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Abstract The Ilyak fault in Tajikistan is an E-W striking strike-slip fault, which forms the northern
boundary of the actively deforming Tajik Basin fold and thrust belt. Determining the activity of the Ilyak fault is
important for understanding the hazard to the nearby capital city of Dushanbe, and more generally in assessing
the role of lithology in controlling fault behavior. Using a bespoke Multi-Temporal InSAR approach with
~5 years of Sentinel-1 satellite radar acquisitions, we produce regional surface velocity maps with a horizontal
spatial resolution of ~130 m and numerical uncertainties below 1 mm/yr. Our rate maps reveal previously
unrecognized details of creep, fault structure, and slip partitioning. We document creep on the Ilyak fault with a
right-lateral rate of 8.1-8.7 mm/yr in the east reducing to 4.2—4.5 mm/yr in the west, as slip is progressively
transferred to adjacent folds and thrusts in the Tajik Basin. Creep on the Ilyak fault and adjacent thrusts appears
to be controlled by lithology, in particular the presence of evaporite-rich layers. Nonetheless, moderate
earthquakes within the basement beneath the Ilyak fault, including a destructive M5.5 event in 1989, suggest
potential earthquake hazards from deeper crustal layers. Using high-resolution Digital Elevation Models
derived from optical stereo satellite data we document fault scarps north of the Ilyak fault, which may constitute
an additional source of hazard. Filtered velocity maps also show evidence of soil creep and active, slow-moving
landslides across the basin and in the mountains, constituting another hazard to local communities and
infrastructure.

Plain Language Summary Tajikistan is prone to earthquakes and landsliding, both within the
mountainous regions and in surrounding valleys, such as the wide basin in which the capital city of Dushanbe is
situated. The major Ilyak active fault is mapped within this basin, and yet relatively few large earthquakes have
been recorded in the area. We use satellite radar interferometry to image ground deformation in the region
around Dushanbe. We show that the Ilyak fault is actually creeping at the surface, and so not storing up slip to be
released in occasional earthquakes. This creep behavior is likely caused by the weak sedimentary rocks through
which the fault runs. However, earthquakes that have occurred at depth beneath the creeping part of the fault and
other potentially active faults in the vicinity both indicate ongoing earthquake hazard. Our surface rate maps also
highlight widespread down-slope ground movement in slow landslides, offering a means of identifying and
monitoring these hazards.

1. Introduction

The right-lateral Ilyak fault (IF) in Tajikistan is a major active strike-slip fault within the India-Eurasia collision
(Figures 1 and 2a; Gagata et al., 2020; Metzger et al., 2020, 2021). It runs E-W along the northern margin of the
Tajik Basin (also known as the Afghan-Tajik Depression), which contains a thick sedimentary sequence and is
currently deforming on a series of prominent N-S to NE-SW trending thrust faults and folds. This fold and thrust
belt is thought to result from stresses introduced by the adjacent Pamir plateau, which appears to be collapsing
westward under gravity, with lowland shortening balanced by highland extension (Kufner et al., 2018; Schurr
et al., 2014; Stiibner et al., 2013). The IF accommodates right-lateral shearing along the northern edge of the fold
and-thrust belt. It offers the potential to examine the mechanics of a major, rapidly slipping (Metzger et al., 2020,
2021), strike-slip fault which extends through a sequence of relatively weak sedimentary rocks (Gagata
etal., 2020). Although the fault has hosted small to medium magnitude earthquakes up to M ~ 5.5 (M = magnitude;
Djuraev & Shakirdzanova, 1993; Kufner et al., 2018), there is no record of larger events, suggesting that the IF may
slip aseismically at least in some parts. The proximity of the IF to Dushanbe, the capital of Tajikistan (Figure 2a),
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Figure 1. (a) The Tajik basin and surrounding regions. The Tajik Gissar is part of the southwestern part of the Tian Shan.
Topography from 30 m SRTM DEM (Shuttle Radar Topography Mission (SRTM) Global, 2013) with major rivers in blue.
Solid thin black lines are faults and dashed thin black lines are fold axes, both after Dedow et al. (2020) and Abdulhameed
et al. (2020). Thick black lines highlight active faults discussed in this study. IF = Ilyak fault, BT = Bababtag thrust,

sync = syncline. GNSS displacement rates (relative to stable Eurasia) from Metzger et al. (2020) and Zubovich et al. (2010)
with 70% confidence ellipses. Blue box shows location of Figure 2. Circles A, B, and C show different proposed locations for
the 1907 Karatag earthquake. Green circles A and B show the locations of two 1907 Karatag earthquake events (20 min
apart) from Mikhailova et al. (2015). Yellow circle C shows the relocation of the Karatag earthquake proposed by
Kulikova (2016), who found only one event. (b) Context map. P. = Pamir mountains. The white box shows the location
of (a).

provides a separate compelling reason to examine the slip behaviour and earthquake potential of the IF, and of other
nearby faults. Dushanbe has a reported population of around a million people (Statistical Agency under the
President of the Republic of Tajikistan, 2022) and is particularly vulnerable to ground shaking due to its rapid
expansion over the past few decades onto unconsolidated deposits and landslide-prone slopes (Pilz et al., 2013).

The interior of the Tajik Basin is characterized by a set of westward-convex folds and thrust sheets trending
approximately N-S (e.g., Gagataetal., 2020; Kufner et al., 2018). In the northern part of the basin, most of the thrust
sheets curve eastwards, having likely formed perpendicular to the IF and been dragged to an oblique angle over time
due to the relative westwards motion of the basin. A notable exception is the westward-dipping Babatag thrust (BT)
in the west of the basin, which meets the IF at right angles at around ~68.6°E (Figure 1). Large earthquakes in the
region tend to be restricted to the surrounding mountains or their margins, such as the My, ~ 7.6 1949 Khait
earthquake, which occurred on the boundary between the Pamir and the South Tian Shan, northeast of the region
shown in Figure 1 (My, = moment magnitude; Chen & Molnar, 1977; Evans et al., 2009; Bindi et al., 2014; In-
ternational Seismological Centre, 2025). In 1907 the My, ~ 7.2 Karatag (or Qaratog) thrust earthquake caused
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Figure 2. The northern Tajik basin, Dushanbe Trough (Dush Tr.) and southern Tajik Gissar. Solid thin black lines are faults and dashed thin black lines are fold axes,
both after Dedow et al. (2020) and Abdulhameed et al. (2020). Thick black lines highlight active faults discussed in this study. IF = Ilyak fault, BT = Bababtag thrust,
DT = Dushanbe Trough thrust, STS = Surkhu thrust sheet, VTS = Vakhsh thrust sheet, sync = syncline. KT = Karchitau thrust (a) Topography from 30 m SRTM DEM.
Earthquakes from 2008 to 2014 and focal mechanisms for larger events from Kufner et al. (2018), size relative to local magnitude. G = 1989 M5.5 Gissar earthquake
(Djuraev & Shakirdzanova, 1993; International Seismological Centre, 2022; Storchak et al., 2020). Blue box shows region of earthquakes plotted in (b). Red polygon
shows Dushanbe administrative boundary from OpenStreetMap contributors (2023). (b) Earthquakes in the vicinity of the Ilyak fault plotted by depth. (c) Geological
map of the study region after Abdulhameed et al. (2020) and Gagata et al. (2020).

damage on the southern slopes of the Tajik Gissar (the southwestern part of the Tian Shan), with reports of more
than 1500 fatalities (International Seismological Centre, 2025; Kalmetieva et al., 2009; Kondorskaya et al., 1982;
Kulikova, 2016; Nikonov & Shebalina, 1979). There is, however, some disagreement in the published literature
regarding the location of this event. Regional earthquake catalogues locate it on the southern edge of the Tajik
Gissar (circles A and B in Figure 1), which is where the greatest macroseismic effects were reported (Kalmetieva
etal., 2009; Kondorskaya et al., 1982; Mikhailova et al., 2015), implying rupture of the bounding thrust. Whereas,
an international catalogue (International Seismological Centre, 2025) and an earthquake relocation using digitized
seismograms (circle C in Figure 1; Kulikova, 2016) both report locations >200 km further east, within or close to
the Peter the 1st range.

Previous geodetic studies in this region have documented the relative westward motion (with respect to stable
Eurasia) of the Tajik basin, with notable deformation occurring on the IF and the BT (Ischuk et al., 2013; Metzger
et al., 2020, 2021; Mohadjer et al., 2010; Zubovich et al., 2010). Using a small number of widely spaced GNSS
(Global Navigation Satellite System) measurements, Metzger et al. (2020) estimated 8—15 mm/yr of strike-slip
and ~5 mm/yr of shortening across the IF, whilst a block modelling study based on regional GNSS velocities
re-estimated the strike-slip rate to 11.5 £ 0.3 mm/yr and the shortening to 0.4 £ 0.5 mm/yr (Wang et al., 2024).
Metzger et al. (2021) generated InSAR (Interferometric Synthetic Aperture Radar) rate maps with a horizontal
resolution of ~400 m covering the Tajik basin and the Pamir mountains region. Their findings reveal a strike-slip
rate of around 10 mm/yr in the eastern part of the IF, decreasing to approximately 5 mm/yr in the west, as well as
E-W convergence of ~5 mm/yr on the BT. However, the Metzger et al. (2021) data set has limitations, being of
low spatial resolution and strongly filtered, with a low signal-to-noise ratio and poor coverage in some areas. They
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suggest the locking depth of the IF is <1 km, but cannot accurately constrain it further given the rate map res-
olution. Consequently, it is challenging to ascertain the extent to which the IF is slipping aseismically or accu-
mulating strain. Additionally, the study does not address whether the observed velocity contrast around the IF
zone is localized on a single structure or distributed across multiple faults.

Due to sparse GNSS observations, low-resolution and noisy InSAR maps, and a lack of detailed geomorphic
mapping of active features, there is limited knowledge about the strain accumulation on individual active faults
and folds in the Tajik Basin such as the IF. This lack of comprehensive data, combined with the multi-layered
tectonics of the fold and thrust belt, makes it challenging to assess the seismic potential of this region accu-
rately. To address this data gap, it is essential to conduct continuous high-resolution mapping of surface defor-
mation rates across the basin.

In this study, we conducted a Multi-Temporal InSAR (MT-InSAR) analysis across the Tajik basin, by analysing
networks of 451 (ascending track) and 588 (descending track) interferograms from ~5 years of Sentinel-1 data to
provide a continuous and high-resolution mapping of the deformation. Using a bespoke processing approach, we
generated rate maps with high spatial resolution (~130 m) and coverage, which are robustly constrained by
redundant interferometric networks (Figure S1 in Supporting Information S1) and corrected with atmospheric
delay models (Text S1.3 in Supporting Information S1). By adopting this processing method, we determine the
extent of aseismic creep on the IF, and the slip partitioning between the IF and neighboring structures.
Furthermore, we produce the first velocity map to capture ground deformation in the southern part of the Tajik
Gissar mountains and across the thrust sheets in the northeast corner of the Tajik basin. By high-pass filtering the
velocity maps, we identify and measure shorter wavelength surficial processes, such as slow-moving landslides.
We also integrate InNSAR measurements with geomorphic mapping, utilizing high-resolution Digital Elevation
Models (DEMs) around Dushanbe for further identification and mapping of active faults. Finally, we discuss the
implications of the results for seismic and landslide hazards in Dushanbe.

2. Seismo-Tectonic Setting

The Tajik basin is a fold and thrust belt in Central Asia, bounded by the Afghan platform to the south, the Tajik
Gissar mountains to the north, the Uzbek Gissar mountains to the west, the Pamir mountains to the east, and the
Hindu Kush to the southeast (Figure 1; e.g., Bourgeois et al., 1997; Gagata et al., 2020). The basin stratigraphy
consists of ~5-10 km of sediments overlying the pre-Triassic crystalline basement that also forms the Tajik
Gissar and Uzbek Gissar mountains (Gagata et al., 2020, Figure 2b). The sedimentary sequence begins with
Triassic to Oligocene carbonates and clastic deposits from an epicontinental basin including near the base, a layer
of upper Jurassic evaporites named the Gaurdak formation (Abdulhameed et al., 2020; Gagata et al., 2020). At the
top of the sequence lie synorogenic clastics (mainly conglomerates) derived from the surrounding orogens, which
were deposited in the Neogene and followed by the onset of basin inversion and the formation of the thin-skinned
fold and thrust belt, which characterizes the present-day morphology of the basin (Abdulhameed et al., 2020;
Gagata et al., 2020).

The thrust sheets exhibit an eastward dip in the eastern part of the basin and a westward dip in the western part,
with the change occurring across the Yavan syncline (Figure 2; Abdulhameed et al., 2020; Bourgeois et al., 1997;
Gagata et al., 2020; McNab et al., 2019). The E-W shortening is primarily confined to the Jurassic—Neogene
sedimentary units situated above the Gaurdak evaporite formation, which acts as a detachment layer
throughout the basin and lies at the base of the thrust sheets (Gagata et al., 2020; Kufner et al., 2018; Schurr
et al., 2014). This thin-skinned deformation is caused by the lateral extrusion of the western Pamir, thought to be
due to its gravitational collapse (e.g., Stiibner et al., 2013; Kufner et al., 2018). However, other causes of the E-W
extension of the Pamir have also been proposed, including radial thrusting on the Main Pamir thrust leading to
divergence, and oroclinal bending (e.g., Strecker et al., 1995; Yin et al., 2001; Robinson et al., 2004). Seismic
activity within the basin is characterised by earthquakes of generally low magnitude (My, < 4.5), with only a small
number of moderate events (My, ~ 5-6; Kufner et al., 2018; McNab et al., 2019). Most earthquakes occur below
the evaporite-bearing layer, indicating aseismic deformation may dominate within the sedimentary cover (Gagata
et al., 2020; Metzger et al., 2021). Some earthquakes occur on the detachment horizon where the evaporites have
thinned due to diapirism (Kufner et al., 2018). Based on several deep thrust earthquakes and geomorphic mapping
of E-W trending folds at the southern edge of the basin, McNab et al. (2019) suggest that the basement is
deforming by N-S compression induced by the India-Asia collision, inferring a mechanical decoupling between
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the basement and cover. It has also been suggested that stresses relating to lower crustal and mantle delamination
and rollback beneath the Pamir and Hindu Kush could be driving deformation within the basement (e.g., Kufner
et al., 2018; Sippl et al., 2013).

In the northern part of the basin, a seismic catalogue reveals a cluster of small earthquakes in the centre of the IF,
occupying a sub-vertical zone ~4—17 km beneath its surface trace (Figures 2a and 2b; Kufner et al., 2018). The
focal mechanisms of the two largest events (My, 4.7 at 17 km and My, 3.7 at 14.5 km) are consistent with right-
lateral strike-slip (Figure 2a; Kufner et al., 2018). Additionally, the M ~ 5.5 Gissar earthquake (G in Figure 2a)
ruptured the western end of the fault in 1989, with a focal mechanism also consistent with right-lateral slip on the
IF (Djuraev & Shakirdzanova, 1993). Depth estimates for the Gissar earthquake vary from ~2.5-12 km, but
modern estimates from the International Seismological Centre suggest a depth of ~12 km and are consistent
within their uncertainties (R. Engdahl et al., 1998; E. R. Engdahl et al., 2020; International Seismological
Centre, 2022; Storchak et al., 2020; Weston et al., 2018). Despite its moderate magnitude, the Gissar earthquake
had serious effects, causing large landslides in irrigated loess deposits that buried or partially buried several
villages and resulted in over 270 fatalities (Djuraev & Shakirdzanova, 1993; Ishihara et al., 1990). These seismic
observations suggest that activity on the IF is not limited to the sedimentary cover and indicate the presence of a
sub-vertical structure extending into the basement below (Gagata et al., 2020).

The IF forms the southern edge of the Dushanbe Trough, a topographic depression to the south of the Tajik Gissar
with the same stratigraphy as the central Tajik Basin but a different structural regime, with fold axes striking ~E-
W rather than ~N-S (Figure 2; Gagata et al., 2020). Borehole data, stratigraphic sections and seismic reflection
profiles show that the upper Jurassic sediments are much thinner in the Dushanbe Trough and there is no clear
evidence for evaporites (Gagata et al., 2020; Leith & Alvarez, 1985). The faults and folds deform the basement
and sedimentary cover together, with no evidence of decoupling (Gagata et al., 2020). Gagala et al. (2020)
attribute the location of the IF to the tapering out of the Gaurdak evaporites towards the northern edge of the basin.

At the eastern end of the Dushanbe Trough the ~E-W-striking trace of the IF ends, either merging with or
continuing beneath a series of overlapping NE-striking basin thrust sheets which directly override the Tajik
Gissar, including the Surkhu thrust sheet (STS) and Vakhsh thrust sheet (VTS; Figure 2; Leith & Alvarez, 1985;
Bourgeois et al., 1997). Here, sediments are compressed between the Tajik Gissar and the Pamir in a zone of right-
lateral transpression and with enhanced seismicity, forming part of the Peter the 1st mountain range (Bourgeois
et al., 1997; Kufner et al., 2018).

3. Materials and Methods
3.1. InSAR Data and Method

In this study, we processed data from the European Space Agency's Sentinel-1 Synthetic Aperture Radar (SAR)
satellites, specifically from descending track 151 (D151) and ascending track 71 (A071), acquired in IW swath
mode. We conducted a Multi-Temporal InSAR analysis (Supporting Information S1) to derive cumulative time
series LOS displacement maps and velocity maps over ~400 km long swaths in the range direction between ~36°
and ~39.5° latitude (Figure 3). We process the data with the New Small Baseline Subset (NSBAS) processing
chain (Doin et al., 2011, 2015; Grandin, 2015), which is based on the ROIPAC software (P. A. Rosen et al., 2004).

We built robust interferogram networks spanning ~5 years for both the ascending and descending tracks. The
networks are a mixture of short (less than 72 days) and long (more than 72 days) temporal baseline interferograms,
constructed using radar acquisitions from October 2014 to December 2020 for the ascending track and October
2014-March 2021 for the descending track (Figure S1 in Supporting Information S1). Before unwrapping, the
networks contained 464 and 593 interferograms for the ascending and descending tracks, respectively. To unwrap
the interferometric phase and increase phase coherence (Bamler & Hartl, 1998; Funning, 2005), we performed
several pre-unwrapping steps to assist the unwrapping algorithm. First, we corrected interferograms using
empirical phase-elevation relationships (Figure S2 in Supporting Information S1; Doin et al., 2011; Doin
etal., 2015; Daout et al., 2019) to reduce phase variability and the fringe rate before unwrapping, thereby enabling
us after to unwrap over large areas. Then, we replaced the coherence of the phase by the colinearity measurement
(Pinel-Puyssegur et al., 2012), multi-looked the interferograms in eight looks (averaging over 8 pixels in azimuth
and 32 pixels in range), and filtered the interferograms with a weighted average of the interferometric phase
computed on sliding windows (Doin et al., 2011). To avoid the propagation of unwrapping errors, unwrapping

WILKINSON ET AL.

5 of 28



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2025TC008860

36°N

38°N

36°N

Ascending track Descending track Contextual maps

70°E 68°E 70°E 68°E 70°E

Figure 3. (a) Ascending and (b) descending linear LOS velocity maps overlain on 30 m SRTM DEM hillshade. Negative (red) values indicate relative motion away from
the satellite. BT = Babatag thrust, IF = Ilyak fault. (c) Normalized Difference Vegetation Index (NDVI) data from August 2020 (Contains modified Copernicus Sentinel
data 2020 processed by Sentinel Hub, accessed through Sentinel Hub EO Browser in 2023). (d) and (e) show 1o uncertainties for the ascending and descending LOS
velocities respectively. (f) Topography (SRTM 30 m DEM) with major rivers in blue, sync = syncline. On all maps, thin black lines are faults after Dedow et al. (2020) and
Abdulhameed et al. (2020), and thick black lines highlight active faults discussed in this study. The red point corresponds to Dushambe city. In context maps (c) and (f), red
polygons show footprints of the processed radar scenes.

integration paths were imposed based on the amplitude of the filtered phase (Grandin et al., 2012). They,
therefore, start in areas of high filtered colinearity and progress into areas of lower filtered colinearity (Grandin
et al., 2012). For some interferograms, we also manually defined high-priority paths to guide the algorithm and
reduce unwrapping errors (Grandin et al., 2012). After unwrapping the filtered phase, we then computed the phase
difference between the smoothed unwrapped phase and less-strongly filtered interferograms obtained from an
adaptive filter. The residual high-frequency signal was assumed to be between -n and +r and added back to the
smooth unwrapped phase. To reconstruct the full unwrapped phase, the empirical corrections were also rein-
troduced after unwrapping (Daout et al., 2019). This approach allowed us to unwrap successfully over a large
region whilst reducing errors and preserving sharp phase gradients (N. Dodds et al., 2022).

Subsequently, following the approach of N. Dodds et al. (2022), we jointly corrected unwrapped interferograms
for a linear ramp and tropospheric phase delays using the ECMWF ERA-5 atmospheric model (Daout et al., 2020;
Doin et al., 2009; Hersbach et al., 2020; Jolivet et al., 2011). The linear ramps we remove in this step are likely
related to residual signals such as ionosphere, unaccounted-for orbital effects, large-scale plate motion, or solid
earth tides (N. Dodds et al., 2022; Lemrabet et al., 2023). We performed a statistical assessment of this correction,
which found that the model predicts the tropospheric phase component successfully, with average correlation
coefficients between the models and the data of 0.78 and 0.81 for ascending and descending tracks, respectively
(Figures S2-S9 in Supporting Information S1; N. Dodds et al., 2022).

Phase-delay time series, ¢,(r), were generated for each pixel / using the NSBAS method (Doin et al., 2015).
Following the approach of Daout et al. (2017), we initially detected residual unwrapping errors through a visual
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examination of the interferograms. We calculated the root mean square (RMS) between each interferogram's
measured phase and the differential phase reconstructed from the time series analysis (Equation 6 in Text S1.4 in
Supporting Information S1; Lépez-Quiroz et al., 2009; Doin et al., 2015). To identify error-prone interferograms
and locate the errors, we computed deviation maps for each interferogram (Figure S10 in Supporting Informa-
tion S1). Using these maps, we specified priority paths across error-prone regions, which were then used in
subsequent iterations of the unwrapping procedure to remove these errors. Interferograms with persistent errors
were removed during this iterative unwrapping process. During the time series analysis, residual unwrapping
errors were further detected and corrected via an iterative method (Figure S11 in Supporting Information S1; Doin
et al., 2015; Lopez-Quiroz et al., 2009). The final RMS values were relatively low, with the maximum for any
interferogram being around 0.75 radians for the ascending track and 0.6 radians for the descending track.

The LOS displacement of the ground over the ~5 years study period was primarily characterized by linear trends
linked to interseismic deformation, along with seasonal patterns likely due to atmospheric seasonal delays or
hydrological effects in mountainous, riverine, and reservoir areas. To model these variations, we fitted sine and
cosine functions with annual periods, as well as a linear trend for each pixel (Equation 8 in Text S1.5 in Sup-
porting Information S1; Daout et al., 2017, 2023). Additionally, we computed the LOS velocity error for each
pixel and parameter (Equation 9 and Figures S12 and S13 in Text S1.5 of Supporting Information S1; Daout
et al., 2017; Daout et al., 2023).

To address issues of phase bias related to changes in soil moisture and vegetation documented in previous studies
(e.g., Ansari et al., 2021; Daout et al., 2020; De Zan et al., 2014; Maghsoudi et al., 2022), we incorporated longer
period interferograms into our networks and removed interferograms with temporal baselines less than 32 days
from our final time series analysis (Daout et al., 2020, 2023; De Luca et al., 2022; Mathey et al., 2022). We also
masked areas potentially affected by bias from the final LOS velocity maps by removing pixels with average
temporal baselines of <3 months (Mathey et al., 2022). We additionally cleaned the final maps based on the
posterior numerical uncertainties from the time series inversion and the parametric temporal decomposition to
remove high-uncertainty pixels (Figure S13 in Supporting Information S1).

After this cleaning step, we decomposed the LOS velocity maps (Figure 3) into vertical and eastward velocities
(Vy and Vg, Text S1.8 in Supporting Information S1; Wright, Parsons, England, & Fielding, 2004; Daout
et al., 2023). The available GNSS velocities are sparse (particularly in the southern part of the study area) and
irregular with high uncertainties in the vertical component or no vertical component (Ischuk et al., 2013; Kufner
etal., 2021; Metzger et al., 2020; Mohadjer et al., 2010; Zubovich et al., 2010). Therefore, we referenced the LOS
rate maps internally to a section of the basin interior to the west of the BT where the spatial and temporal
coherence is high (red rectangular box in Figure 4), rather than tying them to stable Eurasia using the GNSS
velocity field.

We also chose not to use the GNSS velocity field to add additional constraints in the spatial decomposition.
Instead, we assume the northward component of the linear velocity field is negligible—InSAR LOS measure-
ments are relatively insensitive to the limited N-S displacements in the study area, due to the near-polar orbit of
Sentinel-1 satellites and because of the overall E-W orientation of the strike-slip faults and N-S orientation of
thrust faults. To evaluate the robustness of the 2-dimensional assumption, we performed two synthetic tests
(Figures S15 and S16, Text S1.8 in Supporting Information S1), which demonstrate that the 2D decomposition
introduces a small bias into the vertical velocity field and sometimes also the eastward velocity field - but in the
near-field of the faults the bias mostly affects the vertical measurements. Eastward velocities induced by the IF are
unaffected by the 2D simplification, but vertical velocity measurements at the fault may be slightly under-
estimated on the order of ~0.1 mm/yr, if the IF accommodates N-S shortening. The fault deformation rates most
affected are vertical velocity measurements across NE-SW striking faults with a significant N-S component, such
as the thrusts in the Tajik Basin where the vertical may be underestimated on the order of a few tenths of a mm/yr
at the fault. However, the magnitude of the bias from the 2D simplification remains limited when compared to the
overall amplitude of deformation observed across the fold and thrust belt.

In order to analyse localized ground deformation, we also applied a high-pass filter to the east and vertical ve-
locities to produce maps showing only the shorter wavelength signals (Figure 5). To produce these maps, we
subtracted a Gaussian low-pass filter with a 2 km window size from the decomposed eastward and vertical
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Figure 4. As in Figure 3 but for (a) eastward and (b) vertical velocities obtained from the spatial decomposition of the ascending and descending linear velocities.
Velocities are relative to the reference zone (red rectangle). Negative (red) values indicate relative westwards motion in (a) and relative downwards motion in (b).

velocity maps. The resulting high-pass filtered maps reveal deformation relating to rock slope instabilities, soil
creep, water extraction, and fault creep.

3.2. DEM Generation and Scarp Measurement

We constructed Digital Elevation Models (DEMs) from Pléiades satellite imagery of the Dushanbe Trough ac-
quired between 2012 and 2021. We process eight pairs of panchromatic stereo images using Agisoft Metashape
software to build 3D point clouds and DEMs with a horizontal spatial resolution of <1.5 m.

We use these DEMs to map the tectonic geomorphology of the Dushanbe Trough, to identify Quaternary fault
scarps and measure their offset. We extract elevation profiles approximately perpendicular to scarps, fit linear
models to the hanging wall and footwall, and calculate the difference in their heights at the inferred location of the
fault (see Text S3 in Supporting Information S1). Within Dushanbe city, we draw profiles along major N-S
oriented roads to avoid the impact of buildings on the elevation data.

4. Results

With our bespoke processing approach, we produce rate maps with a horizontal resolution of ~130 m, around
three times higher resolution than the previously published velocity maps of the region and with more continuous
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coverage, especially in the Tajik Gissar and NE Tajik Basin. The LOS velocity maps are presented in Figure 3. In
these maps, negative values (red) indicate relative motion away from the satellite. The LOS velocities have
average posterior numerical uncertainties (derived from Equation 9 in Text S1.5 of Supporting Information S1) of
0.6 mm/yr and 0.8 mm/yr for the ascending and descending tracks, respectively. Even after cleaning based on
uncertainties and the average temporal baseline, we retain good data coverage, providing an unprecedented
continuous estimate of surface deformation in our study area.

The LOS velocity maps show the westward motion of the eastern two-thirds of the Tajik Basin relative to
the Tajik Gissar and the Afghan Platform. In the north and west of the basin, very high velocity gradients are co-
located with the right-lateral IF and the BT, respectively. The descending LOS velocity map shows relative motion
away from the satellite to the south of the IF (~4—5 mm/yr relative to the north) and east of the BT (~2-3 mm/yr
relative to the west). In contrast, the ascending LOS velocity map shows relative motion towards the satellite to the
south of the IF (~4-6 mm/yr relative to the north) and east of the BT (~2-3 mm/yr relative to the west). The
ascending track map also captures the motion of the western edge of the Pamir mountains, showing up to ~10 mm/
yr of motion towards the satellite relative to the lowlands of the basin. This signal indicates uplift, westward
motion (consistent with the westward collapse of the Pamir) or a combination of the two. Within the basin interior,
both tracks show localized patches moving rapidly away from the satellite at several mm/yr and up to ~16 mm/yr
within the valley of the Surkhan-darya syncline (Figure 3f). These patches correspond to agricultural areas (see
NDVI map in Figure 3c), and are likely a subsidence signal caused by water extraction.

The derived vertical and eastward velocity maps are presented in Figure 4, with average uncertainties of 0.8 and
0.6 mm/yr, respectively. These maps show the velocities relative to a reference zone to the west of the BT (red
rectangle in Figure 4). We note that these velocity fields are affected by the limited N-S component of the InSAR
signal due to the 2D simplification (Figures S15 and S16 in Supporting Information S1), though the impact is
minimal in comparison to the scale of the deformation and they should be considered good approximations of the
true eastward and vertical velocities. We highlight below where N-S deformation may have a significant impact
on measurements.

The east rate map confirms the sharp velocity contrast in the north and east of the basin, corresponding to right-
lateral motion across the IF and convergence on the westward-dipping BT. The vertical rate map is dominated by
the signal from the subsiding fields (especially within the Yavan syncline in the center of the basin) but also
reveals a longer wavelength signal of relative subsidence of the basin sediments compared to the surrounding
mountains.

In the following sections, we further examine tectonic deformation signals in our study region (black boxes in
Figures 4a and 4b), the north of the Tajik basin and the Dushanbe Trough, combining our InSAR measurements
with geomorphic mapping. We then consider the implications of our results for the tectonics of the Tajik Basin,
and for seismic hazard in Dushanbe.

4.1. The Ilyak Fault (IF)

The eastward velocity map reveals a sharp change in surface velocity on the IF, consistent with shallow creep on a
right-lateral strike-slip fault (Figures 4 and 6). To quantify the strike-slip rate and its variation along strike, we
extracted nine adjacent velocity profiles across the IF, each 7.5 km wide and 80 km long (Figure 7). We then
smoothed the data in each profile and inverted for the strike-slip rates and locking depths using a simple
arctangent model, assuming strike-slip in a homogeneous elastic half-space (Text S2 and Equation 11 in Sup-
porting Information S1; Savage & Burford, 1973; Turcotte & Schubert, 2014). The modelled strike-slip rate is
~8.1-8.7 mm/yr at the eastern end of the IF (profiles 7-9), decreasing to ~6.7-7.1 mm/yr in the central part of the
fault (profiles 4-6). Modelled locking depths for profiles 5-9 are very low (0-300 m), confirming very shallow
creep. Upper Jurassic rocks, which either contain or stratigraphically neighbor the Gaurdak evaporite formation,
crop out in multiple locations along this section of the IF, suggesting that this layer may control the creep behavior
(Abdulhameed et al., 2020; Gagata et al., 2020).

The high-pass filtered velocity map (Figure 5) confirms localized velocity gradients on the fault, consistent with
shallow creep. A series of streams crossing the IF at the longitude of profile 6 were identified in our high-
resolution DEM mapping (Figure 8). These streams have been deflected right-laterally by ~100-500 m,
matching the localized strike-slip deformation measured by InSAR (Figure 8).
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Figure 6. Eastward velocity map, referenced to the basin interior to the west of the Babatag Thrust (BT), of the Ilyak fault and surroundings, shaded by the gradient of the
SRTM 30 m DEM. Solid and dashed thin black lines are faults and folds after Dedow et al. (2020) and Abdulhameed et al. (2020). Thick black lines = active faults
discussed in this study. Rectangles show locations of profiles in Figures 7 and 11, and 12. KT = Karchitau thrust, IF = Ilyak fault, DT = Dushanbe Trough thrust,
BT = Babatag thrust. Red polygon = Dushanbe urban area from OpenStreetMap contributors (2023).
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Figure 7. Eastward velocity profiles across the Ilyak fault (positive direction indicates relative eastward motion) marked as black rectangles in Figure 6. Blue points
show eastward velocity measurements. The thick black line represents the median computed over ~1 km-wide sliding windows, and the thin black lines represent +1¢
around that median. Fault extents (defined through remote mapping) of the Karchitau thrust (KT), Ilyak fault (IF), and Dushanbe Trough thrust (DT) are shown in green,
orange, and purple, respectively. Red lines show best fitting arctangent models for the IF and the KT, where ; and w; are the modelled strike-slip rate and modelled locking
depth on the IF, respectively, and r, is the modelled E-W rate on the KT. Formal 16 model uncertainties are <0.02 mm/yr for all rates, and <0.01 km for all locking depths.
SRTM 30 m elevation data is plotted in grey (dark line = median elevation). TB = Tajik Basin, TG = Tajik Gissar.
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Figure 8. Pléiades-derived DEM of the Dushanbe Trough. DT = Dushanbe Trough thrust, IF = Ilyak fault, BT = Babatag thrust. Background topography (grey) from
SRTM 30 m DEM. Rivers and red polygon showing Dushanbe administrative boundary from OpenStreetMap contributors (2023). Solid thin black lines are faults after
Dedow et al. (2020) andAbdulhameed et al. (2020). Thick black lines highlight active faults discussed in this study. Thick red line = scarp mapping for the Dushanbe
trough thrust. Box 1: Mounds along the Ilyak fault trace. Box 2: Offset streams along the Ilyak fault trace. Boxes 3 and 4 correspond to regions shown in 13.

The vertical velocity map reveals minimal deformation across the IF compared to the high horizontal velocity
changes (Figures 9 and 10). For the vertical velocity profiles, we estimate the velocity contrast at the fault using a
simple step function, which we fit to data very close to the fault (within ~5—10 km of the fault trace). In the eastern
part of the IF (profiles 7-9) we measure a ~1 mm/yr vertical velocity change, with the southern side of the fault
uplifting relative to the north. In this eastern section, multiple South or SE dipping thrust sheets are stacked up
against the southern side of the IF, forming the high topography on the southern side of the fault (e.g., Figures 2c
and 7; Abdulhameed et al., 2020; Gagata et al., 2020). This uplift signal most likely originates from motion on a
dipping thrust, which merges with the main strike-slip structure at the surface, as it is correlated with the
morphology of the folds at the surface (Figure 8). In the center of the IF (profiles 4-6), where the basin folds and
thrusts strike at a higher angle to the fault trace, there are subdued undulations in vertical surface velocities, but
there is no measurable vertical velocity contrast across the IF, suggesting that the IF does not accommodate
shortening in this segment.

Further to the west, the IF passes through the southern part of the valley in which Dushanbe is situated. We found
no geomorphic evidence of faulting within the youngest fan sediments in this section at the resolution of our
DEMs (e.g., Figure 8). At the southwestern end of the Dushanbe Trough, the IF forms the sharp northern
boundary of a ~180 m high mountain for 5 km, and then enters the southern part of the Hanaka river valley where
four small uplifted blocks (~0.5-2 km wide and tens of meters high) follow the fault trace (Figure 8, Box 1). We
suggest that these mounds are likely compressional push-up structures induced by predominantly strike-slip
activity on the IF.

In most of the profiles 1-9, less prominent E-W velocity gradients on the Tajik basin folds and faults are apparent
to the south of the IF (Figure 7 and profile 10 in Figure 11). To the west of profile 5, the ENE to NNE striking
Karchitau thrust (KT) emerges from the IF. The E-W deformation is partitioned between the two faults, and by
profile 3, two distinct steps in the surface velocities are visible. These steps become progressively more separated
as the trace of the KT moves southwards.
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Figure 9. Vertical velocity map, referenced to the basin interior to the west of the Babatag Thrust (BT), of the Ilyak fault and
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Dedow et al. (2020) and Abdulhameed et al. (2020). Thick black lines = active faults discussed in this study. Rectangles
show locations of profiles in Figures 10-12. Red polygon = Dushanbe urban area from OpenStreetMap contributors (2023).
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Figure 10. Vertical velocity across the Ilyak fault (positive direction indicates relative upwards motion) corresponding to
profiles in Figure 9. Yellow points show vertical velocity measurements. The thick black line represents the median
computed over ~1 km-wide sliding windows, and the thin black lines indicate +1¢ around that median. Fault extents
(defined through mapping) of the Karchitau thrust (KT), Ilyak fault (IF), and Dushanbe Trough thrust (DT) are shown in green,
orange and purple, respectively. Red lines show step functions fitted across the IF or the DT labelled with the estimated vertical
rate. SRTM 30 m elevation data is plotted in grey (dark line = median elevation).
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Figure 11. East and vertical velocity profiles from the Tajik Basin corresponding to profiles 10-12 in Figures 6 and 9. Profile 10 is parallel to and immediately south of
the IF. Profiles 11 and 12 focus on the Babatag Thrust (BT) and Karchitau Thrust (KT). Blue and yellow points show eastward and vertical velocity measurements,
respectively. In each profile, the thick black line represents the median computed over ~1 km wide sliding windows, and the outer two thin black lines indicate £1¢
around that median. Red lines show step functions fitted across the BT labelled with estimated shortening rates. Fault extents of BT and KT are shown in pink and green,
respectively, and schematic approximations of their geometry are in black. Elevation data (SRTM 30 m DEM) is plotted in grey (dark line = median elevation).
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We incorporate the KT into our arctangent model of the IF by approximating it as a strike-slip fault with respect to
the eastward velocity data, but we note that some of the KT's eastwards velocity signal does originate from thrust
deformation, particularly in profiles 1 and 2 where it crosses the profile obliquely (Figure 7). We therefore do not
quote a modelled locking depth for the KT, but assume the deformation rate from our simple model is still a
reasonable approximation. We find that the strike-slip rate on the IF decreases to ~4.2—4.5 mm/yr (profiles 1 to 3)
in the west as the KT accommodates ~2.2-3.7 mm/yr of E-W deformation as oblique slip on a ~NW dipping fault
plane. In these western profiles the surface velocity contrasts across the IF are less sharp than in the east, and our
models yield a slightly larger locking depth of ~300-700 m (profiles 1—4). This is probably because the basin
folds and thrusts are oblique to the strike of the IF in this section, and the evaporite bearing Upper Jurassic
sediments do not crop out at the surface along the fault, according to the geological map (Abdulhameed
et al., 2020; Gagata et al., 2020). As such, creep may not reach the surface in the west of the IF because the
evaporite horizon is buried. Base salt contours interpreted from seismic sections in Gagata et al. (2020) also show
that the base of the evaporite layer is deeper and flatter in the western part of the IF than in the east.

Vertical velocity profile 3 (Figure 10) shows ~1 mm/yr of uplift of the sediments to the north of the IF. However,
examining the vertical velocity map (Figure 9), this profile captures the Dushanbe urban area, which appears to be
subsiding less rapidly than the surrounding fields and the low-lying hills to the NW and NE. We are uncertain if
this signal is tectonic or the result of water extraction outside of the urban areas causing increased subsidence. The
other western profiles show subdued undulations with amplitudes of <1 mm/yr in the vertical velocity near the IF,
but there is no significant uplift signal associated with shortening.

4.2. Slip Partitioning Between the Ilyak Fault (IF) and the Tajik Fold and Thrust Belt

In the southwestern corner of the Dushanbe Trough, horizontal surface velocities on the IF end abruptly as slip
transfers onto the N-NNE-striking, westward-dipping BT (Figure 6). Within our study area, located in the
northern part of the basin, we observe an abrupt change in east—west surface velocities across the mapped trace of
the Babatag Thrust, which accommodates more shortening than any of the other basin thrusts (profiles 10-12 in
Figures 6 and 11).

We estimate shortening rates across the BT by fitting a simple step function in horizontal velocity profiles 11 and
12 after smoothing them with a sliding median filter (Figure 11). The estimated shortening across the BT is on the
order of ~4-5 mm/yr, with some lateral variations along the fault. The sharpness of the horizontal velocity step at
the BT suggests very shallow creep on the evaporite-bearing Upper Jurassic Gaurdak Formation, which forms the
base of the thrust sheet (Abdulhameed et al., 2020; Gagata et al., 2020). Vertical velocity contrasts (Figure 11) are
of smaller amplitude and noisier than the E-W velocities, showing up to ~0.5 mm/yr of uplift within the ~5—
10 km around the BT. In the northern part of the basin (Figure 6), the KT also plays arole in accommodating E-W
deformation—on the order of ~2 mm/yr in profile 11. The short-wavelength undulations in the E-W velocities on
either side of the BT (Figure 11) may be related to localized surface processes discussed in Section 4.5, likely the
E-W divergence of ridge crests first identified by Metzger et al. (2021), or possibly residual tropospheric delays.
We also attempted to model the interseismic displacements on the BT using dislocations in an elastic half-space,
but the limited amplitude of the observed vertical displacements across the fold and thrust belt prevented
satisfactory fits. This may indicate that non-elastic rheologies must be accounted for in modelling or that vertical
measurements may be biased due to the neglected north—south component resulting from the 2D simplification
(Figure S16 in Supporting Information S1).

A profile oriented in the E-W direction across the Tajik Basin and located immediately south of the IF reveals a
trend in the westward velocity, which decreases from the eastern side of the basin towards the BT (profile 10, 11).
This trend is a result of the basin folds and thrusts accommodating greater portions of the deformation as slip is
transferred to them from the IF. The velocity undulates around this overall trend on the individual deforming
faults and folds, such as the KT, as well as due to superficial processes like soil creep (Figure 14, see Section 4.5).

At the eastern end of the IF, the Surkhu thrust sheet (STS) and Vakhsh thrust sheet (VTS) overthrust the basement
of the Tajik Gissar in a right-lateral transpressional zone (e.g., Figure 2b; Leith, 1985). It is unknown whether the
strike-slip IF ends here, merges with the thrust sheets, or continues beneath them as a separate structure. Figure 12
shows two profiles across these thrust sheets. The E-W velocity contrast between the basin thrusts and the
mountains (Tajik Gissar) is ~7-9 mm/yr, with the velocity change distributed across a ~ 5 km wide sliver of basin
sediments (cf. Figure 2b). Profiles 13 and 14 show the thrust sheets to be uplifting at ~2-4 mm/yr inter-
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Figure 12. East and vertical velocity profiles of the northeast Tajik Basin (TB) and southeast Tajik Gissar (TG), showing the Surkhu thrust sheet (STS) and Vakhsh thrust
sheet (VTS), and corresponding to profiles 13 and 14 Figures 6 and 9. Blue and yellow points show eastward and vertical velocity measurements, respectively. In each
profile, the central thick black line represents the median computed over ~0.8 km wide sliding windows, and the outer two thin black lines indicate +1¢ around that

median. Elevation data (SRTM 30 m DEM) is plotted in grey (dark line = median elevation).
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seismically, with the VTS over-thrusting the STS as evidenced by the stepped vertical velocity in profile 14. We
note that a significant component of the shortening on these NE striking thrusts is likely in the N-S direction, so
the vertical measurement in particular may be slightly underestimated due to the 2D approximation made in the
spatial decomposition (Figure S16 in Supporting Information S1). The sharp changes in horizontal surface ve-
locities are consistent with shallow creep on the basal evaporites. The major steps in vertical and eastward ve-
locity do not always occur at the same distance along the profiles, suggesting that the thrust and strike-slip
components are sometimes partitioned between different structures.

4.3. Vertical Signal in the Tajik Gissar

In the vertical velocity map (Figure 9) and N-S vertical velocity profiles 1 to 9 (Figure 10), large-scale uplift of the
Tajik Gissar is apparent, with up to ~3.5 mm/yr of uplift in the highest mountains relative to the Tajik Basin and
Dushanbe Trough. Although the basement thrust at the southern edge of the Tajik Gissar could be active (in some
locations, there is some short-wavelength uplift at the topographic front), the dominant uplift signal occurs over a
much longer wavelength than we would expect from strain accumulation on thrust faults. We suggest that this
long-wavelength vertical signal could result from isostatic uplift due to erosion of the mountains (e.g., Avouac &
Burov, 1996; Bullen et al., 2001; Lazear et al., 2013; Vernant et al., 2013) or possibly deglaciation (Liu &
Jonsson, 2025). We note that a small proportion of this vertical signal might be attributed by N-S deformation, due
to the assumptions of our modelling approach. We also cannot rule out residual tropospheric delays as a possible
origin of this signal, although the interferograms were corrected using atmospheric models and the time series
analysis, combined with the horizontal/vertical decomposition of the LOS velocity maps, helped to reduce
stratified and turbulent atmospheric artefacts. Residual vertical velocity—elevation correlations estimated over
two different regions (Figure S17 in Supporting Information S1) suggest minimal correlation between velocity
and topography, particularly within the Tajik Basin (Figure S17A in Supporting Information S1). The strongest
correlation is observed in an area spanning part of the Tajik Gissar and the north of the Dushanbe Trough, with
approximately 0.8 mm/yr of vertical motion for 1,000 m of elevation change (Figure S17B in Supporting
Information S1).

4.4. Dushanbe Trough

Our InSAR velocity maps, combined with our geomorphic analysis and existing geological mapping, allow us to
assess potential deformation and active faulting in the Dushanbe Trough, north of the IF trace. There are several
geological faults and folds within the Dushanbe Trough (Gagata et al., 2020), and there have previously been local
mapping studies of the faults around Dushanbe (personal communication, A. Ischuk, 2024). In this study, we
focus on faulting that we can assess remotely from its geomorphic expression in satellite imagery and high-
resolution DEMs derived from stereo satellite data (Figure 13).

Two prominent ~E-W trending ridges are apparent in the Quaternary strata to the east and west of Dushanbe.
These ridges are asymmetrical with a steeper northern limb, suggesting they may have formed above a south-
dipping thrust fault which we refer to as the Dushanbe Trough thrust (DT). The ridges are truncated by the al-
luvial fans associated with the rivers that exit the Tajik Gissar into the Dushanbe Trough. Our analysis of high-
resolution DEMs reveals evidence of active faulting within these younger alluvial surfaces along-strike of the
larger ridges, as detailed in the paragraphs below.

On the west bank of the Hanaka river, near the town of Hisor, the southern side of the fan is uplifted relative to the
north with a vertical offset of up to ~20 m (Figure 13, Box 3, profiles A-A’ and B-B’). We map a ~250 m wide
inactive channel in the hanging wall, which we interpret as a wind gap—a former river channel that was aban-
doned when hanging-wall uplift blocked the flow (profile D-D’). The scarp is truncated to the east by a younger
fan surface, which is undeformed at the resolution of our data set (profile C-C’). We also map uphill-facing thrust
scarps, either side of the Varzob river (Figure 13, Box 4). We measure the height of these scarps along N-S
oriented roads in Dushanbe city and find them to be ~7-8 m high (profiles E-E’ and F-F’). The Big Gissar
Canal is built on top of these scarps (Figure 13). Further to the east in the next valley along, the Kafirnigan River is
oriented approximately parallel to the strike of the fault (Figure 8). Whilst we found some offsets here that could
potentially be consistent with faulting, we could not distinguish them from river terracing.

Examining the InSAR vertical velocities, in Profile 1 (Figure 10) an apparent ~1 mm/yr velocity change is
centered on the DT. While the step in vertical velocity could indicate activity on the DT, it is not present in the
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Figure 13. Scarp geomorphology and profiles in Hisor and Dushanbe from Pléiades-derived DEM, corresponding to boxes 3
and 4 in Figure 8. Rivers and canals from OpenStreetMap contributors (2023). Offsets are quoted with their +1¢ formal
uncertainties (Text S3 in Supporting Information S1).

other velocity profiles, and it occurs at the transition between the Quaternary trough sediments and the Neogene
hills. Therefore, we are uncertain whether this is truly a tectonic signal or whether it might relate to other pro-
cesses such as compaction of the Neogene sediments or water extraction. Alternatively, thrust faults within the
Dushanbe Trough may be completely locked during the observation period and produce no localized surface
displacements.

4.5. Localized Surface Processes

A high-pass filtering of the velocity maps reveals additional surface processes (Figures 5, 14, and 15; Metzger
etal., 2021). As first observed by Metzger et al. (2021), aspect-dependent velocities are apparent on the anticlinal
ridges of the Tajik Basin: the east- and west-facing slopes of the approximately N-S oriented ridges are moving to
the east and west, respectively (Figures 5 and 14). This divergence along ridge crests is likely caused by su-
perficial soil creep or soil slides occurring on talus cones or debris-mantled slopes. Using our high-resolution

WILKINSON ET AL.

20 of 28



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2025TC008860

Figure 14. Upper: High-pass filtered eastward velocity maps of areas al (left) and a2 (right) in Figure 5 overlain on Google
Earth terrain model at 2 x exaggeration showing elongated velocity gradients associated with soil creep or slides occurring on
debris mantled slopes. Lower: Google Earth imagery for al at eye altitude 11.11 km (left; Land/Copernicus/Airbus/CNES/
Maxar Technologies) and a2 at eye altitude 13.07 km (right; Landsat/Copernicus) with terrain at 2 x exaggeration. Black
lines are faults and folds after Dedow et al. (2020) and Abdulhameed et al. (2020).

filtered velocity maps and based on geomorphological characteristics, we also identify rock slope instabilities, as
some ridges exhibit higher gradients of velocities concentrated below landslide scarps (Figures 5 and 15). All the
mass movements we are able to capture with the intrinsic limitations of InSAR are classified as extremely slow
(velocity <16 mm/yr) according to the Landslide Velocity Scale (Cruden & Varnes, 1996). While soil creep might
not be hazardous, deep-seated slow-moving landslides involve diverse depths of sliding and a wide range of
deformation rates, unsteady or complex behavior, with potentially successive displacements associated with
different forcing. Their acceleration or catastrophic failure could be triggered by earthquakes and changes in pore
fluid pressure from heavy rainfall, among other forcings, causing damage to housing and infrastructure and
potentially also loss of life (Lacroix et al., 2020). It should be noted that the velocities of the extremely slow-
moving landslides likely vary in time according to seasonal climatic conditions and other factors (Lacroix
et al., 2020), so the measurements from our linear velocity maps represent their average velocities.

Hill slopes with higher horizontal velocity gradients and geomorphological evidence of slope movements include
the Kafirnigan River valley near the BT (al in Figure 5) and the ridge directly to the east of the Yavan Syncline (a2
in Figure 5). Further detail for these two examples is shown in Figure 14. Towns and villages line the base of these
slopes and could be exposed to high risk if these extremely slow-moving landslides evolve into rapid catastrophic
landslides. The steep-sloped north-east striking valley in the north-eastern corner of the basin also has higher rates
in the filtered eastward velocity map, upstream of the major Nurek Reservoir on either side of the Vashkh River
(a3 in Figure 5).
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a6: looking west
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Figure 15. Large rock-slope instabilities at locations a5 (left) and a6 (right) in Figure 5. a5 is located ~5 km south of
Dzharteppa village and above the A385, and a6 is above Surkhob village. Upper and lower panels show the high-pass filtered
east and vertical velocity maps draped over Google Earth terrain model at 2 x exaggeration. Middle panel is Google Earth
Imagery. a5 imagery is Landsat/Copernicus/CNES/Maxar Technologies/Airbus, viewed at 4.29 km eye altitude. a6 imagery
is Airbus/CNES/Landsat/Copernicus/Maxar Technologies, viewed at 3.83 km eye altitude.

The extremely slow-moving Baipaza landslide is apparent at location a4 (Figure 5; Figure S19, Table S1 in
Supporting Information S1), where a ~5 km wide patch of the east-facing slope is moving eastward at up to
~7 mm/yr, and subsiding by up to ~4 mm/yr. Situated on the west bank of the Vakhsh River, this landslide has
shown accelerated movement in the past (1968, 1992, and 2002), leading to partial blockage of the water flow
(Havenith et al., 2011, 2018). Reinforcements of the slopes were made in the years following the 2002 failure
(Emergency Baipaza Landslide Stabilization Project, 2006). Catastrophic failure of this landslide could impact
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the river's flow with possible knock-on effects on the Baipaza HPP (Hydroelectric Power Plant) dam upstream,
and the Sangtuda-1 and Sangtuda-2 HPPs infrastructures downstream (Figure 5).

Atlocation a5 (~5 km south of Dzharteppa village; Figures 5; Figure 15; Table S1 in Supporting Information S1),
a slow-moving block made of debris detached from the ridge, lies directly above a major road (A385) and a small
settlement. This large, rounded, and presumably unconsolidated mass of about ~3 km in diameter is moving up to
~5 mm/yr horizontally. It is subsiding by up to ~1.5 mm/yr on its northern side, whilst the southern side appears
to be uplifting and, therefore, accumulating material at up to ~2 mm/yr. Westwards velocity and subsidence are
also apparent below the main scarp, suggesting that this deep-seated mountain slope deformation is still active.
These velocity patterns might also suggest a rotational sliding of the whole landslide body.

At location a6 (Figures 5 and 15; Table S1 in Supporting Information S1) another landslide scarp is evident in the
geomorphology, where a ~3 km wide landslide body on the east-facing slope is moving by up to ~3 mm/yr
eastward and subsiding by up to ~2 mm/yr compared to the surrounding sediment. Secondary scarps and active
debris flow channels within the main body also indicate that this large rock-slope instability is active. It is located
above the village of Surkhob and might pose a hazard to the local population in case of deep-seated slope
deformations.

Within the Tajik Gissar, the high-pass filtered velocity maps also reveal down-slope mass movements within
some of the valleys with east- and west-facing slopes. In particular, elevated velocities are apparent in the
populated Karatag River valley near Shirkent National Park (a7 in Figure 5; Figure S20, Table S1 in Supporting
Information S1), and in a small valley ~5 km south of the village of Romit (a8 in Figure 5; Figure S21, Table S1 in
Supporting Information S1). Outside of these river valleys, most of the slopes of the southern Tajik Gissar are
approximately south-facing, meaning that the InSAR technique is largely insensitive to the horizontal component
of their down-slope mass movements, precluding precise landslide mapping to the north of Dushanbe.

Hydrological signals dominate the high-pass filtered vertical velocity map, with vertical motions in agricultural
areas related to irrigation and water mass movements (b1 to b6 in Figure 5). The filtered vertical and horizontal
maps reveal subsiding patches and aspect-dependent horizontal movements on the low-lying slopes to the north of
Dushanbe city (b4 in Figure 5), which indicate superficial creep. We note that river channels in the Yavan
Syncline (b5 in Figure 5) and the Kyzylsu River Valley (b6 in Figure 5) at the eastern edge of the map exhibit
uplift signals. This uplift could result from slow sediment aggradation—slow enough to preserve InSAR
coherence—that outpaces channel erosion over the 2014-2021 period. Alternatively, it may reflect hydrological
effects, such as a rise in the groundwater table between 2014 and 2021.

5. Discussion

Our bespoke processing approach produced InSAR rate maps with a higher spatial resolution and more
continuous coverage than published geodetic data sets (Ischuk et al., 2013; Metzger et al., 2020, 2021; Mohadjer
et al., 2010; Zubovich et al., 2010), allowing us to map and quantify the deformation in our study area in more
detail than was previously possible. We have shown that the IF, which passes through the south of Dushanbe city,
creeps to very shallow depths (~0-700 m) at a rate of ~4-9 mm/yr, decreasing east to west as slip is transferred
onto basin thrusts. Our results are consistent with Metzger et al. (2021) who estimated similar rates (~5-10 mm/
yr) and suggested the locking depth was likely to be at most 1 km, based on lower resolution rate maps. The
aseismic slip probably extends to around ~4—6 km depth, as this is the approximate thickness of the basin
sediments along the IF, according to a seismic section interpreted by Gagata et al. (2020). An Upper Jurassic
evaporite-bearing unit occurs near the base of the sedimentary sequence, and rocks of this age crop out at the
surface along parts of the IF trace (Gagata et al., 2020). As such, the creeping behavior of the IF and also of thrust
sheets within the Tajik Basin to the south appear to be controlled by the presence of the evaporitic layer. It is
important to note that for large stretches of the IF there is little to no geomorphic indication of recent slip. Our
high-resolution InSAR approach hence reveals new information on the location of the fault trace, how the fault
terminates, and the partitioning of slip onto secondary structures. We image the westward transfer of right-lateral
slip onto a series of thrusts and folds within the Tajik Basin, with at least one of these thrusts, the BT, creeping to
the surface.

It is unlikely that the shallow creeping parts of the IF pose a significant seismic hazard to Dushanbe, if the
creep occurs at the full long-term slip-rate, and if it represents its long-term stable behavior. However,
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earthquake catalogues show events of up to M; ~ 5.5 at ~4—-17 km depth beneath the surface trace of the IF,
with available focal mechanisms consistent with right-lateral strike-slip (Djuraev & Shakirdzanova, 1993;
Kufner et al., 2018), indicating the presence of a seismogenic fault within the basement beneath the evaporite
detachment layer (Figure 2). We do not observe any longer wavelength signals in our eastward velocity map
indicative of locking and strain accumulation at depth. This may mean that the slip-rate on the basement fault is
significantly slower than that on the upper part of the fault, or the absence of a longer wavelength signal may be
a result of the decoupling of the sedimentary cover from the basement to the south of the IF. Therefore, there is
a hazard from the fault at depth which cannot be mapped or measured using surface velocity data. This
highlights the need to consider a range of data sets when identifying sources of seismic hazard, and the lim-
itations of surface velocity measurements in regions with mechanical decoupling of basement from surficial
deposits.

Through our remote geomorphic mapping, we also document recent activity on the DT, a south-dipping thrust
fault, which we map for ~45 km through the Dushanbe Trough. Whilst we found ~1 mm/yr of possible uplift in
one of the surface velocity profiles across the western end of this fault, we were unable to confidently confirm a
tectonic origin for the signal. The absence of an observed surface velocity gradient across this E-W striking fault is
not inconsistent with the fault being active, as much of the deformation is likely to be in the N-S direction, to
which the InSAR technique is largely insensitive (Elliott et al., 2016), and the thrust may be fully locked during
the observation period. We cannot be certain whether the DT is slipping aseismically along an evaporite horizon
or whether it may produce earthquakes. However, in contrast to the main part of the Tajik basin, borehole data
show that the Gaurdak formation is either absent or much thinner in the Dushanbe Trough, and there is no clear
evidence for evaporites (Gagata et al., 2020; Leith, 1985). Furthermore, according to interpretations of seismic
reflection profiles and borehole data by Gagata et al. (2020), in contrast to the decoupling to the south of the IF,
within the Dushanbe Trough, faults and folds deform the basement and sedimentary cover together as one me-
chanical layer. Therefore, without an evaporite horizon on which to slip aseismically and with no evidence of
decoupling, it is possible that the DT is locked and could produce seismic ruptures that extend into the basement.
With its proximity to the city, even a small earthquake on this fault could be destructive. There is therefore an
urgent need for field studies, such as paleoseismic trenching, to better constrain the seismogenic potential of the
Dushanbe Trough and the level of connectivity of remotely mapped scarps.

By applying a high-pass filter to our InSAR maps we reveal widespread soil creep, confirming the divergence
along ridge crests first identified by Metzger et al. (2021), as well as identifying localized slope instabilities at
several locations across the Tajik Basin. Some of these slow-moving landslides are located above settlements,
roads, or dammed rivers in the Tajik Basin and Tajik Gissar. These moving masses could potentially damage or
impact infrastructure (including hydroelectric power plants) or block access routes to the mountains if they failed
catastrophically (e.g., in response to earthquake shaking). Soil creep or slide along the northern slopes of the
Dushanbe basin might represent additional landslide hazards in proximity to Dushanbe, but our data is not optimal
for imaging movement on south-facing slopes as the InNSAR technique has low sensitivity to N-S directed motion.

6. Conclusion

Using Multi-Temporal InSAR, we show the westwards movement of the Tajik Basin relative to its surroundings,
with deformation concentrated on the Ilyak fault to the north and the Babatag thrust to the west, both of which are
slipping aseismically or creeping along an evaporite-bearing horizon. The detailed information from our high-
resolution data set enables us to map and quantify short-wavelength deformation on individual faults,
including creep, as well as downslope movements affecting hillslopes composed of poorly consolidated sedi-
ments. We document shallow right-lateral aseismic slip on the Ilyak fault, with a slip rate of ~9 mm/yr at its
eastern end, decreasing to ~4 mm/yr in the west, due to a transfer of dextral slip to the fold and thrust belt of the
Tajik Basin. Though the major surficial faults are shown to be creeping, seismicity indicates that a locked fault
does exist at depth beneath the Ilyak fault, posing a hazard to Dushanbe. We find additional geomorphic evidence
for slip on a south-dipping thrust fault within the Dushanbe Trough, which runs through Dushanbe city and we
suggest could potentially be a source of seismic hazard. Field investigations of this Dushanbe Trough thrust are
needed to determine its seismogenic potential. Finally, we map several rock slope instabilities and soil creep,
which could pose a hazard to communities and infrastructure if they accelerate and detach in response to seismic
shaking or precipitation.
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