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Abstract

This project explores crustal deformation and active tectonics in the Hindu Kush and central Afghanistan
through advanced InSAR processing techniques and analytical modeling. In this project, we processed
initial ascending and descending line-of-sight frames from Sentinel-1 interferograms using novel tech-
niques such as reunwrapping, ionospheric and solid earth tides corrections. After decomposing the
frames into east-west and up-down velocities, we identified a suitable study region and applied a sim-
ilar methodology to process and manually merge additional frames along the Herat fault. Finally, we
used Bayesian inversion to test our velocity profiles against a synthetic screw dislocation model. Our
analysis estimates the right-lateral slip rate along the Herat fault to be around 1.5-2 mm/yr, with an
upper limit of 5 mm/yr. This aligns with Quaternary slip rates reported in the literature and offers
valuable insights into assessing the seismic hazard in the region.

Plain Language Summary

Afghanistan is prone to large, devastating earthquakes due to its location within a major tectonic
collision zone. However, due to limited accessibility and a lack of GPS stations, research into the
region’s active tectonics has been restricted. Throughout this project, we processed satellite data
to remotely image surface deformation in central Afghanistan. Using analytical modelling, we then
constrained key information about the seismic activity of the Herat fault. While further research is
necessary to fully understand the dynamics at play, this work provides valuable insights into assessing
the seismic hazard of the region, particularly for the cities of Herat and Kabul.
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1 Introduction

The Hindu Kush region presents a unique opportunity to study a diverse range of active tectonic
processes, from the terminal stage of slab subduction (Kufner et al. (2017)) to continental deforma-
tion associated with the Alpine-Himalayan orogeny. It is a region characterized by active crustal
deformation and faulting, with a long history of devastating earthquakes often occurring near major
population centers, as demonstrated by the 2023 Herat earthquake (Ambraseys and Bilham(2003)).
Despite its high seismic hazard, the area remains under-researched due to limited �eld accessibility
and lack of global navigation satellite systems coverage. As a result, there are few reliable estimates
of strain and slip rates, which are critical for understanding the tectonic behavior of the region and
assessing seismic risk.

The aim of this project is to advance our understanding of crustal deformation and continental
tectonics of the Hindu Kush region through the use of satellite radar interferometry. By determining
how strain and deformation is accommodated in the region, this study contributes to a broader
understanding of the tectonic processes within the India-Eurasia collision zone. These insights will
also help inform assessments of seismic hazard distribution, particularly the risks posed to major
population centers such as Kabul and Herat, which are located near active faults like the Chaman and
Herat faults.

Nomenclature

SAR Synthetic Aperture Radar
InSAR satellite SAR interferometry

COMET UK's Centre for the Observation and Modelling of Earthquakes, Volcanoes and Tectonics
LiCSAR Looking Into Continents from spaceborne SAR
LiCSBAS LiCSAR method for Small Baselines

LOS Line Of Sight
GACOS Generic Atmospheric Correction Online Service for InSAR

SB Small Baselines
NSBAS New Small Baseline Subset
GNSS Global Navigation Satellite Systems
GMT Generic Mapping Tools

PyGMT Python interface for the Generic Mapping Tools

1.1 Tectonic Setting

The present day tectonic setting in the Hindu Kush and surrounding areas, as shown in Figure 1
reveals crustal deformation resulting from the collision between the Indian subcontinent and Eurasia,
with the Indian plate moving northward at a rate of approximately 4cm/yr relative to Eurasia ( Ischuk
et al. (2013)). Located at the western end of the Alpine-Himalayan orogenic belt, this region hosts
a diverse range of active tectonic processes, re
ecting the intense tectonic stress its subjected to. To
the northeast, the Hindu Kush and Pamir mountains present a rare example of ongoing slab break-
up, as the Indian plate subducts northward beneath Eurasia (as shown from the slab contours in
Figure 1, after Kufner et al. (2017)). This process forces up the western Himalayas and causes the
uplift of the Pamir Plateau, which is currently collapsing westward. This gravitational collapse, along
with a portion of the north-south compression, is accommodated by westward material extrusion
between major strike-slip faults, speci�cally the left-lateral Chaman fault and the right-lateral Herat
fault. More recently, vertically partitioned fold-and-thrust deformation in the Tajik Depression is
also thought to play a similar role in strain accommodation (McNab et al. (2019)). In northeastern
Afghanistan, the Darvaz Fault and Vakhsh Thrust are among the most seismically active regions on
the planet, with di�use north-south trending ruptures extending southwards throughout central Pamir
(Elliott et al. (2020)). While central Afghanistan is thought to be less seismically active, accreted
blocks terranes throughout the region are separated by suture and fault zones, many of which are
active and potential sources of seismic hazard (Shroder et al. (2022)).
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Figure 1: Tectonic setting of the Hindu Kush and the surrounding area. Major tectonic blocks and faults
are marked by black lines (afterStyron et al.(2010), Taylor and Yin(2009) andStyron and Pagani(2020)).
The solid red line outlines the region shown in Figure 2, while the dotted red line indicates the study area
covered in Figures 8, 9 & 10. Slab contours of the Hindu Kush (west) and Pamir zone (east) are from the
slab model ofHayes et al.(2018), with seismicity data sourced from the Harvard CMT catalogue (Section
B.2).

2 Methodology

2.1 Initial InSAR Frame Selection and Processing with LiCSBAS

We use Sentinel-1 unwrapped and geocoded interferograms automatically processed by LiCSAR and
publicly available on the COMET{LiCSAR web portal ( Lazeck�y et al. (2020)). Figure 2 shows as-
cending and descending frames that we have initially selected. Each frame covers approximately
250x250km at 0.001� (approximately 100m) resolution. Our original aim was to cover the Hindu Kush
region in a manner similar to Metzger et al. (2021), expanding upon their work by applying novel
processing techniques. Additionally, we wanted to resolve major faults within the Hindu Kush and
Pamir mountains, particularly the di�use north-south trending ruptures in central Pamir ( Elliott et al.
(2020)).

After a quick overview of the study area, we began with processing ascending frame 071A05440131313
and descending frame 078D05435131313 (see Figure 2). We believed that covering the triple junction
between the Herat fault, the Chaman fault and the Panjshir fault would o�er us unparalleled 
exibil-
ity in the direction of which we could take our study further. Moreover, the varying topography and
diverse land use covered by our initial frame pair serves as a good test for the limits of the LiCSBAS
processing system.
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Figure 2: Ascending (left) and descending (right) frames originally selected to best cover the Hindu Kush
region. Initial ascending frame 071A05440131313 and descending frame 078D05435131313 are shown
in magenta. Area enclosed in red marks the zoomed-in region for Figures 3, 4, 6 & 7. Seismicity is limited
to the network duration of the dataset. Note the particularly mountainous topography over the Hindu
Kush which later proved to be challenging to image with InSAR.

The selected frames, spanning over an observation period from March 2016 to July 2024 were
processed using COMET-LiCSBAS, an open-source package that processes LiCSAR-generated prod-
ucts for InSAR time series analysis1 (Morishita et al. (2020)). The LiCSBAS processing 
ow involves
�ve steps for data preparation (Steps 0{1 to 0{5) and six steps for time series analysis (Steps 1{1 to
1{6). We carefully selected processing parameters that were best suited to the challenging topography
of the Hindu Kush region, often experimenting with novel processing techniques. Below, we brie
y
summarize and justify the key decisions made regarding these parameters. Further details (including
a full list of parameters used in this study) can be found in Appendix B.1.

The unwrapped data was �rst down-sampled with a multi-looking factor of 10 at Step 0-2, resulting
in a spatial resolution of approximately 1km. We then applied tropospheric noise correction using
GACOS at Step 0-3, correcting for the e�ects of troposphere turbulence and strati�cation. Steps 0-4
and 0-5 were omitted throughout this study as we found it unnecessary to mask and clip our dataset.
At Step 1-2, the original implementation of LiCSBAS identi�es wrongly unwrapped interferograms
by a loop closure check and drops them from further processing should they exceed a threshold.
Here, we use a new nulli�cation functionality as described by Lazeck�y et al. (2024) that nulli�es
individual pixels with loop closure errors as opposed to dropping entire interferograms. This allows
us to preserve good data regions where whole interferograms would otherwise be dropped due to
potentially small unwrapping errors, an issue particularly relevant for mountainous areas. At Step
1-3, we used NSBAS Weighted Least Squares (WLS) function to derive mean displacement velocities
from cumulative displacements instead of the conventional (unweighted) least-squares option. This is a
subtle improvement that takes into account variance in coherence between pixels prior to the inversion.
Lastly, at Step 1-6, we subtracted topography-correlated components linearly prior to spatio-temporal
�ltering. Although most of such height-correlated signals should have been reduced by GACOS, it
is still a substantial source of noise in mountainous regions. Moreover, tectonic signals tend to be
of longer spatial wavelength compared to variations in topography, making them less vulnerable to
height-correlated �ltering. For such reasons we believe that the signal-to-noise ratio improvement from
this far out-weights the possibility of us accidentally removing signals of interest.

1We used an active development version of LiCSBAS available at github.com/comet-licsar/licsbas as `dev' branch
from the v1.2 release.
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2.1.1 Reunwrapping

To further improve the quality of unwrapped interferograms that are inputted into the time series in-
version, we implemented a full reunwrapping of the original wrapped interferograms with the use of the
COMET licsar extra repository (as described byLazeck�y et al. (2022), available at github.com/comet-
licsar/licsar extra). This approach �rst models and removes sources of phase delays from the original
wrapped interferograms. This includes correcting for spatial phase ramps due to long wavelength
signals (such as Solid Earth Tides), reducing height-correlated phase signals by correlation with an
external digital elevation model, and removing tropospheric gradients with GACOS. After the un-
wrapping itself, the modeled sources of phase delays are added back to the �nal output. By reducing
high phase gradients that are responsible for decorrelation and zonal unwrapping errors, we improve
reliability of phase unwrapping and increase coverage of unwrapped pixels.

Figure 3: LiCSBAS Step 1-6 LOS velocity output (masked) for ascending frame 071A05440131313,
without (left) and with reunwrapping (right), with the same masking parameters and linearly adjusted for
the same SB inversion reference area (as indicated by the orange star). Average loop phase closure error
(loop ph avg abs rad) and inversion residual RMS error (residrms mm) for each output are shown below
their respective frames.

Figure 3 demonstrates the impact of reunwrapping on the ascending frame 071A05440131313.
The inversion residual Root-Mean-Square (RMS) error are higher for pixels with more unwrapping
errors and serves as an indicator of unwrapping quality. By comparing the residual RMS errors between
the two inversions, we can see that reunwrapping signi�cantly improves the quality of unwrapping,
particularly in mountainous regions in the southern end of the frame.

2.1.2 Initial Ascending and Descending LOS Velocity

When we applied the same processing parameters to the descending frame, we quickly realized that
its quality was signi�cantly lower than that of the ascending frame. To address this, we increased the
RMS loop phase threshold by tenfold at Step 1-2, which improved the availability of interferograms
in the network. We also manually speci�ed a stable reference point and applied generous masking
parameters. Despite these e�orts, a substantial portion of the frame| particularly the mountainous
regions to the east| su�ered from severe interferometric decorrelation, which we had to mask.
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