes, specifically those characterized by ascending
and descending trajectories within the earthquake-af-
fected region. The modelling employs a rectangular fi-
nite fault model, requiring the input of various parame-
ters. Eight iterations are conducted, progressively in-
creasing: 250, 500, 750, 1000, 3125, 6250, 12500, and
25000 iterations. The primary input parameters for the
model include depth values, east shift, north shift,
length, width, strike, dip, and rake. Calculations are per-
formed using the Bayesian Bootstrap Optimization
(BABO) statistical approach. BABO is a global optimi-
zation algorithm designed for multi-objective functions
through directed searches. It enables the formation of a
set of objective function, identifying multiple minima,
irregularly shaped minima, and evaluating parameter
trade-offs and uncertainties in terms of probability.

2.3. Multi-Track InSAR Processing

The multi-track InSAR approach combined multiple
Sentinel-1 tracks to differentiate surface displacement’s
horizontal (dH) and vertical (dV) components. The dH
and dV maps were derived from ascending and descend-
ing track data and thoroughly processed to ensure pre-
cise deformation characterizations. This approach facili-
tates enhanced discernment of horizontal and vertical
movements that might remain obscured in the Line-of-
Sight (LOS) data alone.

It is important to note that the multi-track technique
implemented in this analysis explicitly maps the vertical
(dV) and horizontal (dH) displacement dimensions.
However, most SAR observation (including Sentinel-1)
has a near-polar orbit, so the North-South displacement
cannot be observed and produces a negligible phase
change (Equation 3) (Fuhrmann & Garthwaite, 2019;
Fujiwara et al., 2000). Nonetheless, complete 3D dis-
placement from InSAR observation may be obtained if
right-looking and left-looking images are available

(Wright et al., 2004), or by combining with Global
Navigation Satellite System (GNSS) observation.
(vasc> _ (—sin 0,50 COS Quee  €OS O, ) <v5>

- c0S Bges ) \vy )

Vyes —Sin B4 COS Ayes

3. Results
3.1. InSAR Result

The interferometric process using Synthetic Aperture
Radar (SAR) images produces a spectral pattern known
as fringes, where each concentric circle represents half
the wavelength of the radar signal. These fringes were
converted into unwrapped phase imagery using the
SNAPHU algorithm and subsequently transformed into
displacement measurements in meters. This process pro-
vides a detailed depiction of surface deformation within
the research area.

Analysis of the ascending track data (see Figure 4a)
reveals displacement values ranging from -0.21 to -0.04
meters. Similarly, the descending track data (see Figure
4b) indicates displacement values ranging from -0.13 to
0.02 meters. Particularly, the area surrounding the earth-
quake’s epicenter exhibits a distinct pattern, with some
regions showing significant subsidence while others ex-
perience uplift. This phenomenon is attributed to active
fault movement in the region, particularly during the
Murghob earthquake, highlighting the dynamic tectonic
activity shaping the Earth’s surface in this area.

3.2. Earthquake Modelling Result

We used the standard epsilon value of 0.04 m in the
quadtree meshing method. This value was chosen to pre-
serve minor deformation signals while preventing ex-
cessive patch subdivision from noise. A lower epsilon
value would increase the number of quadtree patches,
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Figure 5. Modelling results for the ascending track: (A) observed displacement from InSAR,
(B) best-fit synthetic model, and (C) residuals (observed-modelled). The residuals are significantly reduced,
indicating the model adequately reproduces the observed deformation.

Model

Residual

Observed
38.8°
38.5°
38.2°
37.9°
37.6°
72.6° 72.9° 73.2° 73.5° 73.8° 72.6° 72.9°

—

-0.20 -0.10 0.00 0.10 0.20
LOS Displacement [m]

73.2° 73.5° 73.8° 72.6° 72.9° 73.2° 73.5° 73.8°

Figure 6. Modelling results for the descending track: (A) observed displacement from InSAR,
(B) best fit synthetic model, and (C) residuals (observed-modelled). The residuals indicate a strong correlation
between observations and model prediction, akin to the ascending track.

potentially introducing noise, whereas a higher value
could smooth deformation features excessively, reduc-
ing spatial resolution.

We adjusted the prior distributions for source param-
eters (strike, dip, rake, depth, and slip) from their default
settings for the Bayesian inversion process. These ad-
justments were informed by data from the USGS and
GCMT assessments of the 2023 Mw 6.9 Murghob earth-
quake and relevant regional tectonic factors. This use of
informative priors ensured that the search space accu-
rately represented credible fault geometries for the re-
search area. Although we did not perform a sensitivity
analysis, the posterior results matched catalog solutions,

suggesting that the selected priors and the standard epsi-
lon value did not significantly bias the inversion results.

The modelling stage using Grond produces a series of
images (see Figure 5 and Figure 6) critical to the re-
search analysis. These include the observed, modelled,
and residual images, each serving a specific purpose in
understanding the fault dynamics. The observed image
represents the raw data, visualizing all available infor-
mation without modifications or processing. This image
serves as a baseline, capturing the unaltered characteris-
tics of the earthquake’s surface deformation. The mod-
elled image depicts the data after being processed
through the modelling software. It provides a refined
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Figure 7. Studying the multi-track InSAR results uncovers (A) east to west horizontal movement and (B) vertical changes
in position. The horizontal dimension points to substantial east-west ground activity in the fault sector,
whereas the vertical dimension stresses uplift and subsidence dynamics near the epicenter.
The data corresponds with strike-slip faulting tied to the seismic phenomenon.

representation of the fault system by incorporating the
modelled parameters, offering insight into the earth-
quake’s underlying mechanisms. Lastly, the residual im-
age highlights the discrepancies between the observed
and modelled data. It represents the portions of the ob-
served data that the model could not fully explain, point-
ing to areas where additional complexities or variations
remain unaccounted for in the current modelling frame-
work.

The iterative process is critical in producing an effec-
tive model. We performed the iteration process eight
times, adjusting the iteration count parameter at each
step. This iterative approach is vital because it allows the
model to be refined through repetition, improving the ac-
curacy of the model’s representation of the observed
phenomenon. We decided to halt the iterations after
reaching 25,000 iterations, as the modelling results at
that point were deemed sufficient and aligned with our
research objectives. In addition to generating the imag-
es, the modelling process yields the best-fit parameters.
Our result displayed a calculated fault strike of 128°,
with a dip of 67° and a rake of 177°.

3.3. Multi-Track InSAR Result

Figure 7a and Figure 7b represent the horizontal
(dH) and vertical (dV) displacements, respectively, de-
rived from multi-track InSAR analysis of the 2023
Murghob earthquake in Tajikistan, offering invaluable
insight into the surface deformation caused by this sig-
nificant seismic event. Figure 7 shows horizontal dis-
placement (dH), with values ranging from -0.53 to 0.12
meters, while Figure 7 depicts vertical displacement
(dV) with values between -0.13 and 0.32 meters. Both
displacement fields were generated by combining multi-
ple Sentinel-1 radar tracks, allowing for precise separa-
tion of horizontal and vertical movement components
that would otherwise be hidden in line-of-sight (LOS)

data alone. The ability to isolate these movements is cru-
cial for understanding the full extent of tectonic shifts
during the earthquake.

4. Discussion

4.1. The essential of Digital Elevation Model
(DEM) selection in InSAR processing

Utilizing an external DEM to correct topographic
phase is crucial in InSAR processing (Hanssen, 2002;
Furuya, 2011). A higher spatial resolution DEM can be
beneficial in rugged terrain (such as in our study area),
since DEM height errors cause residual fringes in the
interferogram (Lazecky et al., 2015). The high variable
topography may be smoothed out in a coarse DEM,
which later can cause unwrapping error. However, in
relatively flat areas, the difference between using 30 m
or 90 m DEM in InSAR processing could be minimal,
since the elevation-induced phase is small (Du et al.,
2017).

4.2. Fault Parameters and Tectonic Complexity
of the 2023 Murghob Earthquake

The fault parameters obtained in our study show some
differences compared to the results of Chen et al. (2024);
Shi et al. (2023), although all studies agree on the domi-
nant right-lateral strike-slip event of the earthquake. In
our study, the calculated fault strike was 128°, with a dip
of 67° and a rake of 177°, reflecting a high dip, almost
vertical fault geometry. On the other hand, Chen et al.
(2024) observed a strike of 124°, a dip of 86°, and a rake
of -147.35°, while Shi et al. (2023) reported a strike of
28.08°, a dip of 72.89°, and a rake of -1.85° (see Table 2).
These variations in fault parameters may arise due to dif-
ferences in the data sources, modelling techniques, and
assumptions used by each study.
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Table 2. Parameters comparison with our study

Epicenter Fault Plane
Source - = Depth (km) - -

Longtitude (°) Latitude (°) Strike (°) Dip (9) Rake (°)

USGS 73.23 38.06 13.5 203 57 21
gCMT 73.22 38.15 16.9 210 88 1
GFZ 73.29 38.06 10.0 122 73 -156
IPGP 73.208 38.073 8.0 27 73 -20
CENC 73.29 37.98 12.0 313 52 -131
Shi et al., 2023 73.206 38.153 3.67 28.08 72.89 -1.85
Chen et al., 2024 73.2 38.16 16.96 122 86 -147.35
Our study 73.16 38.16 8.51 128 67 177

While our approach integrates 30 m resolution Digital
Elevation Models (DEM) and both ascending and de-
scending track InSAR data to achieve detailed spatial
resolution of surface deformation, we do not aim to
claim methodological superiority over prior studies by
institutions such as GFZ (Germany), IPGP (France),
USGS, or the Global CMT (gCMT) project. Instead, our
study offers a complementary perspective — focusing on
the near-surface deformation field and possible complex
rupture behaviour. InSAR-based modelling is particu-
larly sensitive to surface displacements and provides a
fine-scale view of fault slip distribution, while seismic-
based methods such as waveform or moment tensor in-
version (e.g. USGS, gCMT) are more effective in char-
acterizing source parameters at depth. Thus, both ap-
proaches offer valuable and complementary insight into
the rupture process.

In terms of fault geometry, our results align more
closely with the models proposed by Chen et al. (2024)
and GFZ, especially regarding strike and dip values.
This alignment may be attributed to the shared reliance
on geodetic data and similar inversion methodologies. In
contrast, the USGS and gCMT models suggest different
orientations and rake angles, possibly generalizing the
event as a pure strike-slip rupture. These differences
highlight how methodological approaches — InSAR ver-
sus seismic inversion — can influence fault parameter
interpretations across studies.

The differences in fault geometry and slip characteris-
tics further underline the complexity of the earthquake’s
seismogenic structure. While prior studies (Chen et al.,
2024; Shi et al., 2023) focus on the dominant strike-slip
component with minor variations in dip and rake angles,
our model reveals additional complexity by identifying
normal faulting contributions in the northern rupture
zone, particularly along the Sarez-Karakul Fault system
and the Sarez-Murghab Thrust system. This mixed-slip
behaviour, which is less emphasized in other studies,
may reflect a more intricate rupture process. Analogous
patterns of mixed-mode rupture have been documented
in other tectonically complex settings, such as the 2008
Wenchuan (Lei & Zhao, 2009) and 2011 Tohoku earth-
quakes (Yagi & Fukahata, 2011), where rupture propa-
gation involved multiple fault systems and mechanisms.

The use of InSAR in our study allows direct measure-
ment of surface deformation at high spatial resolution,
making it well suited to identify distributed deformation
and possible secondary faulting. However, we recognize
the importance of combining this geodetic information
with seismic data to better capture the full rupture pro-
cess from surface to depth.

All three studies — our own, Chen et al. (2024), and
Shi et al. (2023) — recognize the involvement of multi-
ple fault zones in the rupture. Prior studies. emphasize
the Sarez-Karakul and Aksu Murghab fault systems as
major contributors (Chen et al., 2024), while Shi et al.
(2023) focus more heavily on the Sarez-Karakul zone.
Our findings are consistent with these, but introduce
added complexity by suggesting the involvement of a
blind right-lateral strike-slip fault along the eastern seg-
ment of the Aksu Murghab Fault system. Additionally,
we observe indications of normal and minor left-lateral
strike-slip components in the northern rupture area,
which were not as clearly detected in other models.
These differences further emphasize the tectonic intri-
cacy of the Central Asia collision zone, where oblique
convergence between the Indian and Eurasian plates
leads to varied faulting styles (Avouac & Tapponnier,
1993; Singh & Ghosh, 2019; Styron et al., 2011; Tap-
ponnier et al., 2001; Tapponnier, et al., 1981).

Previous seismic events may also help explain the
rupture behaviour of the 2023 earthquake. The 2015
Mw?7.2 Murghab earthquake occurred near the epicen-
tral area and involved left-lateral strike-slip and normal
faulting in the northern segment (Sangha et al., 2017). It
likely altered the local stress field, with Coulomb stress
transfer potentially promoting failure along the Sarez-
Karakul Fault system and other regional structures in
2023 (Li et al., 2021; Li, et al., 2020; Wang et al.,
2017). Similar triggering effects have been observed in
other large strike-slip earthquakes, such as the 1999
Izmit (Reilinger et al., 2000) and 1992 Landers events
(Massonnet et al., 1993).

In conclusion, all major studies agree that the 2023
Tajikistan earthquake was predominantly a right-lateral
strike-slip event. However, there are essential differenc-
es in fault parameters, geometries, and inferred fault sys-
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tem contributions. Our model, which incorporates addi-
tional normal faulting and thrust components, adds new
dimensions to understanding this rupture. These differ-
ences reflect the complexity of the regional tectonics and
the complementary nature of diverse modelling tech-
niques. These differences reflect not only the complexity
of the regional tectonics but also the complementary na-
ture of diverse modelling techniques. We emphasize that
our results are not meant to supersede existing models,
but rather to enhance the seismogenic interpretation of
this event. We advocate for the continued integration of
high-resolution InSAR, seismic data, and tectonic his-
tory to develop more complete and accurate assessments
of earthquake behaviour in tectonically complex regions
like the Pamir and Hindu Kush (Ischuk et al., 2013;
Schurr et al., 2014; Sippl et al., 2013).

4.3. Insights into Fault Dynamics and Tectonic
Complexity from Multi-Track InSAR
Displacements

Vertical displacement can be derived from a single
pair of InSAR based on Line of Sight (LoS) and satellite
incidence angles (Cigna & Tapete, 2022). Nonetheless,
the conversion must be carefully taken and assume the
movement is only in the vertical direction. Thus, any
movement in the horizontal component can have huge
inaccuracies (Fuhrmann & Garthwaite, 2019). In the
region with two SAR tracks (ascending and descending)
available, pseudo 3D (2.5 D) can be used (Fujiwara et
al., 2000).

The vertical displacement (dV) image from multi-
track InSAR highlights a predominant upward move-
ment in certain areas, with the positive displacement
(green) being more dominant than the negative displace-
ment (red) (see Figure 7). This vertical movement sug-
gests the occurrence of uplift, which is consistent with
normal faulting or thrust faulting processes that often
accompany lateral fault movement in compressional set-
tings. The Sarez-Karakul normal fault and other thrust
and strike-slip fault components in the region likely con-
tributed to these vertical shifts.

On the other hand, the horizontal displacement (dH)
image reveals significant westward and eastward mo-
tions, with red zones indicating negative displacements
(westward movement) and green zones showing posi-
tive displacements (eastward movement) (see Figure 7).
This pattern suggests that the earthquake involved lat-
eral fault movements, typical of strike-slip faulting,
where two blocks of the Earth’s crust move horizontally
past each other. The distribution of displacements in
these directions aligns with the region’s fault system,
specifically the Aksu Murghab Fault system, known for
its strike-slip characteristics.

The tectonic complexity of the Tajikistan region is
further underscored by the various fault systems that in-
teract in the area. Studies such as those by Chen et al.

(2024; Shi et al. (2023) have highlighted the importance
of'the Sarez-Karakul Fault system and the Aksu Murghab
Fault system as primary contributors to the 2023 earth-
quake. However, our study adds further detail by sug-
gesting that the rupture also likely involved a blind right-
lateral strike-slip fault, primarily driven by the Aksu
Murghab Fault system in the east. Additionally, we ob-
serve influences of normal faulting and left-lateral
strike-slip faulting in the northern part of the region,
which were less emphasized in previous studies.

The region’s tectonic setting is further complicated by
its position within the broader Central Asia collision
zone, where the Indian and Eurasian plates interact. Var-
ious faulting styles characterize this collision zone, in-
cluding oblique collision, strike-slip faulting, and thrust
faulting. The role of these different fault types in shaping
the region’s tectonic landscape has been well-document-
ed in numerous studies (Avouac & Tapponnier, 1993;
Singh & Ghosh, 2019). The interactions between these
fault systems contribute to the complex seismic activity
observed in Tajikistan and surrounding regions. Under-
standing the contributions of various fault zones to
earthquake rupture is essential for improving seismic
hazard assessments and developing more effective dis-
aster mitigation strategies in the region.

Additionally, the analysis of horizontal and vertical
displacements through multi-track InSAR provides a de-
tailed understanding of the seismic deformations caused
by the 2023 Murghob earthquake. The horizontal dis-
placements reveal significant strike-slip faulting, while
the vertical displacements suggest a complex combina-
tion of uplift and normal faulting. These findings under-
score the importance of further research into the fault
systems in Tajikistan to better understand the tectonic
forces shaping the region and to improve earthquake
preparedness and risk assessment.

5. Conclusions

The 2023 Murghob earthquake in Tajikistan, exam-
ined through the integration of multi-track InSAR obser-
vations and detailed geodetic modelling, reveals a com-
plex rupture process involving multiple fault systems
within a tectonically intricate region. The inversion re-
sults confirm that the earthquake was predominantly
governed by a right-lateral strike-slip mechanism, char-
acterized by a fault strike of 128°, a dip of 67°, and a
rake of 177°. Beyond this dominant slip behaviour, the
analysis also identifies significant contributions from
normal and thrust faulting, particularly concentrated in
the northern rupture segment. These findings suggest
that the event exhibited a mixed-mode rupture, reflect-
ing the structural complexity of the Pamir tectonic re-
gime. Compared with previously published models
(Chen et al., 2024; Shi et al., 2023), the fault parame-
ters derived in this study exhibit notable differences.
Such discrepancies are likely attributable to variations in
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input data, inversion methodologies, and modelling as-
sumptions. Our approach, which combines 30 m Digital
Elevation Models (DEMs) with ascending and descend-
ing track InSAR datasets, enables improved spatial reso-
lution of surface deformation and fault slip distribution.
This methodological framework enhances the capacity
to resolve fine-scale features of the rupture, including
distributed deformation and secondary fault activation.
While our results are broadly consistent with those of
Chen et al. (2024) and the GFZ model in terms of strike
and dip values, the present study contributes several
novel insights. These include the potential involvement
of a blind right-lateral strike-slip fault along the eastern
segment of the Aksu Murghab Fault system, as well as
the identification of minor left-lateral and normal fault-
ing components in the northern rupture area — features
that have not been prominently reported in prior seis-
mic-only analyses. Such observations highlight the com-
plex nature of fault interactions in this region and under-
score the utility of InSAR in capturing near-surface de-
formation patterns that are not always discernible
through seismic data alone. The findings presented here
affirm the value of integrating geodetic and seismic data
to comprehensively understand earthquake rupture dy-
namics, from the surface to seismogenic depths. Rather
than replacing existing models, this study provides a
complementary interpretation that refines the broader
seismotectonic characterization of the 2023 event. Fur-
ther investigations should be planned to enhance the ro-
bustness of these interpretations. These include joint in-
versions incorporating InSAR and seismic waveform
data, field-based validation of surface rupture features,
and Coulomb stress transfer modelling to assess fault in-
teraction and potential triggering effects. Additionally,
time-series InSAR analyses will be employed to monitor
postseismic deformation. These future efforts aim to im-
prove regional seismic hazard assessments and support
more effective earthquake preparedness and risk miti-
gation strategies in the broader Pamir and Hindu Kush
regions.
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SAZETAK

Seizmogena analiza potresa magnitude 6,9 u Murghobu 2023. godine, Tadzikistan,
temeljena na Multi-Track InSAR tehnici i modeliranju

Ova studija istrazuje potres u Murghobu u Tadzikistanu 2023. godine (Mw 6,9) kori$tenjem modeliranja i Multi-Track
InSAR tehnike s ciljem definiranja deformacija povr$ine i dinamike rasjeda. Pyrocko pristup modeliranju rezultirao je
stvaranjem opazackih, modeliranih i rezidualnih slika, od kojih svaka otkriva odredene aspekte geometrije rasjeda i
karakteristika loma. Nasa studija identificirala je dominantni dogadaj desnoga lateralnog pomaka po pruzanju, s izracu-
nanim pravcem pruzanja rasjeda od 128-308°, smjerom nagiba 218°, kutom nagiba od 67° i smjerom pomaka krovine
prema azimutu 177°. Nadalje, modeliranje je takoder uputilo na postojanje dijagonalnoga pomaka po rasjedu, uklju¢uju-
¢i komponente normalnoga rasjedanja duz rasjednoga sustava Sarez-Karakul i navla¢noga sustava Sarez-Murghab. Ta
saznanja upucuju na sloZeniji proces rasjedanja nego $to je prethodno naglagavano u drugim modelima. Multi-Track
InSAR analiza podrzZala je ove rezultate mjerenjima visoke rezolucije horizontalnih (dH) i vertikalnih (dV) pomaka. Ho-
rizontalni pomaci otkrili su znatne pomake po pruzanju (-0,53 do 0,12 metara) duZ rasjednoga sustava Aksu Murghab. U
meduvremenu vertikalni pomaci uputili su na znatno izdizanje (-0,13 i 0,32 metra), vjerojatno zbog interakcije izmedu
normalnih rasjeda i navlaka. Rezultati isti¢u postojanje sloZenoga tektonskog okruzenja u regiji, na koje utjecu visestru-
ki rasjedni sustavi, ukljucujudi rasjede Sarez-Karakul i Aksu Murghab. Rezultati istrazivanja naglasavaju vaznost integri-
ranja razli¢itih geofizi¢kih metoda kako bi se bolje razumjeli mehanizmi potresa i poboljsale procjene seizmic¢ke opasno-
sti u tektonski aktivnim regijama poput Tadzikistana.

Kljucne rijeci:
InSAR, Multi-Track InSAR, modeliranje potresa, potres u Murghobu 2023. godine
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