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Extended abstract

The doctoral dissertation titled "Kinematic Inversion of Earthquake Cycle Defor-
mation Using SAR Interferometry" provides insights into the crustal deformation
mechanisms triggered by intraplate and interplate earthquakes along the west-
ern boundary of the Indian-Eurasian plates, along the Sulaiman Fold-Thrust
(SFT) belt utilizing space geodesy techniques. The processing is also applied
to investigate the fault movement along the East Anatolian Fault (EAF), at the
boundary of the Arabian-Anatolian plates.

Geodetic observations provide valuable insights into the kinematics of con-
tinental tectonic plates at both global and regional scales. The revolution of
space geodesy in recent decades enables us to monitor the deformation style
and characterize its temporal and spatial variations (Barbot and Weiss, 2021;
Barbot et al., 2023; Gordon and S. Stein, 1992; S. Stein, 1993). Complex trans-
compressional fault systems are predominantly characterized by fault bends
and step-over structures along major faults (Barka and Kadinsky, 1988; Cakir
et al., 2023; Konca et al., 2021; Tatar et al., 2012; Yule and Sieh, 2003). Several
notable examples of such active complex fault systems include the Gargano
fault system in the central Adriatic region in Italy, the East Anatolian fault
(EAF) and North Anatolian fault (NAF) systems in Turkey, the Marlborough
fault system in New Zealand, the San Andreas fault system in the United States,
and the Sulaiman Fold thrust belt in Pakistan, all of which are known for high
seismicity (Barbot et al., 2013; Barbot et al., 2023; Barka, 1996; Billi et al., 2007;
Cakir et al., 2023; Chiarabba et al., 2005; Javed et al., 2022; Konca et al., 2021;
Tatar et al., 2012). Complicated fault geometries in trans-compressional regions
affect the nucleation and propagation of ruptures, ultimately controlling the
size of earthquakes (Javed et al., 2022; Lapusta and Rice, 2003; Sathiakumar and
Barbot, 2021; Sathiakumar et al., 2020; Wesnousky, 2006).

Recently, on February 6, 2023, the Mw 7.8 Kahramanmarag earthquake rup-
tured the 310 km long EAF system. Just nine hours later after the first devastat-
ing earthquake, a Mw 7.6 earthquake ruptured a 150 km long, E-W trending,
left-lateral splay of the EAF system (Barbot et al., 2023; Lomax, 2023; Zilio and
Ampuero, 2023). These two earthquakes collectively ruptured 13 fault segments
with varying strikes along the EAF system, resulting in a maximum slip of 12

vii
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m (Barbot et al., 2023; Melgar et al., 2023). Similarly, the 2016 Mw 7.8 Kaik-
oura earthquake produced a rupture along the Marlborough branching fault
system, involving 21 faults and generating approximately 10 m of coseismic
surface displacement (W. Xu et al.,, 2018). Synthetic Aperture Radar (InSAR)
Interferometry provides valuable tools for accurately investigating the sources
of complex tectonic processes and the structure of the deforming elastic and
viscoelastic crust, from global to regional scales (Barbot et al., 2023; Barkat et al.,
2022; Cakir et al.,, 2023; Feng et al., 2015; Javed et al., 2022; R. Jolivet et al., 2012;
Nissen et al., 2016; Rollins et al., 2018).

First, we use SAR interferometry observations to understand the slow and
complex deformation processes at the frontal zone of the SFT belt, central
Pakistan (discussed in Chapter 3) and then we investigate crustal deformation
at the western zone of the SFT belt (discussed in Chapter 4). The relative motion
between the Indian and Eurasian tectonic plates is accommodated across wide
fault zones along the SFT belt. The SFT belt formed during the India-Eurasia
collision in the late Cenozoic. However, the mechanics of shortening of the
brittle crust at time scales of seismic cycles is still poorly understood (Banks
and Warburton, 1986; Bernard et al., 2000; Saif-Ur-Rehman et al., 2019; 2020).
In order to better assess the seismic potential, a key question that needs to be
addressed is why moderate-size seismicity is observed along the eastern zone,
as opposed to the higher magnitude seismicity in the western zone of the SFT
belt. Do geometric complexities or fault dimensions exist in the frontal SFT belt
zone that control the coseismic slip propagation and the earthquake magnitude
as suggested in several publications (Namson and T. L. Davis, 1988; Sathiakumar
and Barbot, 2021; Sathiakumar et al., 2020; Weng and Yang, 2017)?

We use the spaceborne radar interferometry to analyze the deformation
associated with the 2015 moment magnitude (Mw) 5.7 Dajal blind earthquake
at the eastern boundary of the SFT. We use kinematic inversions to determine
the distribution of slip on the frontal ramp and of flexural slip along active axial
surfaces for the forward- and backward-verging two end-member models: a
double fault-bend fold system and a fault-propagation fold. In both models,
a décollement branches into a shallow ramp at approximately 7.5 km depth
with coseismic folding in the hanging wall. The Dajal earthquake ruptured the
base of the Boundary Thrust buried under the sediment from the Indus River
floodplain, representing fault-bend or fault-propagation folding some 30 km off
its nearest surface exposure.

The rupture of the 2015 Mw 5.7 Dajal did not reach the surface, buried
under the younger sediments of the Indus River floodplain. The rupture and
associated folding in the hanging wall document the eastward growth of the SFT.

viil



The earthquake represents the seismic rupture of a frontal blind ramp of the
SFT, presumably as the seismic expression of a Fault-Bend Fold (FBF) or Fault-
Propagation Fold (FPF). The earthquake illuminates the possible extension of the
Boundary Thrust 30 km south of the Zindapir anticlinorium where it breaks the
surface, corresponding to the propagation of the SFT some 30 km east into the
Miocene and younger sediments of the Indus River floodplain. The earthquake
was accompanied by coseismic folding accommodated by flexural slip along
an active axial surface. The deformation is captured at the temporal resolution
afforded by the radar acquisitions, which includes between 10 and 18 days of
potential postseismic deformation. Despite this short period of observation,
flexural slip is tantamount to 70% of the expected value for coseismic folding,
indicating strong mechanical coupling and synchronicity between faulting and
folding at the time scales of the seismic cycle. While the Dajal earthquake
demonstrates the seismic potential of the deformation front of fold-and-thrust
belts, the folded sediments above the blind ramp exert a strong control on the
rupture propagation. Further seismic exploration of fold-and-thrust belts will be
crucial to anticipate the location and size of future seismicity in this widespread
tectonic setting.

The western zone of the SFT belt exhibits high seismic hazard. The full un-
derstanding of the high magnitude seismicity is lacking due to complex tectonic
settings, and the lack of a GNSS and seismic stations network. Here, we take
advantage of the Sentinel-1, and ALOS-2 ScanSAR satellite observations to esti-
mate the coseismic deformation caused by the 2021 Mw 6.0 Harnai earthquake.
The coseismic surface deformation along the line-of-sight (LOS) is estimated
as 70 mm and 80 mm for ascending and descending interferograms, respec-
tively. Modeling of InSAR data reveals primarily thrust-dominated slip in up
dip direction with a strike-slip component that is in good agreement with the
tectonic context of the transpressional Karahi and Harnai faults. Source fault
geometry along with the corresponding uncertainty of the 2021 Mw 6.0 Harnai
earthquake and preseismic InSAR derived movement (Karaca et al., 2021) shows
the fault was locked until 2021, prior to the rupture. The finite slip models show
that 95% of slip is concentrated between 3 and 10 km depth. The NW-SE ori-
ented rupture rather than the NE-SW oriented model is justified by the tectonic
setting and fault structure of the Harnai fault. Major deformation is observed
in the hanging wall at the southern block of the Harnai fault. This study helps
to understand the crustal deformation mechanism at the western margin of the
SFT belt.

Furthermore, we worked at the EAF system which accommodates the north-
ward movement of the Arabian plate into the Anatolian plate. The convergence
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forms a triple junction slip partitioning among the NAF, the EAF, and the faults
of the Turkish-Iranian Plateau. The NAF is a 1,200 km long right-lateral strike-
slip fault extending from the Karliova triple junction to the Sea of Marmara. The
EAF is a 310 km long left-lateral fault, that extends southwards and branches
out diffusely to Antakya, the Dead Sea Fault (DSF), and the Cyprus Arc to
the southwest. The NAF is considered structurally mature while the EAF is
structurally immature because it consists of multiple fault segments. These
fault segments rupture over time, and long-term accumulated strain energy
is released by bends and step over structures that connect the EAF system. A
significant portion of the EAF system has ruptured in the last few years, as
demonstrated by the recent activity starting with the January 24, 2020, Mw
6.8 Elaz1g earthquake, near Hazir Lake, continuing with the February 06, 2023,
Mw 7.8 Kahramanmaras earthquake that ruptured the 310 km long Erkenek,
Pazarcik, and Amanos contiguous fault segments. On the same day 9 hours
later, the Mw 7.6 earthquake ruptured the 150 km long left lateral splay of the
EAF. Two weeks later on February 20, another aftershock with Mw 6.4 occurred
in Antakya at the southern termination of the EAF. In this study, coseismic slip
distribution of the 2023 Mw 7.8 Kahramanmaras, the Mw 7.6 Elbistan, and Mw
6.4 Antakya aftershocks is constrained using remote sensing observations. The
finite fault rupture inversion which I accomplished in this PhD study is part of
an international effort to collect multi-parametric spaceborne geodetic data to
determine the coseismic slip distribution of the 2023 earthquake sequence.

Based on the estimated coseismic slip distribution, the 2023 mainshock rup-
ture propagated bilaterally from the central Pazarcik segment. To the north,
the rupture terminated near the bifurcation with the Bitlis-Zagros fold-and-
thrust-belt. As a result, a 40 km long segment separating the 2020 Elazig and
the 2023 Kahramanmaras ruptures did not slip during the earthquakes. The
EAF features creeping segments to north, near the Karliova triple junction and
around Hazir Lake in the Palu and Piitiirge segments, but is locked during the
interseismic cycle in the remaining segments. We speculate that this section of
the EAF represents a seismic gap. Alarmingly, the Putiirge segment remains
unbroken, bearing the potential for another significant earthquake. To test this
hypothesis, we further investigate the fault behavior before the 2023 Kahraman-
marag earthquake sequence. We perform time series analysis using Sentinel-1
SAR interferometry to identify the extent of creep along the EAF, particularly
along the 40 km long Piitiirge segment. We process the ascending tracks AT116,
and AT43, along with the descending tracks DT123 and DT21 using the small
baseline (SBAS) inversion algorithm. We use 147 interferograms for track AT116,
85 for track AT43, 120 for track DT123, and 145 for track DT21. As a preliminary
step, we stack the geocoded unwrapped interferograms, and remove the unwrap



errors for each interferogram. We then utilize the ECMWF ERAS5 products to
reduce the tropospheric phase delays. Finally, we correct the phase ramps, DEM
errors, and estimate the average velocity. The results indicate the presence of up
to 20 mm/yr shallow creep along the EAF after the coseismic deformation of the
2020 Mw 6.8 Elaz1g earthquake, which propagates towards the southwestern
end of the Pitiirge segment. We also find creep at many small segments of
the EAF zone from Piitiirge segment to the Karliova triple junction. This study
clarifies the seismic potential of the Piitiirge segment. The first part of the work,
concerning the finite fault inversion, has been published in (Barbot et al., 2023),
whereas the work on the creep analysis on Piitiirge segment is being prepared
for publication.
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1 Introduction

1.1 Introduction

Geodetic observations provide insights into the kinematics of continental and
oceanic tectonic plates at global and regional scales. Space geodesy enables
us to monitor the deformation style, and characterize the temporal and spatial
variation (Gordon and S. Stein, 1992; S. Stein, 1993). The fault systems in
complicated trans-compressional regimes are mostly characterized by fault
bends, and step-over structures along main faults (Barka and Kadinsky, 1988;
Yule and Sieh, 2003). Several notable examples of such active complex fault
systems include the Gargano fault system in the central Adriatic region in Italy,
the East Anatolian fault (EAF) and North Anatolian fault (NAF) systems in
Turkey, the Marlborough fault system in New Zealand, the San Andreas fault
system in the United States, and the Sulaiman Fold thrust (SFT) belt in Pakistan,
all of which are known for high seismicity (Barbot et al., 2013; Barbot et al., 2023;
Barka, 1996; Billi et al., 2007; Cakir et al., 2023; Chiarabba et al., 2005; Javed et al.,
2022; Konca et al., 2021; Tatar et al., 2012). The complicated fault geometries in
trans-compressional regions are considered to affect the nucleation and rupture
propagation that ultimately controls the triggering of an earthquake (Javed
et al., 2022; Lapusta and Rice, 2003; Wesnousky, 2006). Recently, the 2016 Mw
7.8 Kaikoura earthquake occurred on the Marlborough branching fault system
that ruptured 21 faults and produced approximately 10 m coseismic surface
displacement (W. Xu et al., 2018). Global Navigation Satellite System (GNSS)
and Synthetic Aperture Radar (InSAR) Interferometry help us to investigate
sources of complicated tectonic processes and the structure of the deforming
elastic, and viscoelastic crust accurately from global to regional scale (Agata
et al., 2019; Feng et al., 2015; Nissen et al., 2016; Rollins et al., 2018).

We use remote sensing SAR observations to understand the slow and complex
deformation processes involved at the western boundary of the Indian-Eurasian
plates. The relative motion between tectonic plates is accommodated across
wide fault zones. Yet, how these deformation zones grow over time is poorly
known. We investigate the SFT belt, Pakistan at the plate boundary between the
Indian and Eurasian continents in order to better assess the seismic potential.
A key question that needs to be addressed is why moderate-size seismicity was
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observed along the eastern zone, as opposed to the western zone of the SFT
belt. Do geometric complexities or fault dimensions exist in the eastern SFT belt
zone that control the coseismic slip propagation, size of magnitude as suggested
in several articles (Namson and T. L. Davis, 1988; Sathiakumar and Barbot, 2021;
Sathiakumar et al., 2020; H. Wang et al., 2017; Weng and Yang, 2017)? InSAR
helps us to estimate the crustal deformation induced by the 2015 Mw 5.7 Dajal
earthquake at the eastern margin of the SFT. The rupture did not reach the
surface at the eastern extension of the SFT, buried under the younger sediments
of the Indus River floodplain. The rupture and associated folding in the hanging
wall documents the eastward growth of the SFT. These observations document
the seismic potential of hidden ramps in fold-and-thrust belts and the control
of final rupture size by fault bends and surrounding folds.

Furthermore, We use C-band Sentinel-1, and L-band Advanced Land Observ-
ing Satellite (ALOS-2) ScanSAR data to investigate the complicated processes
involved during coseismic deformation caused by 2021 Mw 6.0 in the western
SFT belt. We use ALOS-2 and Sentinel-1 data to perform the fault movement
inversion using a Bayesian approach to investigate the coseismic deformation
and slip distribution on the inverted fault dimensions. The earthquake occurred
on 06 October 2021 with Mw 6.0 earthquake near Harnai on a trans-pressional
margin of the western zone of the SFT belt, providing an opportunity to study
the interaction of coseismic slip and folding within the most active seismic of
the SFT belt. We explore InSAR data to derive the coseismic deformation and
source parameters such as dip, strike, depth, width, length, average slip, strike
and dip, and related surface deformation of the earthquake.

The accurate earthquake source parameters play a key role to insight litho-
spheric of SFT belts at the convergence of Indian-Eurasian plates. The com-
putation of source parameters using the InSAR dataset has been proven as an
accurate and additional method to learn more about the mechanism of earth-
quakes (Barbot et al., 2008; Barbot et al., 2023; Javed et al., 2022; Mellors et al.,
2004; Nissen et al., 2016) and compare their corresponding source parameters
and enhance the accuracy of the results (Barkat et al., 2022; Tatar et al., 2020;
Weston et al., 2012). Ultimately, the comparison provides a higher certainty level
of source parameters computed from different datasets that significantly im-
prove the accuracy of seismic hazards assessment. The mechanism and style of
deformation at the western boundary of the Indian-Eurasian plates are not very
well known due to the lack of seismic stations and GNSS networks. Therefore,
the identification of seismic source parameters of the 2015 Mw 5.6 and the 2021
Mw 6.0 earthquakes would provide a significant contribution to understanding
the regional style of deformation of the tectonically active SFT belt.

In addition, we also work on the complex deformation processes involved
around the immature EAF system at the convergence of the Anatolian and
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Arabian plates using remote sensing data. The EAF remained locked until
the recent seismic activity starting with the January 24, 2020, Mw 6.8 Elaz1g
earthquake, near Hazir Lake, continuing with the February 06, 2023, Mw 7.8
Kahramanmaras earthquake that ruptured the 310 km long Erkenek, Pazarcik,
and Amanos contiguous fault segments. On the same, day 9 hours later, the
Mw 7.6 earthquake ruptured the 150 km long left-lateral splay of the EAF.
Two weeks later on February 20, another aftershock with Mw 6.4 occurred in
Antakya at the southern termination of the EAF system. The finite fault rupture
inversion that we accomplished in this Ph.D. study is part of an international
effort to collect multi-parametric spaceborne satellite observations to constrain
the spatial distribution of the coseismic slip for the 2023 earthquake sequence.

Further, we analyze the time evolution of the deformation of the EAF, with the
aim to detect creep over segments of the EAF from the Piitiirge segment to the
Karliova triple junction. In order to estimate the earthquake potential at Piitiirge
segment, we estimate the creep rates using Sentinel-1 data to perform analysis
through Small Baseline Subset (SBAS) (Hooper, 2008; Morishita et al., 2020; Yun-
jun et al., 2019) inversion techniques to compute the rates of deformation using
the selected interferograms that have high coherence and small perpendicular
and temporal baselines. Space geodesy is a dominating tool for investigating the
deformation mechanism, however, there are also some limitations (ionospheric
and tropospheric delays). The effect of atmospheric heterogeneities (Zebker
and Villasenor, 1992) are reduced with the aid of independent sources such as
Generic Atmospheric Correction Online Service (GACOS), European Centre
for Medium-Range Weather Forecasts (ECMWF) ERAS5, Global Position System
(GPS) based corrections and numerical weather models (Hanssen et al., 1999;
Z.Liet al, 2011). Ultimately, the use of these models improves the resolution
and correlation of InSAR by reducing the atmospheric effects.

1.2 Research Objectives
These are the following primary objectives of the thesis.

« To understand the slow and complex deformation processes and structures
involved at the western boundary of the Indian and Eurasian plates at the
front of the SFT belt.

+ To estimate the coseismic deformation induced by the 2015 Mw 5.7 Dajal,
and 2021 Mw 6.0 Harnai earthquakes at the front and western zone of
the SFT belt, and model the ruptured fault parameters using the geodetic
Bayesian inversion approach.
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+ To determine the slip distributions of the 2015 Mw 5.7 Dajal and 2021
Mw 6.0 Harnai earthquakes on the frontal ramp and of flexural slip along
active axial surfaces for the forward- and backward-verging two end-
member models: a double fault-bend fold system and a fault-propagation
fold. The fault-bend fold involves décollement-ramp-décollement along
with associated active axial surfaces, fault-propagation fold involves a
décollement branches into a shallow ramp.

+ To estimate the coseismic deformation generated by the February 6 2023
Mw 7.8 Kahramanmaras mainshock and the Mw 7.6 Elbistan, and Febru-
ary 20 2023 Mw 6.4 Antakya aftershock. Find the slip distribution on the
multiple segments of the left-lateral EAF system ruptured during the 2023
Turkey earthquake sequence.

« To analyze the distribution of shallow creep prior to the 2023 Turkey
earthquake sequence on the EAF from the Piitiirge segment to the Kar-
liova triple junction. The Mw 7.8 Kahramanmaras mainshock, rupture
propagation stopped southward at the diffuse termination of the EAF and
tapered off northward into the Piitiirge segment, some 20 km south of
the 2020 Mw 6.8 Elaz1g earthquake. As a result, a 40 km long segment
separating the 2020 Elazig and the 2023 Kahramanmaras ruptures did
not slip during an earthquake. We speculate that this section of the EAF
represents a seismic gap. To test this hypothesis, we investigate the fault
behavior before the 2023 Kahramanmaras sequence. Analyzing the post-
seismic deformation of the 2020 Mw 6.8 Elazig earthquake on the EAF
zone would clarify the seismic potential at the Piitiirge segment.



2 Crustal Deformation and Principle
of INSAR

2.1 Introduction

Spaceborne geodesy has played a major role in improving our ability to insight
into the earthquake cycle by continuously monitoring the deformation at the
tectonic plate boundaries and major faults. The space geodetic data from GNSS
and InSAR continually monitor the complex network of faults and diffuse plate
boundaries, providing valuable insights into the mechanisms underlying crustal
deformation at the seismic scale (Barbot et al., 2023; Segall and J. L. Davis,
1997). The InSAR and GNSS tools are currently the most dominating tools
that provide continuous monitoring of complicated faults to update the hazard
assessment of a particular area. However, the GNSS instruments need to be
installed across the faults and continuous monitoring of the instrument at the
site is also required to avoid any damage. On the other hand, InSAR has a special
ability to study the whole globe with high precision, especially in remote areas
that are not accessible to install instruments. The InSAR provides cumulative
displacement between the acquisition dates at a much higher spatial coverage
than GPS (Samsonov and Tiampo, 2006).

The GNSS satellites include the EU Galileo, the US GPS, and the Russia
Federation Global Navigation Satellite System (GLONASS) among others. The
satellites continuously broadcast a code having the information of the precise
position, navigation, and time of the satellite. If we have a constellation of
four GPS satellites, we can correct the timing error, and accurately measure the
position of our GPS antenna anywhere on Earth up to the precision of several
meters, however, not enough to account for the slow deforming tectonic plates
accurately which may require the precision up to order of mm/year. However,
instead of using a code, we can track the carrier waves. The phase data from
a constellation of multiple satellites over time aids us in calculating accurate
positions with the precision of up to the order of millimeters (Blewitt, 2007;
Elliott et al., 2016).

We now have a great network of the GNSS instruments containing many
thousands of regular continuous GPS stations all over the globe. The network
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coverage has been growing further improving accuracy, and measuring the
velocities, and strain rates on individual points. Still, there are large gaps in
the continental coverage of the GNSS network to compute tectonic velocities,
especially in underdeveloped and developing countries, such as Pakistan which
cannot afford the costs of installation and maintenance of the GNSS network.
Non-availability of the dense network may not provide accuracy in distinguish-
ing the steady creep from a locked fault. Along with the GNSS network, the SAR
satellites dramatically improve our ability to measure the deforming fault zones
up to millimeter precision and construct the complete picture of the earthquake
cycle. The SAR satellite technology enables us to measure surface deformation
with a spatial coverage of a few kilometers up to a precision of 1 mm without
any specific instrument on the ground (Barbot et al., 2023; Javed et al., 2022;
Segall and ]. L. Davis, 1997).

2.2 Synthetic Aperture Radar Satellites

SAR satellites transmit the microwaves on the earth’s surface and record the
backscattered energy from the target at any time of the night or day in all
weather conditions. These satellites use microwaves that have the capability to
penetrate through clouds and record images containing phase and amplitude
information. The SAR satellites calculate the distance between the SAR sensor
and the target by analyzing the phase of radar signals, taking into account the
acquisition time and satellite position. There are now multiple SAR satellites
revolving around the earth in specific orbits and monitoring the land surface
(Figure 2.1).

We often use two observations from SAR satellites before, and after an event
to estimate the deformation caused by earthquakes, volcanoes, and landslides,
or time series to monitor the tectonic plate movement in time. Based on the
satellite positions, amplitude, and phase differences of the two observations
of the same target, we can compute the land surface deformation along the
LOS direction. In this thesis, for studies discussed in Chapter 3, Chapter 4,
and Chapter 5, we use the European Space Agency (ESA) Sentinel-1 and the
Japan Aerospace Exploration Agency (JAXA) ALOS-2 satellite observations
(Figure 2.1).

2.2.1 European Space Agency Sentinel-1 Satellites

Copernicus Sentinel-1 was initially designed based on Sentinel-1A, and -1B.
The Sentinel -1A and -1B with an open data policy were launched on 3™ April
2014 and 25'™ April 2016, respectively. Both satellites are sun-synchronous with
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Figure 2.1: The launched and proposed SAR satellite missions operating using different
frequencies of microwaves. We specifically used the C-band (5.3 GHz) Sentinel-1A/1B
and the L-band (1.2 GHz) ALOS-2 satellites (https://detektia.com/en/sar-synth
etic-aperture-radar/).

a 12-day revisit period for each satellite. By combining Sentinel-1A and 1B,
the revisit period was reduced to 6 days. Unfortunately, Sentinel-1B stopped
delivering data from December 23 2021 due to an electronic power supply
problem at the satellite platform. The SAR satellite mounted a C-band (f =
4-8 GHz) instrument that operates with single and dual polarization (HH, VV,
HYV, VH). The satellite acquires images in Interferometric Wide (IW), Strip map
(SM), Wave (WV), and Extra Wide (EW) modes as shown in Figure 2.2. Each
acquisition mode was designed to monitor the specific features on the ground
surface. The IW mode is widely used to monitor the surface deformation caused
by earthquakes, landslides, fault movement, glacier velocities, and volcanic
eruptions. The coverage of the IW is about 250 km wide with a geometric
resolution of 5 X 20 m?. The IW swath mode records images in three subswaths
in TOPS mode (Figure 2.3). The microwave beam is steered in the range direction,
and forward and backward in the flight direction, referred to as the azimuth
direction. The technique ensures a sufficient overlap region for each burst that
is mandatory to remove scalloping and obtain an admirable image with feasible
coherence.
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Figure 2.2: Sentinel-1 satellite acquisition modes. The acquisition difference of Extra
Wide swath (EW), Strip map (SM), Interferometric Wide (IW) and, Wave (WV) of the
Seintinel-1 satellite. The image modified from (https://sentinels.copernicus.eu/
web/sentinel/missions/sentinel-1/instrument-payload).

Cyclen Cycle n+1
Burst 1 Bt 1
- _'T i 'r‘ -
Iy !
I AN
it LA :
| W : ]
| ! P
1 W ! LW,
| 1 . !
Forward VT ! Backward
wigw vigw
% -
- Grownd
mmm e T =TT s = M cisplacement
—— : e T
Sub-swath 1 Sub-swath 2 Sub-swath 3 Burst overlaps Burst overlap

Figure 2.3: Sentinel-1 TOPS mode acquisition in subwath 1, 2 and 3 with burst 1, 2,
and 3 along with burst overlap (Grandin et al., 2016).
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2.3 SAR Complex Image and Resolution

2.2.2 Advanced Land Observing Satellites (ALOS)

The L-band ALOS-1/Daichi-1, was launched by JAXA in 2006. However, after
5 years, the satellite lost power due to technical problems, thus aborting the
mission. Following ALOS-1, JAXA launched the ALOS-2 in 2014. The satel-
lite was equipped with a Phased Array L-Band (PALSAR-2) with A = 24cm
and f = 1.2 GHz. It has a great capability to penetrate through leaves and
therefore has a better coherence as compared to X, and C bands satellites in
forests, or agricultural regions. PALSAR-2 has a revisit time of 14 days, and
acquires images in three acquisition modes, Spotlight (SPT): acquires 25 km
wide observations with a resolution of 1 - 3 m, Stripmap (SM): acquires 50 -
70 km wide observations with 3 - 10 m resolution, and ScanSAR (WD) mode:
acquires 350 - 490 km wide observations with 60 - 100 m resolution.

2.3 SAR Complex Image and Resolution

The SAR image composed of many small elements that are known as pix-
els, carries information of the phase and amplitude of the backscattered mi-
crowaves from the earth’s surface. The backscattered signal is stored in the
two-dimensional array of rows and columns. The rows are associated with
azimuth observations (along radar flight direction), while the columns are asso-
ciated with the slant range observations. The amplitude is calculated based on
the backscattered microwaves from Earth’s surface. The strong amplitude or
bright pixels indicate the exposed rocks, lack of vegetation, and buildings in the
urban areas, while the low amplitude or dark pixels could be an indication of
the vegetation, water basin, or flat surfaces (Figure 2.4).

The Radar transmits signals from antenna to the ground surface and records
backscattered signals from each pixel on the ground. Since each pixel is at a
different distance from the radar, that produces different delays. However, the
delay time (7) becomes equal to the phase changes (¢) due to the sinusoidal
signal. Thus, the phase changes (¢) can be defined using the following equation
based on the wavelength of the radiations (1 = 5.66 cm for C-band) and two-way
travel distance (2R) between radar antenna and ground surface:

27 4
= —2R=—R. 2.1
§=~2R=~ (21)

2.3.1 Ground Resolution Cell

The smallest area on the ground that can be distinguished in a SAR image
is called the ground resolution cell. The size of the ground resolution cell
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Figure 2.4: SAR image of Sentinel-1 satellite showing the backscattered signal on the
Sulaiman Fold and thrust (SFT) belt at the Indian-Eurasian plates boundary zone. The
bright pixels indicate the exposed rocks while the dark pixels indicate the vegetation,

trees, and flat surfaces as lakes.
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2.3 SAR Complex Image and Resolution

is determined by the slope of the topography in the azimuth direction and
perpendicular plane to the ground range direction. Since the ground resolution
cell depends on the terrain slopes, scatterers on the ground can be affected by
foreshortening and layover. When the terrain gradient is increased compared
to a flat surface, the ground resolution cell dimensions also increase and cause
shortening. Further, when topographic gradient exceeds or lags behind the
satellite off-nadir angle, eventually signals from multiple cells are superimposed
to a single ground resolution cell that produces layover (Ferretti et al., 2007)
(Figure 2.5a, b). In contrast, when the terrain gradient decreases, the resolution
cell dimension also decreases. The minimum resolution cell dimension (i.e.,
equal to the slant range resolution) is reached when the terrain gradient is
parallel to the LOS. This is also the lower gradient limit that can be imaged by a
SAR, as beyond this angle, the terrain is in shadow (Figure 2.5a, b).
When terrain slope decreases, the resolution cell dimension decreases.

2.3.2 Azimuth and Range Resolution

The resolution of SAR images is determined by the azimuth and range resolution.
The range resolution is defined by slant range and ground range resolution. We
represent the slant range resolution by AR which is defined by the speed of
light (c), and radar pulse-length (7). We represent the the ground range with R,
which is determined by the slant range resolution (AR;) and radar look angle
() (Brown and Porcello, 1969) as

AR, = <, (2.2)
2
AR,
R, = . 2.3
97 sinb 23)

The azimuth resolution (A L) can be defined by the radar wavelength (1),
antenna length (L), and slant range(p) (Brown and Porcello, 1969)

Ap
AL = —. 2.4
7 (2.4)

In order to improve the azimuth resolution, the antenna length should be very
large. However, the antenna length of the radar is limited to tens of meters. The
limitation of antenna length is handled by the Synthetic Aperture Radar (SAR)
approach in which multiple small antennas are mounted on the Radar which
record backscattered signals on multiple positions along the flight direction of
the satellite. So, the azimuth resolution of SAR becomes half of the antenna
length AL = £ (Zink, 2002) (Figure 2.6).

11
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Figure 2.5: Effect of topography on SAR image acquisition. (a) Slant range resolution
is affected by topographic gradient. (b) The positive topographic gradient incorporates
the layover effect and the negative gradient produces a shadow zone (Ferretti et al.,

2007).

Figure 2.6: Scketch of Synthetic Aperture Radar (SAR) antennas mounted on the Radar
which record backscattered signals on multiple positions along the flight direction of
the satellite. Here p is the distance between the illuminted targeted ground surface and
the antenna, ¢ is half illuminated ground length, and & is the pulse angle (Ferretti et al.,

2007).
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2.4 SAR Interferometry and Processing Techniques

The Sentinel-1 satellite revisits the same area after 12 days and records the
ground surface information from a slightly different position (Figure 2.7). The
position of the satellites is obtained by the satellite orbits. The shortest dis-
tance between both satellite positions is known as the interferometric baseline
(B) (Besoya et al., 2021; Ferretti et al., 2007) (Figure 2.7). The time difference
between both observations is called the temporal baseline, while a perpendicu-
lar (Bn) baseline is determined by the normal projection of the interferometric
baseline on the slant range (Figure 2.7). SAR images record the ground surface
information based on the backscattered signal as amplitude and phase. An
interferogram is produced through an interferometric phase of two SAR images
to estimate the deformation in the LOS direction (Bamler and Hartl, 1998; Javed
et al., 2022).

2.4.1 Interferometric Phase

The phase of each SAR image pixel is defined in equation 2.1. The interferometric
Phase is defined as the double difference between two single-look complex
(SLC) SAR phases (equation 2.5) assuming both satellites cover the same area of
interest with almost similar geometry. The interferometric phase is calculated
by using the following equation;

27

27
int — - = —ZR - —2R s
¢ t ¢2 ¢1 1 2 1 1

(2.5)

= 2277[(132 - Ry).

The interferometric phase (¢;n;) includes the deformation phase (@ge formation)

due to fault movement, topographic phase (¢:pographic), orbital phase (¢orpitar)

noise if precise orbit information is not available, atmospheric phase (¢atmospheric)

errors due to upper and lower atmospheric delays, and unwrap phase (¢unwrap)
noise during the InSAR data processing ;

¢int = ¢deformation + ¢t0pographic + ¢orbital + ¢atmospheric + ¢unwrap- (2~6)

Note that the interferometric-phase (¢;,;) is a cumulative phase change be-
tween two SAR acquisitions. To compute the phase changes caused by a tectonic
activity such as an earthquake, fault movement, landslides, and volcanoes, we
need to remove the contributions of topographic, atmospheric turbulence, and
satellite orbit errors to estimate accurate LOS displacement.

13
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Figure 2.7: The geometry of InSAR satellites used to obtain an interferogram using
two SAR satellites to monitor the surface deformation along the line-of-sight direction
(Besoya et al., 2021; Ferretti et al., 2007).
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2.4.1.1 Topographic Phase

The topographic phase is part of the InSAR signal, that is removed to accurately
measure deformation along the LOS direction (Massonnet and Feigl, 1998;
Massonnet et al., 1997; Zebker et al., 1994). The topographic phase is removed
from the interferometric phase, for instance using the Shuttle Radar Topography
Mission (SRTM) DEM models, however, it can also be done by using multiple
interferograms. The DEM method is simpler to implement, however, it is less
accurate if the DEM is not of high quality over mountainous regions. The mul-
tiple interferogram method is more accurate by having different perpendicular
baselines that allow us to separate the topographic phase from the deformation
phase, but it is also more complex to implement (Zebker and Goldstein, 1986).
An example of topographic noise is shown in Figure 2.8.

2.4.1.2 Atmospheric Phase Errors

Atmospheric phase errors are still a major concern in the InNSAR deformation
measurements because their contribution can produce a significant phase shift
in the interferogram. These delays are caused by spatio-temporal turbulence in
the water vapor content, and atmospheric pressure in the lower atmosphere, and
the stratification of the atmospheric column. The pressure is there in any case- it
decreases from the surface to greater heights (Z. Li et al., 2006; Z. Li et al., 2012;
Zebker et al., 1997). Since SAR satellite images are acquired at different times,
the radiations can be affected by varying atmospheric conditions. Therefore, it
is essential to remove atmospheric delays from InSAR data before estimating
surface deformation. These delays are generally divided into tropospheric phase
delays and ionospheric phase delays. Tropospheric phase delays are caused
by water vapor content or humidity, pressure, and temperature in the lower
atmosphere. These noise effects can be removed using a variety of methods,
such as the ERA5 reanalysis dataset, GACOS (Yu et al., 2018b), or numerical
weather models. However, the accuracy of numerical weather models can vary,
depending on the region and the time of year.

The ionosphere is mainly composed of ions and free electrons. The density
of electrons (TEC) is subjected to the geographic location, the sun’s activity,
and the orientation of the geomagnetic field (Shim et al., 2008). The turbulence
of the TEC can also occur due to magnetic storms. However, the ionosphere
interacts with the microwave radiations significantly especially for L- and X-
band satellites, and affects the precision of surface deformation measurements
(Figure 2.9). The application of ionospheric correction is mostly done by split
spectrum filters (Gomba et al., 2015). However, GACOS and ERA5 can also be
used to correct the ionospheric delays. The choice of atmospheric correction
method will depend on several factors, such as the availability of data, the

15
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Figure 2.8: The contribution of topographic noise in the velocity inferred from Sentinel-
1A time series from 30 October 2020 to 30 November 2021 at the central SFT zone in
the descending track T078. The GACOS corrections are already applied to remove the
stratified atmospheric noise that correlates with topography. The black rectangle shows
the deformation produced by the 2021 Mw 6.0 earthquake at the western SFT zone.
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Figure 2.9: The contribution of atmospheric and significant ionospheric noise in an
interferogram produced using L-band ALOS-2 ScanSAR data from 29 September 2021
to 10 October 2021 at the western SFT zone. The black rectangle shows the deformation
produced by the 2021 Mw 6.0 earthquake at the western SFT zone.

accuracy requirements of the application, and the computational resources
available. The example of scattered tropospheric, and ionospheric noise is
shown in Figure 2.9.

2.4.1.3 Unwrap Phase Errors

Phase unwrapping is an essential step in InSAR processing to accurately measure
surface deformation. Without phase unwrapping, the interferogram would only
provide an ambiguous measurement of the terrain altitude, which would make
it difficult to identify and measure small elevation changes. Resolving the 27
ambiguity in the interferometric phase during phase unwrapping can introduce
an error (Ferretti et al., 2007; Goldstein et al., 1988). This is a challenging step,
especially in regions with high topographic gradients, and high noise levels.
However, there are several effective phase unwrapping algorithms available to
unwrap the phase accurately (Goldstein et al., 1988; B. Wang et al., 2023; Zhou
et al., 2020)

17
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2.4.1.4 Other sources of Noise

In an ideal case, one dominating scatterer may be present in each resolution cell,
however, we find multiple elementary scatterers in each resolution cell, which
could be changed between two SAR observations time intervals. Therefore,
the presence of several scatterers varying with time in each resolution cell
introduces the phase noise. Temporal variations of scatterers are prominent
in areas with crops, vegetation, forests, and water basins, and we can find a
significant change in scatterers between the two acquisitions of the two SAR
images, whereas buildings in the cities, and exposed rocks remain unchanged
for several decades.

The change of scatterers in time produces the phase noise. When we have
multiple combinations of elementary backscatterers, the speckle will change
even if the scatterers remain unchanged over time due to the critical baseline
of the interferometric phase. The critical baseline is determined by the terrain
slope, and the interferometric phase above the critical baseline will be con-
sidered pure noise. however, it can be removed by designing filters (Ferretti
et al., 2007). Once all the significant phase errors have been removed from the
interferometric phase, the remaining phase can be used to estimate surface
deformation accurately.

18
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2.5 Earthquake Deformation Cycle

In the last several decades, the space geodetic revolution has provided us with
the ability to monitor the behavior of fault zones with an accuracy of about 1 mm.
The crustal deformation around a major fault zone for a complete earthquake
cycle (Figure 2.10) is commonly divided into;

« Coseismic deformation
« Postseismic deformation
« Interseismic deformation

However, interseismic and long postseismic deformation phases are sometimes
challenging to separate.

2.5.1 Coseismic Deformation

Coseismic deformation (Figure 2.10, 2.11, and 2.12) that occurs during an
earthquake is routinely measured from geodetic observation. The ability of
SAR is remarkable to cover all over the globe and record images in the form of
phase and amplitude without any instrument being installed on the ground. The
phase and amplitude images, before and after an earthquake are further used to
compute the interferograms showing the deformation. The InSAR observations
can be used to constrain the ruptured fault geometry and then the distribution
of slip over the fault of the earthquake (Barbot et al., 2023; Cakir et al., 2023;
Javed et al., 2022) (Figure 2.11, and 2.12).

The source fault parameters estimated from space geodesy have several
advantages over other traditional models, especially for shallow major earth-
quakes. The geodetic source fault models provide accurate epicenter locations
of earthquakes, surface ruptures, and orientations of the rupture. In addition,
the slip distribution of the shallow earthquakes over the ruptured fault plane
determined from geodetic observations is more reliable than that determined
from seismology (Funning et al., 2014). The fault can be divided into multiple
segments based on literature, geological field observation, and SAR interfer-
ograms to model the slip distribution (Barbot et al., 2023; Javed et al., 2022).
However, there are also some ambiguities in the source fault geometries such
as hypocentre location, and dip of the fault determined from SAR interfer-
ometry, particularly for moderate to small earthquakes in regions with large
atmospheric, and topographic variations. It is challenging to fully remove the
atmospheric errors. The example of a coseismic deformation measured from
Sentinel-1 ascending and descending interferograms is shown in Figure 3.1b, c.
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Figure 2.10: . The different stages of a fault behavior during an earthquake cycle. Space
geodesy provides great insights to understand the distinct phenomena occurring during
interseismic, coseismic, and postseismic phases.

2.5.2 Postseismic Deformation

After a major earthquake, we usually find a phase of transient and postseismic
deformation, which arises from the adjustment of the crust and mantle due to
stress changes that occur during an earthquake as shown (Figure 2.10, 2.11,
and 2.12). The rates of transient deformation for large earthquakes vary with
time and space and are determined by the viscoelastic relaxation phenomena.
The mechanism of time-dependent postseismic processes is critical to gain
insights into the seismic cycle of a fault. We find several mechanical processes
involved that could produce the postseismic deformation, such as viscoelastic
relaxation of rocks at the deeper zones of the seismogenic layer (Freed and
Birgmann, 2004; Pollitz et al., 2001), aseismic or transient slip within the rup-
tured zone often at the downdip (Savage and Svarc, 1997), and local poroelastic
rebounds caused by fluid flow in the pores during an earthquake (Fialko, 2004a;
c; S. Jonsson et al., 2003; Peltzer et al., 1998) (Figure 2.11, and 2.12).

In the early stages, the deformation often occurs near the rupture zone mostly
dominated by afterslip both at shallow and deeper depths below the ruptured
fault and also multiple forms of poroelastic rebounds. Later, in the far field, we
find the deformation induced by viscoelastic relaxation phenomena in the upper
mantle and lower crust (Figure 2.11, and 2.12). If the postseismic deformation
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Figure 2.11: Space geodetic revolution helps us to monitor the behavior of faults
and measure time-dependent parameters of deformation to insight into the entire
earthquake cycle. Coseismic deformation occurs over a fault in the seismogenic crust.
Postseismic deformation in the form of shallow and deep after-slip started shortly
after an earthquake. The shallow after-slip occurs in the brittle upper crust, and the
deep after-slip occurs in the ductile lower crust and upper mantle. Interseismic strain
accumulates across the fault zone for the rest of the period of the earthquake cycle. The
figure is modified from (Elliott et al., 2016)

phases mentioned above can be distinguished from each other, could provide
valuable information about the fault zone hosting earthquakes, and ambient
rock features. In addition to the creeping slip rates on a fault during postseismic
deformation, frictional properties of the rupture can be inferred during the
afterslip, pore fluids and porosity of the rocks during poroelastic phenomena,
and rheological properties of the substrate during viscoelastic relaxation phe-
nomena. Furthermore, measuring creep rates prior to an earthquake is equally
important, especially for the faults that break in the form of segments and host
often major earthquakes.

2.5.3 Interseismic Deformation

Interseismic deformation phase occurs between earthquakes and typically shows
a steady motion on either side of the fault as shown in Figure 2.10, 2.11, and 2.12.
At this stage, the fault is locked at the upper crust of the seismogenic layer,
however, we find the deformation due to movement at the lower crust and upper
mantle (Figure 2.11, and 2.12). Such deformation is distinguishable, particularly,
in the case of the major strike-slip faults such as the NAF and EAF zones.

The interseismic deformation is mainly focused around the fault zone (Garth-
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regimes. Star indicates the hypocentral location of a presumed earthquake, T = 0
represents the time earthquake nucleation. The figure is modified from (Albano et al.,
2021)

waite et al., 2013; Walters et al., 2011) (Figure 2.11). Some authors have success-
fully modeled such deformations assuming the boundaries of tectonic blocks are
thin, extending exclusively from the surface to the greater depths. The entire
boundary zone, except the locked upper crust of the tectonic blocks, moves
at a constant rate (Savage and Burford, 1973; Weertman, 1966) (Figure 2.11,
and 2.12). However, we cannot distinguish the distributed shear below the
seismogenic depth of around 15 km, typically at the upper mantle on the narrow
fault zone using solely InSAR and GPS data (Elliott et al., 2016; Moore et al.,
2000). Though, the steady interseismic slip rates estimated from geodetic obser-
vations can be compared with the rates derived from geological measurements
estimated by geodating techniques of the sites around the fault zones (Meade
et al., 2013; Thatcher, 2009). Therefore, short-term geodetic measurements can
be very useful to estimate the long-term slip rates of the tectonic blocks.
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3 Coseismic Folding at the front of
the Sulaiman Fold and Thrust belt

Abstract

The Sulaiman Fold and Thrust (SFT) belt in Central Pakistan formed during
the India-Eurasia collision in the late Cenozoic. However, the mechanics of
shortening of the brittle crust at time scales of seismic cycles is still poorly
understood. Here, we use spaceborne Radar interferometry to analyze the
deformation associated with the 2015 moment magnitude (Mw) 5.7 Dajal blind
earthquake at the eastern boundary of the SFT. We use kinematic inversions
to determine the distribution of slip on the frontal ramp and of flexural slip
along active axial surfaces for the forward- and backward-verging two end-
member models: a double fault-bend fold system and a fault-propagation fold.
In both models, a décollement branches into a shallow ramp at approximately
7.5 km depth with coseismic folding in the hanging wall. The Dajal earthquake
ruptured the base of the Boundary Thrust buried under the sediment from the
Indus River floodplain, representing fault-bend or fault-propagation folding
some 30 km off its nearest surface exposure.

The work has been published in (Javed et al., 2022), here the text and figures
are reproduced from the publication.

3.1 Introduction

The kinematics of crustal deformation at fold-and-thrust belts is complicated
by the interaction between faulting and folding (Chapple, 1978; Mufioz and
Charrier, 1996; Poblet and Lisle, 2011; Price, 1981; Sepehr and Cosgrove, 2004).
Complex fault geometry causes shortening in the hanging wall that is accom-
modated by flexural slip, a type of plastic deformation that results from slip
on multiple bedding planes in sedimentary strata (Couples et al., 1998; K. M.
Johnson, 2018; K. M. Johnson and A. M. Johnson, 2002; Kaneko et al., 2015;
Sathiakumar et al., 2020; Suppe, 1983; Tanner, 1989). Subduction zones exhibit a
thrust-and-fold belt in the forearc near the trench (D. Davis et al., 1983; Kopp
and Kukowski, 2003; Qiu and Barbot, 2022; Saffer and Bekins, 2002), even in the
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3 Coseismic Folding at the front of the Sulaiman Fold and Thrust belt

poorly developed frontal prism of erosive margins (Eakin et al., 2014; Tsuji et al.,
2014; Von Huene et al., 1985). Fold-and-thrust belts can also be found at the
margin of collision zones (Hubbard et al., 2016; 2015; Lavé and Avouac, 2000; Yue
et al,, 2005) and in other transpressive settings (Lai et al., 2006; Namson and T. L.
Davis, 1988; Shaw et al., 2004; Shaw and Shearer, 1999; Shaw and Suppe, 1994;
1996; Tapponnier et al., 1990). The role of folding on the long-term build-up of
topography is well explained in various tectonic environments (T. L. Davis et al.,
1989; Kastelic and Carafa, 2012; Mahanjane and Franke, 2014; Shaw et al., 2005).
However, the mechanical coupling between folding and faulting during seismic
cycles is still poorly understood. Some observations (Kuo et al., 2014; A. Lin
et al., 2001; J. Lin and R. Stein, 1989) and numerical modeling (Sathiakumar
et al.,, 2020) indicate that coseismic folding is possible, but how this deformation
occurs in the crust is still poorly resolved.

The relative convergence between the Indian subcontinent and the Afghan
block results in underthrusting of the Indian plate (Figure 3.1a). The western
margin of the India-Eurasia collision belt, which accommodates around half of
35-46 mm/yr of relative plate motion (Ul-Hadi et al., 2013), provides an ideal
setting to study the mechanics of an active fold-and-thrust belt (Figure 3.1a)
(Banks and Warburton, 1986). The shear component is accommodated along the
transform boundary of the Chaman Fault (CF) system but shortening is taken
up by the transpressive Kirthar Fold Thrust (KFT) and the Sulaiman Fold Thrust
(SFT) (Bernard et al., 2000; Fattahi and Amelung, 2016; Saif-Ur-Rehman et al.,
2020; Szeliga et al., 2012). The deformation front separating Eurasia from the
Indian subcontinent in Central Pakistan is the Boundary Thrust (BT), at the
eastern limit of the SFT. The SFT belt is seismically active with many devastating
earthquakes occurring within a complex network of blind thrusts, fault bends,
duplex structures, and strike-slip faults (Banks and Warburton, 1986; Jadoon,
1995; Prevot et al., 1980). The historical earthquakes and fault plane solutions
in the SFT belt in the last three decades are shown in Figure 3.1a. The regional
seismicity is characterized by thrust and a few strike-slip earthquakes (Pezzo
et al., 2014; Reynolds et al., 2015). For example, the doublet thrust of Mw
6.9 events that occurred on February 27, 1997, separated by approximately 19
seconds, caused many fatalities and major economic loss (Nissen et al., 2016).
Although the Central and Western SFT are characterized by well-developed
fault-bend folding structures, the structures in the eastern SFT zones are under-
developed (Banks and Warburton, 1986; Khan and Scarselli, 2021; Saif-Ur-
Rehman et al,, 2019), experiencing only moderate-size NE-SW and E-W thrust
earthquakes, with a deficit of large (Mw>6.0) earthquakes along the BT in the
last several decades. Large cities with a population of more than 3 million are
located approximately 10 to 50 km from the BT (Figure 3.1a).

On October 23, 2015, a Mw 5.7 earthquake occurred near Dajal, 55 km SSW of
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Figure 3.1: Tectonic settings and historical earthquakes (yellow circles) with M>3.5 on
SFT belt. a) Faults abbreviated with BT — boundary thrust, CF — Chaman Fault, GBF -
Ghazaband Fault, KF - Kingri Fault, KT - Kamari Thrust, KHT - Karahi Thrust (Pezzo
et al., 2014). Focal mechanism solutions in blue (Nissen et al., 2016), orange (Pezzo et al.,
2014), GCMT catalog, dark gray (Reynolds et al., 2015), black (Bernard et al., 2000), and
white circles (Ambraseys and Bilham, 2003). The dark red moment tensor is the 2015
Dajal earthquake epicenter, shown above the slip distribution. The inset shows the
geographical location of the SFT belt and the relative motion (36 mm/yr) between the
India and the Afghan block (Ul-Hadi et al., 2013). b) and c¢) Ascending and descending,
wrapped LOS displacement of the 2015 Dajal earthquake.
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3 Coseismic Folding at the front of the Sulaiman Fold and Thrust belt

Dera Ghazi Khan, one of the most populated cities of Punjab province, Pakistan
(Figure 3.1a). The earthquake occurred at the eastern boundary of the SFT,
providing an opportunity to study the interaction of coseismic slip and folding
within an active fold-and-thrust belt (Figure 3.1b, c). Here, we investigate the
deformation induced by the 2015 Mw 5.7 Dajal earthquake to gain new insights
into the mechanics of folding through flexural slip during the seismic cycle.
The orientation and maturity of the frontal fold-and-thrust belt is still poorly
understood. A preliminary geological interpretation of a controlled-source
seismic profile across the BT some 20-30 km north of the epicenter infers the
presence of a shallow thrust, dipping eastwards at an angle of 30° to 40°, possibly
rooted in a décollement at 5 — 10 km depth forming a double fault-bend fold
(FBF) or a fault-propagation fold system (FPF) (Humayon et al., 1991; Saif-Ur-
Rehman et al., 2019). The double FBF system is defined by two horizontal
décollements separated by a frontal ramp and associated active axial surfaces
originating at the fault bends (Suppe, 1983), whereas the FPF system involves a
deeper horizontal décollement and the frontal ramp that terminates below a
thick sediment layer along with their associated axial surfaces initiated at the
fault bends and top of the fold (Sathiakumar et al., 2020; Suppe, 1983; Suppe
and Medwedeff, 1990). A more recent interpretation of the controlled-source
seismic profiles at the Eastern SFT zone in addition to the other geological and
field observations invokes a FBF system with a pair of forward- and backward-
verging faults (Humayon et al., 1991; Saif-Ur-Rehman et al., 2019).

3.2 Methods of INSAR Processing and Modeling

3.2.1 InSAR Analysis

We select two pairs of Sentinel-1A observations of ascending track T — 071 and
descending track T—005 in TOPS mode that have the shortest perpendicular and
temporal baselines with the least seasonal atmospheric variation to retain high
correlation. Features of these datasets including orbit number, track, incidence
angle, and heading angle of ascending and descending tracks are given in Table
3.1. We generate the ascending and descending interferograms using single look
complex (SLC) products through the GMT5SAR code (Sandwell et al., 2011).
We mostly follow the default procedure for processing and filtering. We use
the amplitude image and a 1-arc-second SRTM digital elevation model (Farr et al.,
2007) for co-registration and to produce the topographic phase correction. We
generate the unwrapped interferometric phase for the ascending and descending
acquisitions. We improve the co-registration through 1) geometric alignment
on the basis of precise orbit (Sansosti et al., 2006), 2) de-ramping of SLC before
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3.2 Methods of InSAR Processing and Modeling

Table 3.1: Features of Sentinel-1A interferometric pairs

Image pair | Track Perp. base- | Temp. Inc. angle | Head.

(yy/mm/dd) line (m) baseline °) platform
(days) ©)

2015/10/17— | ASC - | 174 24 36 — 39 —12.59

2015/11/10 | T071

2015/10/01— | DSC — | 40 48 36 — 39 167.35

2015/11/18 | T005

interpolation of data (Miranda et al., 2015) and 3) mitigation of mis-registration
on the basis of the spectral technique (Prats-Iraola et al., 2012). Azimuth co-
registration is more difficult in TOPS mode acquisition than conventional strip
map (De Zan and Monti Guarnieri, 2006). After high-quality co-registration,
we remove the effect of topography from the SAR interferogram. In the first
stage, we use a Gaussian filter with a wavelength of 200 m, and in the second a
Goldstein filter is applied to the interferograms (Baran et al., 2003; Goldstein
and Werner, 1998). We use SNAPHU (C. Chen and Zebker, 2002) software to
unwrap the interferogram with a threshold coherence of 0.15. Each subswath
of interferometric SAR acquisition is processed individually and independently
within its corresponding coordinates. In the end, geocoding is applied to transfer
the radar coordinate system to the geographic coordinate system.

With aim to define the data region to consider in the inversion, we have
made a simulation of the expected surface deformation signal for a single fault,
assuming an average dislocation. We find the signal to be confined to a region of
0.2° x 0.2° and to decay quickly from its central part, with a noise level of about
2 mm. This region limits the square of useful data since at greater distances we
cannot expect to have any signal in the data, but just add data with noise or
with a signal which has nothing to do with the earthquake. The topography
of the deformed region is flat, which is a favorable situation in relation to
atmospheric effects since they are correlated with topography. Nonetheless,
we have tested also the interferograms on a wider region (0.6° x 0.6°) taking
acquisitions before and after the 2015 Dajal earthquake, as shown in Figure 3.2.
The figure clearly shows the presence of atmospheric noise to the west of the
Dajal earthquake deformation zone (Figure 3.2a - e), although we had applied
the GACOS for InSAR (Yu et al., 2018b) and removed atmospheric noise. We
find significant noise on the western side of the coseismic deformation zone
in the interferograms of 10 November to 17 October 2015 (Figure 3.2a). This
noise signal is absent in the descending interferogram from 01 October to 18
November 2015 (Figure 3.2f), which demonstrates that the western signal on
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Figure 3.2: LOS displacement for ascending (a-e), and descending (f) tracks, calculated
using Sentinel-1A interferograms for time couples before, after, and across the 2015
Dajal earthquake of 23 October 2015.

LOS on the ascending interferogram is due to noise. Moreover, the noise is lower
in the ascending track for the 10 November to 04 December 2015 interferogram
(Figure 3.2e). This shows that the noise is probably due to local strong rains
that affect the area in fall and is stronger where the topography rises steeply,
which is to the western side of the deformation zone. We can clearly observe
the region outside 0.2° x 0.2° area is noisy and can reach up to 15 - 20 cm. The
inclusion of this wider area has a significant impact on the results, as the noise
level is higher than the signal at those distances.

3.2.2 Error Estimation

Variance and covariance of the datasets are generally estimated experimentally
to characterize the InSAR data errors that have occurred due to phase decor-
relation. The InSAR errors arise mainly due to varying ionosphere and water
vapor content in the upper atmosphere and lower atmosphere respectively
(Hanssen et al., 1999). The error can also be encountered due to steep topo-
graphic variations at the site and anisotropic spatial variability. We estimate
the spatial variability of both ascending and descending interferograms using a
semi-variogram (Wackernagel, 2003) by measuring the dissimilarity. We use
the unbounded exponential function to compute dissimilarities with nugget,
sill, and range variances for the ascending and descending interferograms sep-

28



3.2 Methods of InSAR Processing and Modeling

arately in Table 3.2. Subsampled points used for Bayesian inversion for both

interferograms are shown in Figure 3.3b, d respectively.

Table 3.2: Detail of interferogram errors calculated using semi-variogram

Track Sill Nugget Range Threshold | Subsample
(mm)? (mm)? (km) (mm)? (points)

ASC —T071 | 0.12 1.4x107* | 9.75 1.0x 1072 | 238

DSC —T005 | 0.038 2.3%x 1073 | 12.07 45x1072 | 178

3.2.3 InSAR Modeling

We apply the Geodetic Bayesian Inversion (GBIS) approach (Bagnardi and
Hooper, 2018) to the ascending and descending space-borne SAR interfero-
grams covering the 2015 Dajal earthquake (Table 3.1). After estimating the
experimental semivariogram by masking out the deformation zone, we use
full-resolution InSAR data and then subsample both ascending (number of
subsamples: 238) and descending (number of subsamples: 178) interferograms
based on an adaptive quadtree gradient-based algorithm (P. Jonsson and Ek-
lundh, 2002; Simons et al., 2002) using a threshold variance as given in Table 3.2.
The large dataset is commonly subsampled in the Bayesian inversion to reduce
the large computation time, and achieve enough information for a successful
inversion (Bagnardi and Hooper, 2018). We prefer the gradient-based algorithm
because the density of the samples is directly proportional to the displacement
gradient and it recursively divides the LOS displacement into further four poly-
gons each time, unless it achieves the selected threshold variance for ascending
(1.0 X 1072mm?) and descending (4.5 X 10~2mm?) interferograms (Figure 3.3a,
c).

We generate a kinematic synthetic model for a uniform rectangular disloca-
tion source (Okada, 1992). The ascending and descending interferograms show
the surface deformation of approximately 45 and 50 mm along their respective
LOS direction (Figure 3.6a, b). Synthetic models (Figure 3.6¢c, d) with a single
fault patch agree well with InSAR observed data, with average residuals of the
order of average 2.3 mm for both interferograms (Figure 3.6e, f). We efficiently
categorize the posterior probability density (PDF) of the ruptured fault geometry
of the 2015 Dajal earthquake with automatic step size using the Metropolis-
Hastings algorithm and the Monte Carlo Markov chain method (Fukuda and
K. M. Johnson, 2008; Hastings, 1970; Metropolis et al., 1953; Tarantola, 2005;
H. Wang et al., 2017). We use 10° iterations to define posterior PDF, discarding
the first 20,000 samples. We have used the epicentral location from seismic
waveform modeling retrieved from the US Geological Survey (USGS, 2020),
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Figure 3.3: The adaptive quadtree gradient-based subsampling and semi-variogram
analysis. a, b) The subsampling and semi-variogram to estimate the covariance of the
processed interferogram during ascending track respectively. The ascending interfero-
gram is subdivided into 238 points with the threshold variance of 1.0 x 1072 mm?. c,
d) The subsampling and semi-variogram to estimate the covariance of the processed
interferogram during descending track respectively. The descending interferogram
is subdivided into 178 points with the threshold variance of 4.5 X 1072 mm?. Blue
(solid lines) is the exponential function of the semivariogram while Red (blocks) is the
experimental semivariogram. The local origin for both interferograms is 70.289°E and
29.662°N.
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Figure 3.4: Histograms of source fault model parameters through Bayesian inversion
approach with 10° samples, on wider area of 0.6° x 0.6°. The y-axis represents the
probability density, and the red line indicates the optimal model values with 95%
confidence interval for GACOS corrected data. (Rejected solution).

and ISC (International Seismological Centre) (Lentas et al., 2019) database as
prior information. The inversion is also done on the wider area of 0.6° X 0.6°,
which extends beyond the central earthquake deformation zone (Figure 3.2).
The wider area is significantly affected by the atmospheric noise accentuated
westwards of the epicenter. The noise in the wider area propagates into a
greater uncertainty level and misfit in the results, for which reason this solution
is discarded (Figure 3.4). The posterior distribution of the final ruptured fault
geometry is shown in Figure 3.5. The observation, synthetic, and residual of
the final rupture models for the ascending and descending tracks are shown in
Figure 3.6 The fault geometry with the 95% confidence interval is given by fault
dip (40° + 12), strike (194° =+ 6), length (14.7 km +2.8), width (2.9 km +1.2), and
depth (6.5 km +1.2) (Table 3.3). We use 10° iterations to define posterior PDF,
discarding the first 20,000 samples. We have also used the epicentral location
from seismic waveform modeling retrieved from the USGS NEIC database as
prior information.
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Figure 3.5: Histograms of source fault model parameters through Bayesian inversion

approach with 10° samples, on area of 0.2° x 0.2°. The y-axis represents the probability

density, and the red line indicates the optimal model values with 95% confidence interval.
The optimal model has fault length around 15 km, width 2.9 km, depth 6.5 km, dip 40°,
strike 194°, and average slip 0.28 m. (Best solution).

Table 3.3: The estimated source fault parameters, inverting both ascending and de-

scending interferograms along with their uncertainties by assuming single fault plane

and ignoring fault-bends

Model | Lon | Lat Str | Dip| Rake L w Dep | Slip | Mo Mw
©) ©) ) 1) [ ) | (m) | (km) | (km) | (m) | (10" Nm)
USGS | 70.326 | 29.638 | 194 | 30 | 70 | - - 155 | - 3.096 5.59
- - 182 | 47 | 68 | - - 11.0 | - 1.792 5.44
GCMT| - - 186 | 41 | 56 | - - 12.0 | - 3.471 5.63
ISC 70.353 | 29.618 | 192 | 46 | 45 | - - 19.8 | - - 5.5
InSAR | 70.28+| 29.66+| 1944 40+ 79+ | 14.7+| 2.9+ | 6.5+ | 0.28+3.94 + | 5.66=+
0.03 0.02 6 12 | 10 | 2.8 1.2 1.2 0.14| 4.0 0.30
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Figure 3.6: Single fault plane solution by using GBIS approach a, b) observation, c, d)
synthetic interferogram and e, f) residual of the ascending track (T071) and descending
track (T005) respectively. The deformation along the LOS displacement is approximately
50 mm and 45 mm along with less than 2.3 mm residual for descending and ascending
track respectively. The focal mechanism solution (red colored) is produced by using
inverted ruptured fault parameters and the focal mechanism solution (black colored) is
taken from USGS.
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3.3 Kinematic Inversions and Folding

Considering the uncertainties in fault orientation, we present kinematic inver-
sions of InSAR for two end-member models of coseismic folding that imply
different stages of development of the frontal section: a double synclinal and
anticlinal FBF system (Suppe, 1983) and a FPF system (Suppe and Medwedeft,
1990) (Figure 3.7). In addition, we consider either a forward-vergent (dipping
westward), or a backward-vergent (dipping eastward) thrust. We take folding
in the hanging wall into account explicitly by inverting for the spatial distri-
bution of flexural slip along the active axial surfaces. In the FBF model with a
backward-vergent thrust, considerable movement occurs on the west-dipping
axial surfaces, which is physically implausible (Figure 3.8c). In the forward-
vergent cases, flexural slip accumulates above the hinge of the ramp-décollement
system (Figure 3.8a, b), with an amplitude compatible with predictions from bal-
anced cross-sections for long-term deformation (Sathiakumar et al., 2020). Our
observations show that folding occurred either during the earthquake rupture
or during the short post-seismic phase that followed, which is also captured by
the InSAR data. The 2015 Mw 5.7 Dajal earthquake was presumably confined
within the blind ramp of the FPF or of the FBF system representing the frontal
extension of the BT, where it is buried under the Miocene or younger sediment
of the Indus River floodplain. These observations document the seismic poten-
tial of blind ramps and axial surfaces in fold-and-thrust belts and the control on
final rupture size by fault-bends and surrounding folds.

In FBF and FPF models, the geometry of the active axial surfaces is obtained
assuming the conservation of layer thickness, length, and cross-sectional area
of the incoming sediment in a balanced cross-section (Suppe, 1983; Suppe and
Medwedeff, 1990). Assuming no cut-off angle between the incoming thrust sheet
and the basal décollement for the FBF model (Figure 3.7a), the axial surface must
bisect the décollement-ramp system, resulting in an angle of 70° clockwise for
the deeper décollement, and 110° anti-clockwise for the shallower décollement
(Figure 3.7b). For the FPF (Figure 3.7c), the axial surface 1 bisects the ramp-
décollement with 70°, the axial surfaces 3 and 4 bisect the wedge above the
top of the fold at 55° and 70°, respectively, whereas axial surface 2 bisects the
frontal fold with 55° (Figure 3.7d). We consider V;, V3, the long-term slip-rate
above and below the fault (dark line), and V; is the long-term slip-rate along
the active axial surface (Figure 3.7a,b). The angle between V; and V3 is 40°, V;
and V; is 70° forms the closed hodograph shown as an inset in the (Figure 3.7b).
The hodograph of the axial surface 2 is the same, but with a reversed sense of
slip rates (Sathiakumar et al., 2020). The motion along the two top-fold axial
surfaces 3, and 4 is explained by the closed hodographs (Figure 3.7d). V; is the
long-term motion of the rocks in wedge above the two top-fold axial surfaces
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(a) Fault-bend fold (FBF)

3.4 Kinematic Inversion of Coseismic Slip and Folding
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(c) Fault-propagation fold (FPF)

(d) Fold-growth axial surfaces

T 7
Axial f’,’
surface 1
v

Axial

.~ surface 2

A 55

-41.25° .

Y700

Axial v

/Yn , V. ss&n

surface 4 x

h AR

7 Axial
{ surface\3

8250 ™
_V2 V.‘
LS00

¢ A\ . P A\
< ; g B v, L v,
70° % //'I : '\‘ /
— A s A,

Figure 3.7: End-member models of fault-related folds in a representative cross-section.
a) Double FBF model with syncline and anticlinal fault bends and active axial surfaces.
b) Long-term slip directions along the décollement, ramp, and axial surfaces. The
three velocity vectors close the hodograph (inset). Flexural slip on axial surfaces
accommodates the advection of thrusted sediments as they start or stop climbing the
ramp. The unit vector n is normal to the axial surface. c) FPF with four active axial
surfaces (long dashed lines). The domains surrounded by active axial surface move
at the same long-term velocity. The passive axial surface (short dashed line) does not
contribute to internal deformation. d) Relative motion along the top axial surfaces 3 and
4 of the fault-propagation fault model closing the hodographs (inset). The end-member
models are extruded along a 194° strike to form a three-dimensional structure for the
purpose of inversion.

parallel to the passive axial surface — connects the dipping ramp and the two
top-fold axial surfaces — at an angle of 82.5° from the horizontal. V; is -41.25°
from the axial surface 4, and V3 = 83.5° from axial surface 3 forms the two closed
hodographs at axial surface 4, 3 respectively (Figure 3.7d). We also consider
alternative models with the conjugate dip direction for the ramp with a similar
structure but the opposite sense of motion.

3.4 Kinematic Inversion of Coseismic Slip and Folding

The 2015 Mw 5.7 Dajal earthquake occurred in a remote location, outside of any
ground-based geodetic observatory. Fortunately, the deformation was captured
by the spaceborne SAR Sentinel-1A. To document the surface deformation
induced by the earthquake, we generate the Sentinel-1A ascending (ASC071) and
descending (DSCO005) interferograms (Figure 3.1b, c), allowing us to constrain
two directions of deformation. The ascending radar images were acquired
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3 Coseismic Folding at the front of the Sulaiman Fold and Thrust belt

on October 17" and November 10'; the descending images on October 1°
and November 18", 2015, capturing 18 and 26 days of potential postseismic
deformation in addition to the coseismic deformation. The seismic moment
My = 3.94 x 107 N m, assuming a shear modulus of 32 GPa, is calculated using
the mean value of the probability distribution of the source model parameters,
corresponding to Mw 5.7. The epicentral location and source properties are
similar to inferences from the U.S. Geological Survey (USGS) (USGS, 2020), and
the ISC (Lentas et al., 2019) (Table 3.3). The depth of 6.5 + 1.2 km is similar to
past events in the Eastern SFT region (Reynolds et al., 2015). This simple model
indicates that the rupture took place on a 40 + 12°-dipping thrust with strike
194 + 6°, located east of the exposed SFT, buried deep below the Miocene or
younger sediment of the Indus River floodplain. We use this result to construct
a three-dimensional model of coseismic deformation compatible with the fold-
and-thrust tectonic setting.

Based on the fold-and-thrust tectonic environment, we investigate forward-
and backward-vergent thrusts for two relevant end-members of fault-bend
geometries of crustal deformation that involve fault slip at the base of the thrust
sheet and folding in the overlying sedimentary strata. In all cases, we surmise
that a blind extension of the BT extends towards the Dajal earthquake epicentral
area. In the FBF model, we consider slip on the décollement-ramp-décollement,
and flexural slip along two active axial surfaces initiated at the fault-bends
(Figure 3.7a). For the FPF, the model includes slip on the décollement-ramp
system and flexural slip on the four active axial surfaces: one aligned with the
hinge of the fault bend, two at the top of the fold, and one at the tip of the
ramp (Figure 3.7c). In simple models of folding, flexural slip accommodates
the advection of thrusted sediments through the active axial surface as they
start or stop climbing the ramp. This localized plastic deformation can be
represented by dislocation theory, whereby the nucleus of strain is defined by
the unit normal vector n of the axial surface and the direction of long-term
motion (Sathiakumar et al., 2020). Even though faults and active axial surfaces
are drastically different objects, their short-term effect on displacement and
stress in the surrounding elastic medium can be represented by double-couple
moment tensors and elastic solutions. The direction of long-term motion along
an axial surface is the difference between the long-term velocity vectors in
the domains that it separates (Daout et al., 2016a; b; Sathiakumar et al., 2020)
(Figure 3.7b, d). Assuming no cut-off angle of incoming sediment implies the
same slip-rate on the ramp and on the décollement, although with different
vector directions. The absolute value of long-term slip rate is not required to
determine the direction of long-term relative motion along axial surfaces. The
geometry of the active axial surfaces is obtained assuming the conservation of
layer thickness, length, and cross-sectional area of the incoming sediment in a
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3.4 Kinematic Inversion of Coseismic Slip and Folding

balanced cross-section (Suppe, 1983; Suppe and Medwedeff, 1990). If folding is
entirely coseismic with 40° fault-bends, flexural slip should amount to a fraction
of the coseismic slip equal to 2 sin(20°) = 0.68, corresponding to the closure of
the hodograph formed by the relative velocity vectors on the décollement, ramp,
and axial surface for both forward and backward-vergent models (Figure 3.7).

We consider the fault-related fold geometries laid out in Figure 3.7 and the full
resolution InSAR observations to estimate the deformation models and corre-
sponding residuals for the forward- and backward-vergent thrusts (Figure 3.9a-r).
We model surface deformation due to slip on the ramp and the décollement
using analytic solutions (Okada, 1985). For the forward- and backward-vergent
FBF models, we determine the distribution of slip on the ramp, two décolle-
ments, and the flexural slip over the two axial surfaces through a non-negative
least-squares inversion where motion is aligned with the direction of long-term
motion (Barbot et al., 2013; Jonsson et al., 2002). We discretize the model into
square patches of 800 m length allowing non-zero along-strike and down-dip
slip. We use a L-curve (Aster et al., 2012; Parker, 1994) to resolve the trade-off
between misfit and roughness (Figure 3.10c). The coseismic rupture is much
elongated, almost entirely confined to the ramp, with along-strike rupture prop-
agation from north to south, parallel to the BT. Virtually no slip takes place on
the shallower or deeper décollements (Figure 3.8a). The model produces up to
24 cm of flexural slip along the deeper axial surface 1, concentrated near the
nucleation area to the north. There is virtually no flexural slip on the shallow
axial surface (axial surface 2). There are notable differences for the backward-
vergent FBF, which showcases more flexural slip on the axial surfaces than fault
slip in the immediate neighborhood of the ramp (Figure 3.8c).

We now consider the FPF with either a forward- or backward-vergent thrust
(Figure 3.8b, d), modeled as a ramp-décollement system with four active axial
surfaces. We resolve the spatial distribution of fault and flexural slip using
the same approach as above. Both FPF models reveal around 20 cm of flexural
slip on axial surface 1, but virtually no flexural slip on surfaces 2, 3, and 4
(Figure 3.8b, d). In the forward-vergent FBF and FPF, the flexural slip follows
the pattern of coseismic slip on the ramp. For the backward-vergent models,
flexural slip only occurs near the up-dip tip of the ramp rupture, and coseismic
slip is mostly confined on the frontal ramp, with the maximum slip of 50 and
45 cm found at 7.0 km depth respectively (Figure 3.8b, d). The potency density —
the average change of strain around the earthquake, i.e., the stress drop divided
by the rigidity of the country rocks — is 44 micro-strain, comparable with
that of the 2013 Mw 7.7 Balochistan, Pakistan earthquake, which had a similar
centroid depth, and consistent with the general trend of potency density of
thrust earthquakes worldwide (Nanjundiah et al., 2020).

We explore the orientation of the ramp with dip of 30°, 40°, and 50° for all
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Figure 3.8: Kinematic models of the Mw 5.7 Dajal earthquake for two-end member
fault-related fold geometries and two vergence directions. a, ¢) Forward- and backward-
vergent FBF coseismic slip distribution on the décollement-ramp-décollement system
and flexural slip on two axial surfaces. b, d) Forward- and backward-vergent FPF
coseismic slip distribution on the décollement-ramp system and flexural slip on four
active axial surfaces.
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Figure 3.9: The FBF, and FPF model solutions a, f) ascending and descending InSAR
observations, b - i) Ascending and descending backward-vergent fault-bend fold and
fault-propagation fold models and residuals, k - r) Ascending and descending forward-
vergent fault-bend fold and fault-propagation fold models and residuals. The maximum
coseismic slip along the LOS displacement is approximately 50 mm along with less than
2.8 mm residual for descending and ascending track respectively. Focal mechanism
solution (red colored) is produced by using inverted ruptured fault parameters and
focal mechanism solution (black colored) is taken from USGS.
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3 Coseismic Folding at the front of the Sulaiman Fold and Thrust belt

models. The misfit of 40° dip is favored by the data with the lowest RMS for
the forward-vergent models (Table 3.4). In all cases, the ramp is where most
of the blind rupture took place, compatible with our preliminary investigation.
In addition, we perform the Akaike Information Criterion (AIC) (Akaike, 1985;
Barkat et al., 2022), and reduced-chi-square analyses (Hubbard et al., 2015; Tsang
et al., 2016) to evaluate the preferred models (Table 3.5). The forward-vergent
FPF model shows the lowest RMS, AIC, and reduced-chi-square values with a
40° dipping ramp. We also investigate the depth of the deeper décollment at 6.5,
7.5, 8.5 and 9.5 km (Table 3.6). The least systematic residuals correspond to a
7.5 km décollement depth.

The forward-vergent FBF and FPF models (Figure 3.10a, b) explain the observa-
tions well, with residuals less than 2.8 mm, and 2.59 mm (Figure 3.10), (Table 3.5).
The reduced-chi-square for the forward-vergent FBF and FPF models is 0.82
and 0.72, respectively, even slightly lower for backward-vergent models, with
0.79 and 0.72 (Figure 3.10c), respectively. However, the forward-vergent mod-
els exhibit more internal consistency than the backward-vergent ones. In the
backward-vergent FBF case, there is more flexural slip on the axial surface than
fault slip on the ramp at the same along-strike distance, incompatible with
fault-related fold kinematics. In the FPF case, the distribution of flexural slip on
the deep axial surface is discontinous. In contrast, the forward-vergent models
exhibit features compatible with FBF and FPF kinematics with a distribution of
flexural slip on the deep axial surface following the distribution of slip on the
ramp and the amount of flexural slip representing 70% of the expected value for
coseismic folding. The remaining fraction may occur later in the postseismic
period, when folding propagates up-dip of the axial surface through the entire
sedimentary stack (Sathiakumar et al., 2020). The 2015 Mw 5.7 Dajal earthquake
likely represents the rupture of the frontal section of the BT at the easternmost
boundary of the SFT. The rupture can be understood as the seismic activity of
the blind, forward-vergent ramp of a FBF or FPF.

Table 3.4: The FPF and FBF models with varying dips at 7.5 km depth and their corre-
sponding residuals. The 40° dip results consistently with the lowest RMS residuals.

Dip Forward- Forward- Backward- Backward-

(®) vergen  FPF | vergent FBF | vergent FPF | vergent FBF
(mm) (mm) (mm) (mm)

30 3.06 291 3.27 2.90

40 2.59 2.80 2.72 2.86

50 3.06 2.76 2.80 2.92
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Figure 3.10: Model comparison. a) Forward-vergent FPF models for ascending and
descending InSAR tracks. b) Forward-vergent FBF models during ascending and de-
scending InSAR tracks. Focal mechanisms based on InSAR (red) or from USGS (black). c)
Tradeoff between data misfit and model roughness (L-curve) for forward- and backward-
vergent FBF and FPF models. The black and red color circles show selected smoothing
factors for the FBF and FPF models, 0.06, and 0.05, respectively.
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3 Coseismic Folding at the front of the Sulaiman Fold and Thrust belt

Table 3.5: AIC, RMS and Reduced-Chi-square analysis for forward- and backward-
vergent models, depth = 7.5 km, dip = 40°. The reduced-chi-square statistic is a measure

of the squared difference between the observed and modeled values, considering the

degrees of freedom, and the sample size

Models N Np | RSS RMS AIC Reduced
(mm?) (mm) Chi Square

Forward- 17331 | 675 | 0.1246 2.59 2707.64 0.720

vergent

FPF

Forward- 17331 | 675 | 0.1401 2.80 2708.52 0.820

vergent

FBF

Backward- | 17331 | 675 | 0.1285 2.72 2708.04 0.725

vergent

FPF

Backward- | 17331 | 675 | 0.1429 2.86 2708.88 0.792

vergent

FBF

FBF: Fault Bend Fold
FPF: Fault Propagation Fold
N: InSAR data points

Np: Model parameters

RSS: Residual sum of square

RMS: Root mean square

AIC: Akaike Information Criterion

Table 3.6: AIC, RMS for forward- vergent FPF model with dip = 40°with, and varying

depth.
Depth (km) | N Np RSS (mm?) | RMS (mm) | AIC
6.0 17331 675 0.2009 3.40 2712.57
7.5 17331 675 0.1227 2.59 2707.64
9.0 17331 750 0.1095 2.51 3006.92
10.5 17331 900 0.1022 2.42 3606.59

3.5 Discussion

The SFT represents a complex duplex structure with multiple faults and folds
that increase in maturity westwards towards the interior of the belt (Khan and
Scarselli, 2021; Saif-Ur-Rehman et al., 2019; 2020). North of the Dajal earthquake,
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where the BT is exposed, the SFT features the Zindapir anticlinorium, character-
ized by bare Paleocene sediment surrounded by Miocene and younger sediments.
The nearby Sakhi Sarwar anticline (Humayon et al., 1991; Saif-Ur-Rehman et al.,
2020) shows the development of a fault-bend structure that is less developed
and exposes only Miocene and younger sediments. Following this latitudinal
progression, we suggest that the Dajal earthquake occurred on the underly-
ing ramp of an even less developed anticlinal structure formed by FPF or FBF
buried under the Miocene and younger sediments of the Indus River floodplain
(Figure 3.11). Our interpretation is substantiated by nearby seismic reflection
profiles (Humayon et al., 1991; Jadoon, 1995; Saif-Ur-Rehman et al., 2019; 2020)
that suggest the presence of a shallow east- and west-dipping décollement at
a depth of 7 to 9km for fault-related fold structures. The basal décollement
and forward-vergent blind ramp may constitute the eastern termination of the
SFT, extending the BT farther south and east. The prolongation of the BT is
compatible with the overall strike and longitude of the Dajal earthquake ramp.
The buried BT may thrust the same sequence of Cretaceous-to-recent sediments
that is ubiquitous elsewhere in the SFT. If shortening continues, the fault-related
fold will eventually be exposed, as at the Sakhi-Sarwar anticline farther north.
It is possible that other thrusts may be found to the west, forming an imbricate
structure that can host other earthquakes.

The 2015 Dajal earthquake illuminates the structural control of seismic rup-
tures and the relationship between faulting and folding at time scales of the
seismic cycle. The large aspect ratio (length/width=6) of the rupture is presum-
ably caused by the termination of the ramp below folded sediments, forcing the
rupture to propagate primarily along-strike. If not for the termination of the
fault below a synclinal fold, the rupture may have propagated up-dip, producing
a larger earthquake with surface breaks. Instead, the rupture concentrates at
the base of the ramp, which often constitutes a region of rapid stress accu-
mulation (Sathiakumar and Barbot, 2021). The crustal deformation indicates
an apparent synchronicity between coseismic slip and folding of the hanging
wall. However, the temporal resolution of radar acquisitions is insufficient to
determine whether folding occurred within a few tens of seconds during the
earthquake, or within the following hours and days. Truly coseismic folding
would imply unstable weakening friction along the bedding planes, correspond-
ing to propagation of flexural slip up-dip of the axial surface at a fraction of
seismic shear wave speed. In contrast, flexural slip during the early postseismic
period would be compatible with velocity-strengthening friction on the bedding
planes that accommodate the deformation. If the spatial distribution of flexural
slip — representing only 70% of the maximum expected value — is any indication,
the velocity dependence of flexural slip should be strengthening or conditionally
stable (Sathiakumar et al., 2020). Otherwise, flexural slip would have propagated
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3 Coseismic Folding at the front of the Sulaiman Fold and Thrust belt

farther up-dip as a self-sustaining process. Regardless, folding appears closely
synchronized with seismic ruptures, illustrating the strong mechanical coupling
between the two modes of brittle deformation at the time scales of the seismic
cycle.

Active blind thrusts have shown their seismic potential on many occasions,
e.g., the 1994 Mw 6.7 Northridge, California (Hudnut et al., 1996), 1999 Mw 7.7
Chi-Chi, Taiwan (A. Lin et al., 2001), and the 2005 Mw 7.6 Kashmir, Pakistan (Powali
et al., 2020) earthquakes. Better understanding of crustal dynamics in fold-and-
thrust belts is therefore paramount to characterize seismic hazard in regions
of active shortening. In the past hundred years, the frontal part of the eastern
SFT has not experienced any earthquake of Mw>6. In contrast, in the Western
and Central SFT, several Mw 6.0 to 6.9 earthquakes occurred in the last decades,
including a Mw 6.7 and 6.9 doublet in 1997 in the Sibi Syntaxis (Figure 3.11a)
and Mw 6.4 events in 2008 in the Quetta Syntaxis (Figure 3.1a) (Nissen et al.,
2016; Reynolds et al., 2015; Usman and Furuya, 2015). Ultimately, earthquakes
accommodate fault slip and the frequency of earthquakes is linked to the long-
term fault slip-rate. However, long-term slip-rates vary greatly in space and
time in fold-and-thrust belts because shortening occurs both by folding and
faulting. During periods of crestal narrowing and uplift, when folds grow mostly
vertically, the long-term slip-rate of linked fault sections located up-dip of the
fold is momentarily reduced (Suppe, 1983). The long-term slip-rate can be
homogeneous along dip during the phase of crestal growth, when a synclinal
fold extends forward. As the SFT contains many ramps overlain by folds, the
frontal section may experience slower long-term slip-rates, gradually dimin-
ishing towards the BT. When shortening is taken up by folding within the belt,
the frequency of earthquakes towards the foreland should accordingly decrease,
possibly explaining the relative scarcity of earthquakes near the deformation
front of the SFT belt in the last hundred years. However, as illustrated by the
Dajal earthquake, the propagation of faults into the foreland basin can occur
seismically, highlighting the potential seismic hazard of deformation fronts. The
interactions of faulting and folding in fold-and-thrust belts therefore exert a
control on earthquake processes at the time scales of seismic ruptures, guiding
their propagation along strike, and at longer time scales, affecting the average
frequency of ruptures.
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Figure 3.11: Blind frontal ramp of the Eastern SFT. a) The dashed line with chevron is
the proposed extension of the BT south of the Zindapir anticlinorium and the Sakhi
Sarwar anticline without surface expression. The ramp is buried under recent sediments
from the Indus River flood plain, 30 km east of the Eastern SFT. b, c) Cross-sections
of FBF and FPF geometries across the Dajal earthquake epicentral area with a FPF
extending from the southern extension of the BT buried under Miocene or younger
sediments. The colors indicate the concentration of slip on the ramp and flexural slip

along the active axial surface. Vertical exaggeration (x1).
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3.6 Conclusions

The 2015 Mw 5.7 Dajal, Pakistan earthquake represents the seismic rupture of
a frontal blind ramp of the SFT, presumably as the seismic expression of an
FBF or FPF. The earthquake illuminates the possible extension of the BT 30 km
south of the Zindapir anticlinorium where it breaks the surface, corresponding
to the propagation of the SFT some 30 km east into the Miocene and younger
sediments of the Indus River floodplain. The earthquake was accompanied by
coseismic folding accommodated by flexural slip along an active axial surface.
The deformation is captured at the temporal resolution afforded by the radar
acquisitions, which includes between 10 and 18 days of potential postseismic
deformation. Despite this short period of observation, flexural slip is tantamount
to 70% of the expected value for coseismic folding, indicating strong mechanical
coupling and synchronicity between faulting and folding at the time scales of the
seismic cycle. While the Dajal earthquake demonstrates the seismic potential of
the deformation front of fold-and-thrust belts, the folded sediments above the
blind ramp exert a strong control on the rupture propagation. Further seismic
exploration of fold-and-thrust belts will be crucial to anticipate the location and
size of future seismicity in this widespread tectonic setting.

46



4 Insights into the Western Sulaiman
Fold and Thrust belt

Abstract

Continental convergence of Indian and Eurasian plates produces the Himalayan
mountain range to the North, while to the East tectonically complex trans-
pressional zones of the Sulaiman Fold and Thrust (SFT) belt, and the Kirthar
Fold and Thrust (KFT) belt have formed. Seismic hazard in the zones is very
high and full understanding is lacking due to trans-compressional complex
tectonic setting. Here, we take advantage of spaceborne SAR interferometry
and use the Sentinel-1, and ALOS-2 ScanSAR satellite observations to estimate
the coseismic deformation caused by the 2021 Mw 6.0 Harnai earthquake in the
western zone of the SFT belt. We obtain the line-of-sight (LOS) displacement
of 80 and 70 mm from Sentinel-1 descending and ascending interferograms,
respectively. We find 50 mm of LOS displacement from the ALOS-2 descending
interferogram, but it is majorly biased by lower and upper atmosphere noise
even after the GACOS and the ionosphere corrections. In order to avoid the
major noise components that may affect the accuracy of the fault displacement
inversions, we discarded the ALOS-2 LOS displacement and relied only on the
Sentinel-1 data.

The deformation has an oblique component but is mostly dominated by thrust-
ing on the NW-SE trending Harnai fault. First, we invert the LOS displacement
using geodetic Bayesian inversion, and find two plausible fault planes which
are a NW-SE trending, and a NE-SW trending solution. The simplified fault
parameters have a strike of 327°+ 12, a dip of 31°+ 9, a length of 8.3 + 2.1 km,
and width of 2.5 + 2.0 km, which fits well with the ISC and USGS fault models.
Then, we determine the finite slip distributions on both plausible faults. The
NW-SE trending fault shows the maximum slip, which is found to be 70 cm
at around 8 km depth. The slip distribution along the down dip and strike of
the fault shows that 85 % of the slip is concentrated in an area of (9 X 9) 81
km? at a down dip distance of 3 - 12 km. Furthermore, the results show the
earthquake propagates along strike and dip. For the NE-SW trending fault the
maximum slip is similar but has higher residuals. We prefer the NW-SE trending
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fault plane solution because it is compatible with fault structures in the region.
We also determine the preseismic and postseismic phases of the 2021 Mw 6.0
Harnai earthquake using SBAS time series analysis of spaceborne Sentinel-1
SAR data, but no significant afterslip signals are found.

4.1 Introduction

The Indian-Eurasian plates convergence is accommodated by the combination
of under-thrusting, strike-slip movement, and fold-and-thrust belts. Approx-
imately half of the 36-45 mm/yr northward movement of the Indian plate is
absorbed by under-thrusting beneath the Himalayas and the Tibetan plateau
(Ul-Hadi et al., 2013; Thatcher, 2007). 17-19 mm/yr of the lateral movement is
accommodated along the transform boundary of the Chaman fault (CF) system
and the transpressional zones of the Kirthar fold thrust (KFT) and Sulaiman
fold thrust (SFT) belts (Jadoon, 1995; Reynolds et al., 2015; Saif-Ur-Rehman
et al., 2019; Yadav et al., 2013). The majority of previous studies (England and
Houseman, 1986; X. Wang et al., 2017) focused on the northern part of the Indian-
Eurasian collision zone to estimate earthquake potential, crustal deformation,
fault geometry and seismic hazards. In contrast, the western part of the Indian-
Eurasian plates convergence is comparatively less studied due to insufficient
seismo-geodetic instrumental coverage. The evolution of the active asymmetric
Kirthar and Sulaiman Fold Thrust belts, along with their geological structures,
has been reported in numerous studies (Bernard et al., 2000; Reynolds et al.,
2015; Saif-Ur-Rehman et al., 2019). However, sources of crustal deformation,
fault geometry, lithospheric rheology, and stress orientation on faults are less
understood to estimate earthquake potential and associated hazards.

InSAR enables us to investigate sources of crustal deformation accurately in
the complicated regions of the SFT belt (Nissen et al., 2016; Pezzo et al., 2014;
Usman and Furuya, 2015). The convergence at the western Indian-Eurasian
plates margin is partly absorbed by the transpressional zone of the southward-
verging SFT belt (Figure 4.1). The analogue and viscoelastic models suggested
that the southward movement of the eastern CF block generated the structure
and shape of the SFT belt (Bernard et al., 2000; Haq and D. M. Davis, 1997;
Jadoon et al., 1993). The southward movement is accommodated with the right-
lateral Urghargai fault in the western SFT and left-lateral Kingri fault in the
eastern zones of the SFT belt. Overall, crustal shortening has been observed
along the seismically active boundary thrust (BT), Zhob Valley fault (ZVF),
Karahi thrust (KT), and various blind faults (Figure 4.1).

The central SFT belt is considered the most seismically active zone at the
western boundary of the Indian plate, with many devastating earthquakes due to
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the complicated and blind network of thrusts, duplex structures, and strike-slip
faults (Ambraseys and Bilham, 2012; Banks and Warburton, 1986; Prevot et al.,
1980) (Figure 4.1). The fault plane solutions of historical earthquakes in the
SFT belt show the region is dominated by thrust and several strike-slip events.
We observe the most recent seismicity occurred in the central, and western
sides of the SFT belt (Figure 4.1). Two major doublet earthquakes struck in the
last two decades near the recent 2021 Mw 6.0 Harnai earthquake (blue colored
rectangle in Figure 4.1). First doublet occurred with Mw 6.9 (Nissen et al., 2016)
on February 27, 1997, in the southeast of the recent earthquake on the Harnai
fault, and the second doublet occurred with Mw 6.4 (Usman and Furuya, 2015)
on October 28, 2008, in the northwest of the recent earthquake on a nearby
strikeslip fault (Figure 4.1). Both doublets reported numerous fatalities and
major economic losses.

To better understand the earthquake source process in the region, we utilize
InSAR observations to compute coseismic crustal deformation caused by the
2021 Mw 6.0 Harnai earthquake [30.193°N, 67.995°E]. The epicenter lies in the
western zone of the SFT belt on the NW-SE trending Harnai fault (Figure 4.1).
The Harnai earthquake occurred on 06 October 2021 at 22:01:08 (Coordinated
Universal Time, UTC) 80 km east of Quetta, the most populated city of Balochis-
tan province, Pakistan. We use the Sentinel-1 observations before and after the
occurrence of the earthquake. We first estimate simplified source parameters
(i.e., dip, strike, depth, width, length, rake, and average slip) by inverting the
InSAR interferogram for ascending and descending tracks using the Bayesian
inversion approach (Bagnardi and Hooper, 2018; Javed et al., 2022). The seismic
source parameters help us understand the regional style of deformation and
faulting that control the earthquake magnitude. We then perform finite-fault
inversion to constrain the spatial slip distribution of the earthquake.
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Figure 4.1: Tectonic settings and historical earthquakes (yellow circles) with M>3.5
on SFT belt. a) Faults abbreviated with BT - boundary thrust, CF — Chaman Fault, GBF
— Ghazaband Fault, KF — Karahi Fault, KT — Kamari Thrust, HF — Harnai Fault (Pezzo
et al.,, 2014). Focal mechanism solutions in blue (Nissen et al., 2016), orange (Pezzo et al.,
2014), GCMT catalog, dark gray (Reynolds et al., 2015), black (Bernard et al., 2000), and
white circles (Ambraseys and Bilham, 2003). The black-colored beach solution in a blue
rectangle is produced by using inverted fault model parameters of the 2021 Mw 6.0
Harnai earthquake. The inset shows the geographical location of the SFT belt and the
relative motion (36 mm/yr) between India and the Afghan block (Ul-Hadi et al., 2013).
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4.2 Methodology

4.2.1 InSAR Data Processing

First, we process the Sentinel-1 ascending and descending tracks single-look
complex (SLC) products through the GMT5SAR code (Sandwell et al., 2011).
The detail of the Sentinel-1 data used in this study is given in Table 4.1. The
amplitude of both tracks along with the 1-arc-second DEM model (Farr et al.,
2007) is used for co-registration and to produce the topographic phase cor-
rection. After producing an unwrapped interferometric phase, co-registration
is improved by applying 1) accurate geometric alignment using precise orbit
information (Sansosti et al., 2006), 2) removing long wavelength ramp effects
(Miranda et al., 2015), and 3) reduction of misregistration (Prats-Iraola et al.,
2012). The topographic effect is removed from the phase interferogram using
1-arc-second DEM models, then the phase is unwrapped through the SNAPHU
algorithm (C. Chen and Zebker, 2001). However, due to high levels of stratified
atmospheric noise correlated with topography, turbulent atmospheric noise,
and other sources of scattered noise, the interferograms were not very useful
for inverting and estimating the simplified ruptured fault geometry (Figure 4.3a,
b) respectively.

To accurately account for the crustal deformation caused by the 2021 Mw 6.0
Harnai earthquake, we perform a time series analysis to calculate the average
surface displacement using the SBAS time series analysis (Berardino et al., 2002;
Morishita et al., 2020). In this approach, we produce multiple interferograms
of Sentinel-1 in the time span of one year constrained with the required small
temporal and spatial baselines (Table 4.1). For this scope, we use the LICSBAS
platform (Morishita et al., 2020) that utilizes co-registered unwrapped interfero-
grams of the Sentinel-1 satellites (Lazecky et al., 2020) to calculate the surface
displacement in time. We select 103 interferograms for the ascending track
(AT144) and 101 interferograms for the descending track (DT078). The interfer-
ograms are automatically unwrapped using SNAPHU algorithm at the LiCSBAS
platform (C. Chen and Zebker, 2001; 2002; Lazecky et al., 2020; Morishita et al.,
2020). The areas with a higher decorrelation than the threshold value of 0.5
are masked out. In addition, it allows us to minimize atmospheric, and orbital
errors for each interferogram.

We retain the interferograms that have a perpendicular baseline smaller than
150 m and are least affected by seasonal atmospheric variation to retain a high
correlation. Each interferogram is corrected by the path delays produced by
atmospheric turbulence using the globally available GACOS corrections. The
time series network of the ascending (AT144), and descending (DT078) tracks
are shown in Figure 4.2a, b respectively. We have tested the effectiveness of a
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Figure 4.2: Network of ascending (AT144) and descending (DT78) track interferograms
used for the SBAS time series analysis with the LICSBAS software.

spatio-temporal filter to enhance the signal to noise ratio and further eliminate
the remaining inaccuracies incurred by the atmosphere. We find however, that
applying such filters — for instance, 50 days of temporal, and 40 km spatial filter
may over smooth the true deformation produced by tectonic processes— that
can introduce a bias which is disturbing for the estimate of the true deformation
produced by tectonic processes (Morishita et al., 2020). Finally, we prefer to
not apply the spatio-temporal filters, and keep the true deformation for each
pixel. However, we remove the long wavelength linear trend by applying a
de-ramping function (Morishita et al., 2020). The line-of-sight deformation
produced by the 2021 Mw 6.0 Harnai earthquake using SBAS time series in
ascending and descending tracks is shown in Figure 4.3c, d respectively.

Table 4.1: Features of Sentinel-1 data

Duration Track no. Perp. baseline | Inc. angle | Head. plat-
(vy/mm/dd) (m) ©) form (°)
2021/09/28— | DES.T078 15 36 — 39 167 to 169
2021/10/10

2021/10/02— | ASC.T144 |9 36 — 39 —11to —12.6
2021/10/14

2020/11/28— | DES.T078 =75 to 150 36 — 39 167 to 169
2021/11/27

2020/12/26— | ASC.T144 0 to 160 36 — 39 —11to —12.6
2021/12/25
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Figure 4.3: Comparison of using single pair of interferograms and multiple pairs of
interferograms of ascending and descending tracks to estimate coseismic deformation
of the 2021 Mw 6.0 Harni earthquake (a, b) Coseismic deformation obtained through
GMTSAR software using a single pair of interferograms. (c, d) Coseismic deforma-
tion obtained through SBAS time series in LICSBAS software using multiple pairs of
interferograms. KF - right lateral Karahi Fault, HF — thrusting Harnai Fault
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4.2.2 Error Estimation

Before running the Bayesian inversion, we estimate the variance and covariance
in the datasets to determine the errors, produced by phase decorrelation. The
phase decorrelation can occur due to uneven distribution of water vapor content
in the lower atmosphere and turbulence of ions and currents in the upper
atmosphere (Hanssen et al., 1999). In addition, it can also be encountered due
to steep topographic variation at the site and anisotropic spatial variability
(Knospe and S. Jonsson, 2009).

Presumably, satellite-based interferograms are spatially correlated and iono-
sphere structures are considered coherent over a scale of hundreds of kilometers.
However, water vapor content varies unevenly with topography which can
introduce delays in LOS direction (Emardson et al., 2003; P. Jonsson and Ek-
lundh, 2002). Therefore, we estimate the spatial variability of both ascending
and descending interferograms using a semi-variogram (Wackernagel, 2003) by
measuring the dissimilarity among the processed interferogram. In order to ac-
curately account for the long wavelength ramp, we perform the semi-variogram
analysis over an area 10 times larger than the area that is subjected to surface
deformation and calculate the range, sill, and nugget values for the ascending
and descending interferograms separately (Table 4.2).

Table 4.2: Detail of interferogram errors calculated using semi-variogram

Track Sill Nugget Range Threshold | Subsample
(mm)? (mm)? (km) (mm)? (points)
DES —T078 | 0.14 10.1 X 1 10.1 1.2x107* 733
9.0476
ASC —T141 | 0.024 279 X |32 45X 107% | 648
10-15

54



4.3 Kinematic Inversions

y X b 1 ’ . :
@ Descending Subsample = 733 N ®) :b\L Ascending Subsample = 648
= S C
=17
o S B
0 0 .

&
ﬂ
/&JT
0

o
[
A
1
L

-10

B o
R
A
\(ﬁuuiuip A
u‘ﬁil\
i

-15

Y- distance from local original (km)

15
_—‘\ﬁ
\_/

l —

20
20
&ﬁ

[
el -15 -10 -5 0 50 10 15 20
X- distance from local original (km)
-15 -10 -5 0 50 10 15 20 -60 -40 20 0 20 40 60
X- distance from local original (km) line-of-sight displacement (mm)

Figure 4.4: Subsampling of ascending (AT144) and descending (DT78) track interfero-
grams using Bayesian inversion.

4.3 Kinematic Inversions

4.3.1 InSAR Modeling

We estimate the fault rupture geometry such as fault dip, strike, length, width,
rake, slip, epicentre location, and depth of the 2021 Harnai earthquake by invert-
ing Sentinel-1 ascending and descending SBAS time series LOS displacement
(Figure 4.3c, d) using the Bayesian inversion (GBIS) approach (Bagnardi and
Hooper, 2018; Javed et al., 2022). After estimating the semi-variogram parame-
ters, we subsample the datasets to reduce the computational cost and obtain
enough samples that accurately depict the true surface displacement. We down-
sample the full-resolution ascending interferogram (AT144: 648) and descending
interferogram (DT078: 733) using a quadtree gradient-based approach (Simons
et al., 2002) (Figure 4.4a, b). It recursively divides the surface deformation into
further four polygons unless we achieve the threshold variance for ascending
(4.5 x 1072 mm?) and descending (1.2 x 10~* mm?) interferograms as given in
Table 4.2. The density of the subsamples is directly proportional to the areas
with high gradient surface displacement (Figure 4.4a, b).

We generate a synthetic model in a homogeneous elastic half-space based
on a uniform rectangular dislocation model (Okada, 1992). The Okada model
has been proven effective in simulating coseismic deformation caused by earth-
quakes (Barbot et al., 2023; Barkat et al., 2022; Garthwaite et al., 2013; Javed
etal., 2022; H. Wang et al., 2017; W. Xu et al., 2018). In this model, all source fault
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parameters except the slip over the fault are non-linearly related to the surface
deformation. However, the fault slip is proportional to surface displacement.
The search parameters are shown in Table 4.3.

The posterior PDF of search fault model parameters of the 2021 Mw 6.0 Harnai
earthquake have been characterized by using the MCMC algorithm (Mosegaard
and Tarantola, 1995; Sambridge and Mosegaard, 2002). We constrain the step
size automatically through the Metropolis-Hastings algorithm (Hastings, 1970).
The Bayesian inversion approach utilizes the InSAR to characterize Posterior
PDFs of search fault parameters and estimate uncertainties. Moreover, we also
utilize some available prior information (USGS and Shaukat et al., 2023) of the
fault model parameters of the 2021 Mw 6.0 Harnai earthquake. Initially, we
applied no constraints on the fault model parameters, for instance, we kept
the strike range 0° to 360°, and dip range +90° to — 90° along with other fault
parameters to insight all possible outcomes of the kinematics of the ruptured
fault. After multiple trials, the final ranges of the fault model parameters were
selected based on the minimum residual and consistency. After inverting, an
optimal set of fault model parameters has been computed from the posterior
PDF for the 2021 Mw 6.0 Harnai earthquake by calculating the maximum of
posterior probability solutions (Table 4.3).

As mentioned above, the ALOS-2 acquisitions were also available, and we
tested adding these data to the inversion of both track interferograms from
Sentinel-1 and the ALOS-2 descending track LOS displacement. We find that
ALOS-2 ScanSAR data are affected by a major ionospheric and tropospheric
atmospheric noise which increases the uncertainty and makes the results incor-
rect (Figure 2.9). Therefore we discard the ALOS-2 data and constrain the fault
models using only ascending and descending Sentinel-1 data to fully explore the
posterior PDF with a feasible uncertainty level of the ruptured fault parameters.

4.4 Results and Discussion

4.4.1 Results

The ascending and descending interferograms show the surface deformation of
approximately 70 and 80 mm along their respective LOS direction. Synthetic
models with a single fault patch agree well with InSAR observed data, with
average residuals in the order of 2 mm for both interferograms in the defor-
mation zone (Figure 4.5, 4.8). We efficiently categorize the posterior PDF of
the ruptured fault geometry of the 2021 Harnai earthquake with automatic
step size using the Metropolis-Hastings algorithm and the Monte Carlo Markov
chain method (Hastings, 1970; Metropolis et al., 1953; Tarantola, 2005). We
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use 10 iterations to define posterior PDF, discarding the first 20,000 samples
(Figure 4.6, 4.9).

We find two plausible fault plane solutions for the rupture propagation of
the 2021 Harnai earthquake named (1) the NW-SE trending rupture model and
(2) the NE-SW trending rupture model. Both solutions agree well with InSAR
observation in terms of deformation. The calculated parameters of both rupture
models along with the fault parameters calculated by USGS and (Shaukat et al.,
2023) using seismic waveform data are given in Table 4.3.

4.4.1.1 The NW-SE Rupture Model

The NW-SE trending rupture models are consistent and agree well with sur-
face deformation observed by InSAR in both ascending (Figure 4.5a - ¢) and
descending interferograms (Figure 4.5d - ). The first plane has NW-SE trending
strike with a shallow dipping rupture, and the second one has a NE-SW trending
strike with a steep dipping rupture. The NW-SE trending fault plane solution
has a dip of 31° + 9, and strike of 327° + 12, depth of 8.3 + 2.1 km. The seismic
moment (M,) is calculated using the mean value of source model parameters
with fault rupture area A = 20.75 km?, average slip s = 2.4 + 1.1 m, assuming
a Poisson’s ratio of 0.25 and a shear modulus of y = 32.0 GPa. The estimated
seismic moment M, = 1.6 X 10'® Nm corresponds to Mw = 6.0. The posterior
PDF of each source fault model is shown in Figure 4.6. Histograms of ruptured
fault model parameters are generated during the Bayesian inversion with 107
iterations. The y-axis shows the probability density based on 107 iterations with
95% confidence interval. In order to evaluate the quality of inversions, we also
check the convergence of each ruptured fault model parameter as shown in
Figure 4.7. Each fault parameter converges well around the average and optimal
value of the fault parameter.

4.4.1.2 The NE-SW Rupture Model

The second fault plane solution, NE-SW trending rupture is also found consistent
and agrees well with the spaceborne SAR deformation of the 2021 Harnai
earthquake in both ascending (Figure 4.8a - ¢) and descending interferograms
(Figure 4.8d - f). This model has a NE-SW trending strike with a steeply dipping
rupture at the depth of approximately 13 km. The rupture geometry has a dip
of 76° + 4, and strike of 77° + 7, depth of 13 + 3.5 km. The seismic moment
(M,) is calculated using the mean value of source model parameters with fault
rupture area A = 18 km?, average slip s = 3.5+ 1.5 m, assuming a Poisson’s ratio
of 0.25 and a shear modulus of ;1 = 32.0 GPa. The estimated seismic moment
M, = 2.0 X 10! Nm corresponds to Mw = 6.0. The posterior PDF of each
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Figure 4.5: Uniform fault plane solution obtained NW-SE trending model by using
GBIS approach a, b) observation, c, d) synthetic interferogram and e, f) residual of the
ascending track (AT144) and descending track (DT78) respectively. The deformation
along the LOS displacement is approximately 70 mm and 80 mm. The focal mechanism
solution (black colored) is produced by using inverted ruptured NW-SE trending model.
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Figure 4.6: Histograms of NW-SE trending ruptured fault model parameters through
Bayesian inversion approach with 107 samples. The y-axis represents the probability
density, and the red line indicates the optimal model values with 95% confidence interval
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Figure 4.7: Convergence of NW-SE trending ruptured fault model parameters through
Bayesian inversion approach with 107 samples. The y-axis represents the range of fault
parameters, while the x-axis shows the number of samples used in the inversions.

source fault model is shown in Figure 4.9. Histograms of ruptured fault model
parameters are generated during the Bayesian inversion with 107 iterations.
The y-axis shows the probability density based on 10”7 with 95% confidence
interval. Each fault parameter converges well around the average and optimal
value of the fault parameter.

The ruptured fault geometry of the Harnai earthquake demonstrates the epi-
center location of the earthquake is slightly southwest of the epicenter proposed
by the USGS, and (Shaukat et al., 2023). Our derived moment magnitude is
slightly higher than the one calculated by USGS based on seismoloical observa-
tions. Inverted ruptured fault parameters are in good agreement with the USGS
results, and (Shaukat et al., 2023) including a moment magnitude Mw = 6.0
calculated by InSAR, and Mw = 5.94 by USGS (Table 4.3). Two moment tensor
solutions for the Mw 6.0 Harnai earthquake have been provided by USGS and
(Shaukat et al., 2023). All fault plane solutions of the 2021 Harnai earthquake
proposed by USGS, and InSAR indicate the compressional regime along with
a strike-slip component which is compatible with the tectonic settings of the
regime. Our results show the inversions of both interferograms constrain the
posterior probability density functions efficiently and approximate the target
distribution adequately (Table 4.3).

4.4.1.3 Finite Fault Slip Distribution

We invert the kinematic slip for two plausible fault plane solutions i.e. the NW-
SE trending strike (Figure 4.10), and (Figure 4.11) and the NE-SW trending strike
(Figure 4.12), and (Figure 4.13). We constrained the finite fault slip distribution
through the least square inversions method (Barbot et al., 2023; Javed et al.,
2022). We fix the strike and dip based on the ruptured fault geometry of the
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Figure 4.8: Uniform fault plane solution obtained NE-SW trending model by using
GBIS approach a, b) observation, c, d) synthetic interferogram and e, f) residual of the
ascending track (AT144) and descending track (DT78) respectively. The deformation
along the LOS displacement is approximately 70 mm and 80 mm. The focal mechanism
solution (black colored) is produced by using an inverted ruptured NW-SE trending
model.
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Figure 4.9: Histograms of NE-SW trending ruptured fault model parameters through
Bayesian inversion approach with 107 samples. The y-axis represents the probability
density, and the red line indicates the optimal model values with 95% confidence interval

Table 4.3: The inverted ruptured fault parameters using Sentinel-1 ascending and
descending deformation data

models | lon | lat str. | dip | rake len. | wid.| dep. | slip | M, | Mw
) O 1O )| km) (km)| (km) | (m) | x10%°

(Nm)
USGS 67.99| 30.19| 292 | 20 | 144 | - - 9.0 - 1.02 | 5.94
- - 57 78 | 74 | - - - - - -
Shaukat | 67.99| 30.19| 309 | 27 | 152 - - 12.0 | - - 5.9
et al.,
2023
- - 65 78 | 67 | - - - - - -

InSAR 67.95| 30.09| 327 | 31 | 160| 8.3+| 2.5+ 8.9+ | 24 | 1.6 +
(NW-SE) | + + +12 | £9 | +6 | 2.1 | 2 1.1 | £1.1] £1.4 | 0.5

InSAR - - 77 76 |65 |3+ |6+ |13+ |35 |20 +
(NE-SW) +7 | x4 |9 |15 |35 |35 | £1.5] £1.4 | 0.56

2021 Mw 6.0 Harnai earthquake, requiring a small strike rotation from the
simplified geometry model. We extend the width and length of the fault plane to
the ground surface and discretize the slip. We discretize the NE-SW fault model
into 625 rectangular fault patches, and the NW-SW trending fault model into
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324 rectangular fault patches with along-strike and down-dip slip components
(Okada, 1992). We use an L-curve to resolve the tradeoff between smoothness
and residual size (Barbot et al., 2023). We calculate slip distribution models
based on variable smoothening factor i.e. k = 0.001, k = 0.002, k = 0.01, and k=
0.02, but the best solutions are found to be at k = 0.001 for both fault models.

The NW-SE trending rupture surface models with residuals and finite slip
distribution is shown in Figure 4.10, and 4.11. The observations fit well synthetic
models upto 97% for ascending track (Figure 4.10a - c¢) and approximately 92%
for descending track (Figure 4.10d - f) interferograms. The residuals between
the observations and models are found to be less than 6 mm. We divide the
uniform fault into 18 X 18 rectangular patches along dip and strike to estimate
the coseismic slip distribution of Mw 6.0 2021 Harnai earthquake on a 31°
dipping, and 327° strike fault from north (Figure 4.11a). The maximum slip is
found to be 70 cm at around 8 km depth. The slip distribution along the down
dip and strike of the fault shows that 85% of the slip is concentrated in an area of
(9 x 9) 81 km? at a down dip distance of 3 - 12 km (Figure 4.11b). Furthermore,
the results show the earthquake rupture propagates equally along strike and
dip, without reaching the surface around the epicenter.

The NE-SW trending rupture surface models and residuals generated by finite
slip inversions are shown in Figure 4.12. The observations fit well synthetic
models with approximately 89% for the ascending track (Figure 4.12a - ¢) and
85% for the descending track (Figure 4.12d - f) interferograms. The residuals
between the observations and models are found to be less than 10 mm. We
divide the uniform fault into 25 X 25 rectangular patches along dip and strike
to estimate the coseismic slip distribution of Mw 6.0 2021 Harnai earthquake
on a 76° dipping, and 77° strike fault from North (Figure 4.13a). The maximum
slip is found to be 50 c¢m at around 7 km depth. The slip distribution along the
down dip and strike of the fault shows that 80% of the slip is concentrated in
an area of (7 X 10) 70 km? at a down dip distance of 3 - 10 km (Figure 4.13b).
Furthermore, the results show the earthquake rupture propagated along dip,
without reaching the surface around the epicenter.

4.4.2 Discussion

Trans-compressional faults are important tectonic features in the SFT belt and
the deformation along these faults often occurs due to combined compressional
and strike-slip movement. However, these fault systems are very complicated
and mostly characterized by bending and step-over faults along the main fault
(Barka and Kadinsky, 1988; Javed et al., 2022; Sathiakumar and Barbot, 2021).
Several examples of such active complex fault systems i.e., the Gargano fault
system in central Adriatic region (Billi et al., 2007), North Anatolian fault system
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Figure 4.10: The kinematic finite slip surface deformation models obtained from the
NW-SE trending rupture of the 2021 Mw 6.0 Harnai earthquake. (a, d) Ascending and
descending InSAR observations. (b, e) Ascending and descending synthetic models.
(c, f) Ascending and descending residuals, respectively. The maximum of co-seismic
deformation along the LOS displacement is around 70 mm, and 80 mm along the line-
of-sight direction with less than 6 mm residual for both ascending and descending
interferograms respectively. Focal mechanism obtained from Bayesian inversions using
NW-SE trending rupture fault model.
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Figure 4.11: Kinematic rupture model of the Mw 6.0 Harnai earthquake (a) 3D coseis-
mic slip distribution on the NW-SE trending rupture model estimated from Bayesian
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Figure 4.12: The kinematic finite slip surface deformation models obtained from NE-
SW trending rupture of 2021 Mw 6.0 Harnai earthquake. (a, d) Ascending and descending
InSAR observations. (b, e) Ascending and descending synthetic models. (c, f) Ascending
and descending residuals, respectively. The maximum LOS displacement is 70 mm, and
80 mm in the ascending and descending interferograms respectively. Focal mechanism
obtained from Bayesian inversions using NE-SW trending rupture fault model.
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Figure 4.13: Kinematic rupture model of the Mw 6.0 Harnai earthquake (a) 3D coseis-
mic slip distribution on the NE-SW trending rupture model estimated from Bayesian
inversion. (b) 2D coseismic slip distribution along the dip and strike of the NE-SW
trending fault.
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(Barka, 1996; Hamiel and Fialko, 2007; Sengér et al., 2005; Wright et al., 2001),
Marlborough fault system in New Zealand (Mason and Little, 2006; W. Xu et al.,
2018) and San Andreas fault system (Barbot et al., 2013; Chang et al., 2013) are
widely known for high seismicity.

The complicated fault geometries in trans-compressional regions are consid-
ered to affect the nucleation and rupture propagation that ultimately controls
the magnitude of an earthquake (King and Nabélek, 1985; Wesnousky, 2006).
Recently, on 06 February 2023 the Mw 7.8 Kahramanmaras, and Mw 7.6 the
Elbistan earthquakes ruptured the major part of the EAF from the southern
termination of the Piitiirge segment to the Antakya fault near the DSF (Barbot
et al., 2023). Both major earthquakes have ruptured the 13 major segments
of the EAF system during the coseismic phase of the earthquake. However,
the stress transfer of the Mw 7.8 Kahramanmarag earthquake to the Mw 7.6
the Elbistan earthquakes still need to be determined. Similarly, the 2016 M 7.8
Kaikoura earthquake occurred on the Marlborough branching fault system that
ruptured at least 21 fault segments and produced approximately 10 m coseis-
mic surface displacement (Ando and Kaneko, 2018; W. Xu et al., 2018). The
off-fault deformation has also been observed due to the occurrence of multiple
earthquakes with Mw > 5.7 before the mainshock of the Kaikoura earthquake.

The trans-compressional fault system of the SFT belt is also complicated and
characterized by buried faults, fault-bend folds, branches, ramp-décollement
fault systems, and step over structures across thrust and strike slip faults (Javed
et al., 2022; Karaca et al., 2021; Saif-Ur-Rehman et al., 2019; 2020). Moreover,
active blind thrusts are proved to be seismic hazards that sometimes may cause
significant destruction due to lack of knowledge and preparation, such as the
recent 2019 Mw 5.8 Mirpur earthquake in Pakistan (Barkat et al., 2022), 2017 Mw
6.1 Sangsefid earthquake (Ghayournajarkar and Fukushima, 2020), 2016 Mw 5.9
Menyuan earthquake (H. Wang et al., 2017), 2013 Mw 7.0 Lushan earthquake
(X. Xu et al,, 2013), 2003 Mw 6.5 Bam earthquake (Fialko et al., 2005; Fielding
et al., 2009).

The SFT belt represents the complex active tectonic deformation and exhibits
complex tectonic structures such as fault-propagation folds, bookshelf struc-
tures, and fault-bend folds. The frontal SFT belt mostly hosted moderate-size
earthquakes, while the western side hosted major earthquakes in the region
(Figure 4.1). A key question that requires attention is why moderate-sized seis-
mic activity is observed along the frontal zone of the SFT belt, in contrast to
the western zone. Do geometric complexities or fault dimensions exist in the
frontal SFT belt zone that control the coseismic slip propagation? Javed et al.
(2022) shows the frontal SFT belt exhibits complicated tectonic structures e.g.
fault-propagation fold, and fault-bend-fold consists of a shallow décollement
that branches into a narrow ramp. These complicated structures may control the
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coseismic slip propagation, eventually control the size of earthquakes (Namson
and T. L. Davis, 1988; Sathiakumar and Barbot, 2021; Sathiakumar et al., 2020;
Weng and Yang, 2017).

The western SFT belt has a complex combination of thrust and strike-slip
movement, and a mature fold-and-thrust fault system, passive roof duplex
structures, and en-echelon structures (Karaca et al., 2021; Saif-Ur-Rehman et al.,
2019; 2020). The continental-scale 850 km long sinistral Chaman fault (CF) that
marks the western segment of the Indian and Eurasian plate boundary, played
a significant role in the evolution of the structure and shape of the SFT belt
(Bernard et al., 2000; Haq and D. M. Davis, 1997; Karaca et al., 2021) . The strike
of the CF is approximately 10° to 35° and the slip rate along the SFT belt is about
19-24 mm/yr (Ul-Hadi et al., 2013; Lawrence and Yeats, 1979). The azimuth of
the northward movement of the Indian plate is approximately N12°E against
the N34°E average azimuth of the CF, that produces strain partitioning in the
SFT belt (Bernard et al., 2000; Karaca et al., 2021) (Figure 4.1).

The southward motion of the SFT is compensated by the right-lateral Urghar-
gai fault (UGF) on the western SFT belt and the left-lateral Kingri fault on the
frontal SFT belt. The northward movement and underthrusting of the Indian
plate are being accommodated with the Boundary thrust (BT) and Zhob val-
ley thrust (ZVT), which produced several major earthquakes in the last three
decades (Ambraseys and Bilham, 2003; Bernard et al., 2000; Reynolds et al., 2015)
(Figure 4.1).

In the western SFT belt, a few major earthquakes have been reported along
with two doublet events Mw 6.9 in 1997 in the Sibi Syntaxis around 80 km SE
of the 2021 Harnai earthquake epicentre, and 11 years later another doublet Mw
6.4 in 2008 in the Quetta Syntaxis around 150 km NW of the recent 2021 Harnai
earthquake epicentre (Nissen et al., 2016; Reynolds et al., 2015; Usman and
Furuya, 2015) (Figure 4.1). In 2016 Nissen et al. (2016) shows that the coseismic
slip of the Sibi doublet occurred on two different buried thrust faults between
depths of 10 and 20 km respectively. The initial rupture occurred over a shallow
blind Harnai fault and triggered the second thrust fault separated by 50 km in
just 19 seconds. It is evident that the fault dimensions and geologic structures
in the western SFT belt are complicated and at small distances from each other
which may favor triggering the rupture propagation to the adjacent faults and
produce major earthquakes.

The right lateral Karahi fault and thrusting Harnai fault are two NW-SE
trending transpressive parallel faults and are subjected to major sources of
seismicity from moderate to large magnitude earthquakes in the western zone
of the SFT belt. The KF shows the right lateral movement, while HF is a blind
thrust fault with a foot wall in the north, and a hanging wall in the south of
the fault (Figure 4.1). The HF which is the causative fault of the 2021 Mw 6.0
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Harnai earthquake shows no significant movement prior to the earthquake as
analyzed by (Karaca et al., 2021) using space-borne satellites, controlled seismic
source data, and borehole data. InSAR time series analysis presented in (Karaca
et al., 2021) shows the HF is locked prior to 2021, while right lateral movement
is observed at the KF at the rate of approximately 15 mm/yr in the descending
and approximately 10 mm/yr in the ascending track parallel to the HF.

In order to assess the afterslip on the HF due to the 2021 Mw 6.0 Harnai
earthquake, we perform SBAS time series analysis of spaceborne Sentinel-1 SAR
data (Figure 4.14 and 4.15). We follow similar SAR data processing methods and
a set of parameters described in Section 4.2.1 through the LiCSBAS (Morishita et
al., 2020) platform in the period of December 2020 to December 2022 to analyze
the preseismic and postseismic deformation. However, we find no significant
pre-seismic and post-seismic phase movement around the deformation zone
at point P1 on 30.0347° N, 67.9470° E, and point P2 on 30.146° N, 67.9020° E in
ascending descending track interferograms (Figure 4.14c, d and 4.15c, d). We
also plot the profile AA’ across Harani fault covering the positive and negative
LOS displacement produced by the earthquake (Figure 4.14a and 4.15a). We
find the positive velocity (movement toward satellite) of around 45 mm/yr
in the ascending track (Figure 4.14b), and 55 mm/yr in the descending track
(Figure 4.15b). We find a negative velocity of around -30 mm/yr in the ascending
and -20 mm/yr in the descending tracks at the footwall segment of the Harnai
fault (Figure 4.14b and 4.15b).

Overall, the 2021 Mw 6.0 Harnai earthquake ruptured the fault in the up-dip
direction at a depth of 8 km. Most of the deformation is observed in the hanging
i.e. at the southern margin of the Harnai fault. We propose our NW-SE rupture
model as a preferred causative fault because it correlates with the tectonic
settings of the region and the geologic structure of the Harnai fault, while the
NE-SW model is incompatible with the Harnai fault. In addition, the NW-SE
model explores the observations well, with residuals less than 6.0 mm, while
the NE-SW model exhibits a slightly higher residual of the order of 10 mm.
Furthermore, the slip distribution of the NW-SE model exhibits more internal
consistency than the NE-SW rupture model.
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Figure 4.14: Slip rates of ascending track AT144 between December 2020 to December
2022. (a) Positive velocity is the movement towards the satellite, negative velocity is the
movement away from the satellite. Beach ball solution of the 2021 Mw 6.0 earthquake.
(b) The creep rate across the profile AA’ and the black dashed line shows the Harnai
fault. (c and d) Pre-seismic, post-seismic, and co-seismic displacement of the Mw 6.0
2021 Harnai earthquake on points P1, and P2. The red dots show the interferograms.
The green colored line shows the co-seismic movement due to the Mw 6.0 earthquake.
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Figure 4.15: Slip rates of descending track DT78 between December 2020 to December
2022. (a) Positive velocity is the movement toward the satellite, negative velocity is the

movement away from the satellite. Beach ball solution of the 2021Mw 6.0 earthquake.

(b) The creep rate across the profile

AA’ and the black dashed line shows the Harnai

fault. (c and d) Pre-seismic, post-seismic, and co-seismic displacement of the Mw 6.0

2021 Harnai earthquake on points P1, and P2. The red dots show the interferograms.

The green colored line shows the co-seismic movement due to the Mw 6.0 earthquake.
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4.5 Conclusions

The coseismic surface deformation along the line-of-sight (LOS) is estimated
as 70 mm and 80 mm for ascending and descending interferograms, respec-
tively. Modeling of InSAR data reveals primarily thrust-dominated slip in up
dip direction with a strike-slip component that is in good agreement with the
tectonic context of the transpressional Karahi and Harnai faults. Source fault
geometry along with the corresponding uncertainties of the 2021 Mw 6.0 Harnai
earthquake and preseismic InSAR analysis shows the fault was locked until
2021 prior to the rupture.

The finite slip shows the 95 % of slip is concentrated between 3 and 10 km
depth in both tracks. We find the NW-SE rupture model against the NE-SW
model is justified by the tectonic settings and fault structure of the Harnai fault.
Major deformation is observed in the hanging wall at the southern block of the
Harnai fault. This study helps to understand the crustal deformation mechanism
at the western margin of the SFT belt.
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5 Insights into the 2023 Earthquake
Sequence on the East Anatolian
Fault System

Abstract

The East Anatolian Fault (EAF) accommodates the relative motion between
the Arabian and Anatolian plates and forms a triple junction at which slip is
partitioned among the North Anatolian Fault (NAF), the East Anatolian Fault
(EAF), and the faults of the Turkish-Iranian Plateau. The NAF is a 1,200 km
long right-lateral strike-slip fault extending from the Karliova triple junction to
the Sea of Marmara. The EAF is a 310 km-long left-lateral fault, that extends
southwards and branches out diffusely to the Antakya, the Dead Sea Fault (DSF),
and the Cyprus Arc to the southwest. The NAF is considered structurally mature
while the EAF is structurally immature because it consists of multiple fault
segments. These fault segments ruptured over time, and long-term accumulated
strain energy is released by bends and step over structures that connect the
EAF.

A significant portion of the EAF system is ruptured in the last few years, as
demonstrated by the recent activity starting with the January 24, 2020, Mw
6.8 Elaz1g earthquake, near Hazir Lake, continuing with the February 06, 2023,
Mw 7.8 Kahramanmaras earthquake that ruptured the 310 km long Erkenek,
Pazarcik, and Amanos contiguous fault segments. On the same day 9 hours later,
the Mw 7.6 earthquake ruptured the 150 km long E-W trending left lateral splay
of the EAF. Two weeks later on February 20, another aftershock with Mw 6.4
occurred in Antakya at the southern termination of the EAF. In this study, we
constrained the coseismic slip distribution of the 2023 Mw 7.8 Kahramanmaras,
the Mw 7.6 Elbistan, and Mw 6.4 Antakya aftershocks. The finite fault rupture
inversions that I accomplished in this Ph.D study are part of an international
effort to collect multi-parametric spaceborne satellite observations to constrain
the spatial distribution of the coseismic slip for the entire 2023 earthquake
sequence.

Based on the estimated coseismic slip distribution, the 2023 mainshock rup-
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ture propagated bilaterally from the central Pazarcik segment. To the north,
the rupture terminated near the bifurcation with the Bitlis-Zagros fold-and-
thrust-belt. As a result, a 40 km long segment separating the 2020 Elazi1g and
the 2023 Kahramanmaras ruptures did not slip during an earthquake. The EAF
features creeping segments to the north, near the Karliova triple junction, and
around Hazir Lake in the Palu and Piitiirge segments, but is locked during the
interseismic cycle in the remaining segments. We speculate that this section of
the EAF represents a potential seismic gap. Alarmingly, the Putiirge segment
remains unbroken, bearing the potential for another Mw 6.8 earthquake. To
test this hypothesis, we further investigate the fault behavior before the 2023
Kahramanmarag sequence. We perform time series analysis using Sentinel-1
SAR interferometry to identify the extent of creep along the EAF, particularly
along the 40 km long Piitirge segment. We process the ascending tracks
AT116, and AT43, along with the descending tracks DT123 and DT21 using the
small baseline (SBAS) inversion algorithm. We use 147 interferograms for track
AT116, 85 for track AT43, 120 for track DT123, and 145 for track DT21. As a
preliminary step, we stack the geocoded unwrapped interferograms and remove
the unwrap errors for each interferogram. We then utilize the ECMWF ERA5
products to reduce the tropospheric phase delays. Finally, we correct the phase
ramps, and topographic errors, and estimate the average velocity. Our results
indicate the presence of up to 20 mm/yr shallow creep along the EAF after the
coseismic deformation of the 2020 Elazig earthquake, which propagates towards
the southwestern end of the Piitiirge segment. We also find a creep at many
small segments of the EAF zone from Piitiirge segment to the Karliova triple
junction. This study clarifies the seismic potential of the Piitiirge segment.

The first part of the work, concerning the slip distribution of the entire 2023
earthquake sequence on the EAF has been published in (Barbot et al., 2023), and
here some text and figures from the publication are reproduced, whereas the
work on the creep rates analysis is being prepared for publication.

5.1 Introduction

The Mediterranean Basin, tectonically one of the most active regions located
within the western zone of the Alpine-Himalayan seismic belt, traces its origins
to the Tethys Sea closure (Bozkurt, 2001; Jackson and McKenzie, 1984; Taymaz et
al., 1991). The eastern Mediterranean region is considered as the Europe’s most
seismically active area due to the rapid interactions of microplates (Malinverno
and Ryan, 1986; Nocquet, 2012; Le-Pichon and Kreemer, 2010). Interactions of
tectonic processes, including the encroachment of the Arabian Plate towards
the Anatolian plate, slab rollback at the Hellenic Trench, and expansion of
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the Aegean Sea induce a large-scale rotation, facilitated by major transform
faults (Barbot and Weiss, 2021; Barbot et al., 2023; L. Jolivet et al., 2013). The
northward interaction of the Arabian Plate triggers a triple junction, where
displacement is distributed among the NAF, EAF, and multiple faults in the
Iranian-Turkish plateau (Hamiel and Fialko, 2007; Reilinger et al., 2006; Vernant
et al., 2004) (Figure 5.1). The NAF, a mature, 1200 km long right lateral fault sys-
tem, extends from the Karliova triple junction to the Marmara Sea (Ambraseys,
1970; Giivercin et al., 2022; Hubert-Ferrari et al., 2002; Le-Pichon et al., 2016).
The conjugate EAF, a 300 km long sinistral fault system, extends southwards
and branches out diffusely towards Antakya, the Cyprus Arc, and the Dead
Sea Fault (DSF) (Garfunkel et al., 1981). The left lateral EAF system connects
multiple fault segments with a relatively lower long-term slip rates (Aktug
et al., 2016; Cavalié and Jonsson, 2014), exhibiting major releasing bends and
step-overs (Duman and Emre, 2013; Guivercin et al., 2022), making it relatively
immature in comparison to the NAF system (Figure 5.1). Farther south, the left
lateral DSF system serves as the boundary fault and accommodates the Arabian
Plate movement in the north (Garfunkel et al., 1981).

The dynamic interplay of these tectonic plates is regulated by the frictional
resistance of faults within the brittle Earth’s crust, leading to recurring seismic
cycles. The NAF experienced a prolonged sequence of earthquakes throughout
the 20'" century, commencing with the Erzincan earthquake in 1939 with Mw
7.9 (Emre et al., 2021), the 1999 Mw 7.9 Izmit (Hamiel and Fialko, 2007), the
1999 Mw 7.4 Diizce earthquake (Ergintav et al., 2009; Hearn et al., 2002) near
Istanbul. The northern EAF also experienced several earthquakes in the last
century, mostly ruptured as left lateral slip with the Mw 6.8 in 2020, Mw 6.1
in 2010, Mw 6.7 in 1971, and Mw 6.8 in 1905. However, the southern section
of the Elazig segment has not been ruptured in the previous century (Barbot
et al., 2023; Duman and Emre, 2013; Hubert-Ferrari et al., 2020). Southern
EAF experienced several notable earthquakes with Mw 7.2 in 1893, Mw 7.0 in
1795, and Mw 6.9 in 1114 (Guvercin et al., 2022). Hence, most of the southern
segments of the left lateral EAF system remain locked and accumulate stress
before the 2020 Mw 6.8 earthquake at the northern section of the Elazig, the
2023 Mw 7.8 Kahramanmaras and the Mw 7.6 Elbistan earthquake sequence
(Barbot et al., 2023; Pousse-Beltran et al., 2020).

On February 6, 2023, Turkey and Syria were shaken by powerful earthquakes
that caused tremendous damage and loss of lives (Figure 5.1, and 5.2). Earth-
quakes in this region occur naturally due to the long-term motion of tectonic
plates around the Mediterranean Basin. To better understand the circumstances
of these tragic events, we analyze remote sensing data that measures the ground
displacement caused by these earthquakes.
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Figure 5.1: Simplified tectonic map of the East Anatolian Fault Zone after Duman and
Emre, 2013 and Emre et al., 2018. The East Anatolian Fault consists of a succession of
discontinuous segments. The 2023 Mw 7.8 mainshock ruptured the Amanos, Pazarcik,
and Erkenek segments and stopped at the Yarpuzlu restraining bend. The Mw 7.6
aftershock ruptured the Savrun Fault, the Cardak Fault, and propagated toward Malataya
along a structure between the Stirgli Fault and the Malatya Fault. Fault is abbreviated to
“F!" to save space. The February 20, 2023 Mw 6.4 aftershock took place near the Antakya
Fault towards the Mediterranean Basin. The background seismicity also mentioned in
(Figure 5.2b) represents the aftershocks within 2 days of the mainshock (Lomax, 2023).
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5.2 Recent Seismicity on the EAF System

The complicated tectonic settings of the EAF system have produced numerous
large earthquakes as explained in Section 5.1. However, in this study we will fo-
cus on some recent major earthquakes that struck north of the Piitiirge segment
in 2020 with Mw 6.8, and the 2023 earthquake sequence with Mw 7.8, Mw 7.6
and Mw 6.4 that ruptured the major parts of the EAF system from the Erkenek
segment to Antakya (Barbot et al., 2023; Ragon et al., 2021) (Figure 5.2).

5.2.1 The 2023 Kahramanmaras, and Elbistan Earthquake
Sequences

On February 6, 2023, the Kahramanmaras earthquake, the most significant
seismic event to strike Turkey since 1939, ruptured the South-West trending seg-
ments of the EAF system continuously (Figure 5.2). This destructive mainshock
initiated a long sequence of aftershocks. On the same day 9 hours later, another
Mw 7.6 destructive earthquake ruptured the 150 km long east-west trending
Cardak fault, a left lateral splay of the EAF system near Elbistan (Figure 5.2).

This complicated sequence of large earthquakes, occurring on nearby faults
within hours, is considered an unprecedented phenomenon in a continental
setting, particularly considering their similar source mechanisms (Figure 5.2).
The mainshock and its major aftershocks produced widespread destruction and
severe damage to an estimated 160,000 buildings and claimed over 50,000 lives.
The long sequence of aftershocks along the EAF system disturbed an additional
200,000 people and affected around 14 million people across Turkey and Syria.

We find that the mainshock produced up to 8 m of slip on the EAF connecting
segments that historically ruptured individually in different times. The Mw 7.6
aftershock produced more slip at depth, up to 12m, on a separate fault. The
coseismic slip for both earthquakes also correlates with the GPS measurements
(Barbot et al., 2023). The coseismic slip of these earthquakes illuminates some
important characteristics of the brittle crust in the EAF zone. Along the EAF, the
slip distribution is characterized by a shallow slip deficit, a maximum coseismic
slip of 8 m between 3 and 7 km depth, and a bottom depth of 18 km depth —
presumably including much afterslip. Along the strike direction, coseismic slip
is maximum at the central segments and tapers at the segment boundaries. The
small-magnitude aftershocks cluster at the segment boundaries and the regions
of high coseismic slip. Along the Cardak fault, the coseismic slip of the Mw
7.6 aftershock is relatively uniform with 11 m from the surface to 7 km depth,
vanishing at 12 km depth (Barbot et al., 2023).
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Figure 5.2: Tectonic setting and crustal deformation of the East Anatolian Fault (EAF)
on February 6, 2023. a) The aftershocks (black dots) (Lomax, 2023) and the focal
mechanisms of earthquakes of moment magnitude greater than 4 (beach balls) illuminate
the ruptures of the Kahramanmaras Mw 7.8 (purple) and the Elbistan Mw 7.6 (blue)
earthquakes. The fault offsets indicate the extent of the ruptures. The EAF and Dead
Sea (DSF), plate-boundary faults, are shown in red. Major and minor faults are shown
in thick and thin black lines, respectively (Emre et al., 2018). The focal mechanisms are
from the Disaster and Emergency Management Authority (AFAD) for February 6, 2023
(https://deprem.afad.gov.tr/event-catalog). The topography is from the Global
Multi-Resolution Topography Synthesis (GMRT) (Ryan et al., 2009). b) Time series of
aftershocks magnitude in the days following the mainshock (purple for aftershocks
within 20 km of the EAF, blueish for aftershocks within 20 km of the Mw 7.6 rupture,
and orange for earthquakes within 20 km of the Mw 6.4 Antakya aftershock). The
February 20, 2023 Mw 6.4 aftershock occurs at the southern termination of the EAF.
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5.2 Recent Seismicity on the EAF System
5.2.2 The 2023 Antakya Aftershock

Just two weeks after the powerful 06 February 2023 earthquake sequence, a
Mw 6.4 aftershock struck southeast Turkey on 20 February 2023 near Antakya
(Figure 5.2). The earthquake occurred on a left lateral strike-slip fault where
the EAF bifurcates offshore towards the Cyprus arc. The 20 February 2023
earthquake is considered a standout event of the aftershock sequence of the
Mw 7.8 Kahramanmaras rupture. The magnitude of Antakya aftershock (Mw
6.4) is significantly smaller than the mainshock with Mw 7.8, but it is still
powerful enough to cause widespread damage in Antakya and surrounding
areas. The aftershock indicates complex tectonic settings and stress transfer
from continental settings to offshore. The Antakya fault ruptured previously
in 1872 with Mw 7.2 claiming thousands of lives and widespread damage (Mai
et al., 2023).

The Antakya aftershock was followed by numerous notable aftershocks in the
Mediterranean Sea, showing the fault remained stressed and can still produce
numerous aftershocks. The epicenter of the 20 February 2023 Mw 6.4 aftershock
was closer to a densely populated city with a rich cultural heritage, causing
extensive damage to infrastructure and buildings. The aftershock also triggered
landslides and rockfalls, further disrupting the already damaged area caused
by the Kahramanmaras earthquake. Here, the Antakya aftershock provides
us an opportunity to understand the rupture propagation and tapering off the
ongoing seismicity on the EAF system. Understanding the geological setting,
rupture termination of major earthquakes, and fault behavior in the region is
crucial for earthquake preparedness and risk mitigation.

5.2.3 The 2020 Elazig Earthquake

On January 24, 2020, the Mw 6.8 Elaz1g earthquake occurred on the EAF system
(Figure 5.2). It was one of the largest earthquakes of the last century on the
EAF system prior to February 6, 2023, Mw 7.8, and Mw 7.6 devastating doublet
earthquakes separated by 9 hours. The 2020 Elazig earthquake originated near
Lake Hazir and propagated southward until the Piitiirge segment of the EAF
system. The Piitiirge segment remains locked during the coseismic rupture of
the 2020 Elazig earthquake (Konca et al., 2021; Pousse-Beltran et al., 2020; Ragon
et al., 2021). It is to be noted that the 2023 Mw 7.8 Kahramanmaras mainshock
occurred on the EAF, propagated south- and north-ward bilaterally, and tapered
off at the southern boundary of Piitiirge segment.
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5.3 Methodology used for studying the Antakya
Aftershock

In this section, we will discuss the methodology applied in obtaining the co-
seismic deformation of the Antakya aftershock and the slip distribution for the
2023 Kahramanmaras, Elbistan, and Antakya earthquake sequence.

5.3.1 Analysis of Antakya Aftershock

For the 2023 Mw 7.8 Kahramanmarag, and Mw 7.6 Elbistan earthquakes different
spaceborne geodetic observations were used to constrain the slip distribution to
address first-order questions regarding the mechanisms of rupture propagation
and arrest in the EAF system. In this section, we focus on the February 20,
Mw 6.4 Antakya earthquake and the transition between the EAF and Antakya
Fault that propagates into the Mediterranean Basin (Figure 5.1). For the Mw 6.4
Antakya aftershock, we make use of the great sensitivity of the Sentinel-1 SAR
phase and constrain the slip distribution with the inversion of the Sentinel-1
interferograms. Below, we describe the data processing to constrain crustal
deformation.

5.3.1.1 InSAR Data Processing

For the February 20, 2023 Mw 6.4 aftershock near Antakya, we use the interfero-
gram based on SAR images acquired on February 9, 2023, and February 21, 2023,
along the ascending track 14 (AT14) and the interferogram based on SAR images
acquired on February 10, 2023, and February 22, 2023, on descending track 21
(DT21). With these acquisition dates, the observed deformation includes also
the local Mw 5.5 aftershock. The features of the Sentinel-1 used in this study are
given in Table 5.1. We mostly followed the procedure explained in Chapter 3
and Chapter 4 to process the SAR data for both ascending and descending track
interferograms, with some differences. We produce the interferograms through
the LicSBAS platform (Lazecky et al., 2020; Morishita et al., 2020) and correct
for atmospheric perturbations using the GPS-based iterative tropospheric de-
composition GACOS model (Yu et al., 2018b). We apply the topographic phase
correction included in LICSBAS, which uses the digital elevation model from
the SRTM (Farr et al., 2007).

Sometimes the deformation associated with large-magnitude earthquakes
has a large deformation gradient that produces dense fringes in the InSAR inter-
ferogram which are difficult to unwrap reliably. Therefore, pixel-offset tracking
methods are useful, in which cross-correlation of the Sentinel-1 SAR reflectivity
amplitude, is used to estimate the coseismic surface deformation (Barbot et al.,
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2023; T. Wang et al., 2014; 2018). Unlike the 2023 Mw 7.8 Kahramanmaras,
and Mw 7.6 Elbistan earthquakes, for the Antakya earthquake we were able
to use phase information of the backscattered signal of the Sentinel-1 SAR
data. Therefore, we unwrap the phase interferograms with the Statistical-cost,
Network-flow Algorithms (C. Chen and Zebker, 2002). The unwrapped inter-
ferograms of both ascending and descending tracks are shown in Figure 5.3a,
b, revealing crustal deformation to the southwest of the Mw 7.8 mainshock
rupture, indicating the propagation of seismic unrest toward the Cyprus Arec,
compatible with the distribution of aftershocks (Figures 5.2).

Table 5.1: Features of Sentinel-1A data used for estimating the deformation produced
by Antakya aftershock

Duration Track no. | Perp. base-| Inc. angle | Head. plat-
(yy/mm/dd) line (m) (°) form (°)
2023/02/09— | DES.T021 | 15 38 — 41 168 — 170
2023/02/21

2023/02/10— | ASC.T14 | 20 38 — 41 -9.7—-11.2
2023/02/22

5.3.1.2 Geodetic Bayesian Inversion of Antakya Aftershock

Before running the Bayesian inversion, we estimate the variance and covariance
of the datasets to determine the errors, produced by phase decorrelation due to
uneven distribution of water vapor content in the troposphere and turbulence
of ions in the ionosphere (Hanssen et al., 1999). In addition, it can also be due
to steep topographic variations in which case it correlates with the topography,
named as stratified atmospheric noise (Knospe and S. Jonsson, 2009). Presum-
ably, ionosphere structures are considered coherent over a scale of hundreds of
kilometers, especially for C-band SAR satellites. However, water vapor content
varies unevenly with topography which can introduce delays in LOS direction
(Emardson et al., 2003; P. Jonsson and Eklundh, 2002). Therefore, we estimate
the spatial variability of both ascending and descending interferograms using
a semi-variogram (Wackernagel, 2003) by measuring the dissimilarity among
the processed interferogram. We perform the semi-variogram analysis over a
region, ten times larger than the area that is subjected to surface deformation
and calculate the range, sill, and nugget values for the ascending and descending
interferograms separately (Table 5.2).

We estimate the Antakya aftershock ruptured fault geometry, in terms of
fault dip, strike, length, width, slip, and depth by inverting ascending and
descending LOS surface displacements (Figure 5.3a, b) through the Bayesian
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Figure 5.3: Sentinel-1 unwrapped interferograms of the February 20, 2023 Mw 6.4
aftershock near Antakya, Turkey. a) Interferogram of ascending track AT14, based
on SAR images acquired on February 9, 2023 and February 21 2023. b) Interferogram
of descending track DT21 based on SAR images acquired on February 10, 2023 and
February 22, 2023. The dashed rectangle indicates the region most affected by crustal
deformation.
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Table 5.2: Detail of ascending descending interferograms dataset errors calculated in

5.3 Methodology used for studying the Antakya Aftershock

terms of LOS displacement of Antakya aftershock using semi-variogram

Track Sill Nugget Range Threshold | Subsample
(mm)? | (mm)? (km) (mm)? (points)

DES-T021 | 0.16 2.44%x 10718 | 9.80 1x107* 388

ASC-T14 | 0.19 1.08x 107% | 13.2 1.4x 1072 | 126

inversion (GBIS) approach (Bagnardi and Hooper, 2018; Javed et al., 2022).
After estimating the semi-variogram parameters, we subsample the datasets to
reduce the computational cost and obtain enough samples that accurately depict
the true surface displacement. We subsample the full-resolution ascending
track interferogram (number of subsamples in the AT14: 126) and descending
track interferogram (number of subsamples in the DT021: 388) (Figure 5.4a, b)
using a quadtree gradient-based approach (Simons et al., 2002). It recursively
divides the surface deformation into further four polygons unless we achieve the
threshold variance for ascending (1.4 X 10"2mm?) and descending (1 X 10~*mm?)
interferograms as given in Table 5.2.

We examine the southern termination of the Mw 7.8 Kahramanmarag earth-
quake sequence at Antakya with Mw 6.4. We generate a synthetic model in
a homogeneous elastic half-space based on a uniform rectangular dislocation
model (Okada, 1992). The Okada model has been proven effective in simulat-
ing coseismic deformation caused by earthquakes (Barbot et al., 2023; Barkat
et al., 2022; Garthwaite et al., 2013; Javed et al., 2022; H. Wang et al., 2017; W.
Xu et al., 2018). The ascending and descending interferograms show surface
deformation of approximately -10 cm and 10 cm along their respective LOS
direction (Figure 5.3). We efficiently categorize the posterior probability density
(PDF) of the ruptured fault geometry of the Antakya aftershock with automatic
step size using the Metropolis-Hastings algorithm and the Monte Carlo Markov
chain method (Hastings, 1970; Metropolis et al., 1953; Tarantola, 2005). We
use 10° iterations to define posterior PDF, discarding the first 20,000 samples
(Figure 5.5).

We find the strike of rupture 237° + 5 from the north with a dip angle of
55° £ 5. The fault orientation falls within the large cloud of aftershock hypocen-
ters and aligns well with the Antakya Fault that runs toward the Cyprus Arc.
The posterior probability distribution of each source fault model is shown in
Figure 5.5. Histograms of ruptured fault model parameters are generated during
the Bayesian inversion with 10° iterations. The y-axis shows the probability
density based on 10° iterations with 95% confidence interval. To evaluate the
quality of inversions, we find each rupture parameter converges very well
around the average and optimal value of the model. (Figure 5.6).
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Figure 5.4: Subsampling of ascending (AT014) and descending (DT021) tracks interfer-
ograms before inverting LOS displacement.

0.5 . 0.5 . 0.5 ‘ I
0.0 0.0 0.0
10 12 14 16 5 10 15 8 12 16
Length (km) Width (km) Depth (km)
0.5 - I 0.5 i 0.5 -
0.0 0.0 0.0
30 40 50 60 230 240 250 -20 -18 -16
Dip () Strike (°) X-centre (km)
05 - 0.5 - 0.5 i
0.0 0.0 0.0
-2 0 2 6 8 10 0 0.1 0.2
Y-centre (km) Strike-slip (cm) Dip-slip (cm)
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5.3.1.3 Slip Distribution of the 2023 Earthquake Sequences

For the slip distribution of the 20 February 2023 Antakya aftershock, we use
the inferred geometry, and invert for a finite slip distribution applying a non-
negative least square inversion (Jonsson et al., 2002), with a discretization
of the fault into 1 X 1km? patches. The comparison between the Sentinel-1
observations for tracks AT14 and DT21 and the forward model for the Mw 6.4
Antakya aftershock is shown in Figure 5.8. We use Green’s function relating the
fault strike-slip and dip-slip components to surface displacement for an elastic
half-space (Okada, 1992). To reduce the number of data points used in finite-
source modeling, we downsample the observations using a quadtree (Fialko,
2004b; Jonsson et al., 2002). We invert for the slip distribution using regularized
least-squares by imposing a smooth distribution of slip enforced by a Laplacian
operator (Huiskamp, 1991). We use the L-curve (Aster et al., 2012) to resolve
the trade-off between misfit and roughness and estimate the optimal smoothing
constraints (Aster et al., 2012) (Figure 5.7). Slip is allowed to have along-strike
and down-dip components. The data used for the inversion are defined by the
dashed frame in Figure 5.3. We use the ascending and descending interferograms
jointly to constrain the slip distribution.

The slip distributions Mw 6.4 Antakya aftershock along with the Mw 7.8
Kahramanmaras, and the Mw 7.6 Elbistan, and are shown in Figure 5.9. The
coseismic slip for Kahramanmarag mainshock is maximum between 3 and 7 km
depth, tapering off between 8 and 14 km depth. Fault slip is mostly left-lateral
with small changes of dip near the surface (Figure 5.9). For the Mw 6.4 Antakya
aftershock, the rupture extends along strike over a length of 25km, and a
downdip distance of 25 km. The maximum slip of 0.93 m occurs at a depth of
8.3 km, with a rake of -12°, corresponding to dominantly left-lateral slip, with
the area affected by greater slip extending down-dip towards the northeast
(Figure 5.9)

On February 6, 2023, the Mw 7.8 mainshock initiated on the Narli Fault zone
that bounds the Narli basin, north of the Karasu trough (Figure 5.9). The rupture
continued along the EAF, propagating bilaterally into the Amanos segment to
the south and into the Pazarcik and Erkenek segments to the north (Melgar et al.,
2023). The surface rupture stopped just northeast of the Yarpuzlu restraining
bend (Figure 5.9). There is no visible surface break along the Piitiirge segment
even though aftershocks extend to the southern limit of the January 24, 2020,
Mw 6.8 Elaz1g rupture.

The 06 February 2023 Mw 7.6 aftershock nucleated in the middle of the Cardak
Fault and propagated westward to the Savrun Fault and eastward across the
so-called Nurhak complexity (Duman and Emre, 2013) along an immature fault
between the Malatya and the Siirgu faults (Melgar et al., 2023) (Figure 5.9).
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The Mw 7.6 aftershock triggered a sequence of additional aftershocks including
normal faulting earthquakes near the Savrun Fault (Figure 5.2). The aftershocks
cluster north of the Cardak Fault, indicating a north dipping fault. There is no
indication of slip on the Siirgu fault connecting the Cardak fault to the EAF.
The Mw 7.8 mainshock and the Mw 7.6 aftershock occurred on disconnected
faults. The long streak of seismicity east of the Karasu trough and south of the
Narli Basin is not associated with detectable surface displacements.

The rupture of the Mw 7.6 aftershock is more compact, mostly confined to
the Cardak fault with a maximum slip of 11 m from the surface to 7 km depth.
The slip tapers off from 8 to 12 km, shallower than along the EAF (Figure 5.9).
Slip along the northeast-striking Gok Hill and S6giit segments between the
Malatya and Stirgii faults is limited to at most 5m. Slip on the south-striking
Yesilkoy normal fault reaches 2 m (Figure 5.9).
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Figure 5.9: Coseismic slip distribution of a) the 2023 February 06, Mw 7.8 Kahraman-
marag mainshock, the February 20, Mw 6.4 aftershocks (purple), and the 2020 Mw 6.8
Elaz1g earthquake (Pousse-Beltran et al., 2020) (light brown) and b) the 2023 February
6, Mw 7.6 Elbistan aftershock. The maximum slip of 8 m on the EAF concentrates
between 3 and 7 km depth, highlighting a shallow slip deficit. The maximum slip on
the Cardak fault during the Mw 7.6 aftershock is 11 m from the surface to 7 km depth.
The small-magnitude aftershocks (Lomax, 2023) concentrate at segment boundaries

and around the regions of high coseismic slip.
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5.4 Fault Creep at Putiirge Segment Prior to the 2023
Earthquake Sequences

On January 24, 2020, the Mw 6.8 Elaz1g earthquake occurred on the EAF system
at the indentation zone of the Arabian plate towards the Anatolian plate. It
was one of the largest earthquakes of the last century on the EAF system
before the February 6, 2023, Mw 7.8, and Mw 7.6 devastating earthquakes
doublet. The 2023 Mw 7.8 Kahramanmaras mainshock occurred on the EAF
and propagated south- and north-ward tapered off at the southern boundary
of Putiirge segment. While the 2020 Mw 6.8 Elazig earthquake originated
near Lake Hazir and propagated southward until the Piitiirge segment along
the EAF. The Piitiirge segment remains locked during both the 2020 and the
2023 mainshocks (Figures 5.10b). In this study, we use spaceborne Sentinel-
1 observations to perform time series analysis to address the concern of a
potential seismic gap at the Putiirge segment of the EAF zone between the Mw
6.8 2020 Elazig earthquake and the Mw 7.8 2023 Kahramanmaras earthquake
(Figures 5.10b).

5.4.1 Coseismic Rupture of the 2020 Mw 6.8 Elazig Earthquake

The geological studies on the EAF system at the convergence zone of the
Anatolian-Arabian plates suggest approximately 25 km offset along the fault
(Duman and Emre, 2013). Unlike the NAF, which experienced a significantly
larger number of moderate to major earthquakes in the last century, the EAF
had remained largely silent since the 19" century (Duman and Emre, 2013). In
2020 the Elazig earthquake ruptured nearly half of the Piitiirge segment along
the EAF, causing widespread damage, especially in the city of Elazig, and took
41 lives and injured hundreds of people due to the collapse of poorly constructed
buildings (Cakir et al., 2023; Pousse-Beltran et al., 2020; Tatar et al., 2020).

The 2020 Mw 6.8 Elaz1g earthquake originated near an abrupt, approximately
10° bend along the surface trace of the Piirtiirge segment of the EAF system. It
was preceded by two moderate foreshocks occurring within a short distance of
around 5 km on April 4 and December 27, 2019. The Elazig rupture propagated
in East-North direction and may have extended into the rupture zone of the 1874
Mw 7.1 Golciik Golu earthquake before halting at the Lake Hazar basin, a region
previously identified as a significant EAF segment boundary (Pousse-Beltran
et al., 2020).

SAR interferometry has shown a broader deformation across the fault than
field observations and a lack of substantial coseismic surface rupture (Cakir
et al., 2023; Konca et al., 2021; Pousse-Beltran et al., 2020; Ragon et al., 2021).
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Figure 5.10: Shallow slip deficit and potential seismic gap along the Piitiirge segment.
a) Coseismic slip distribution of the 2023 February 6, Mw 7.8 Kahramanmaras mainshock
with peak slip between 6 and 8 km depth. b) Coseismic slip distribution of the Mw 7.8
mainshock in relation to the 2020 Mw 6.8 Elazig earthquake (Pousse-Beltran et al., 2020),
highlighting a potential 40 km-long seismic gap in the Piitiirge segment. c¢) Coseismic
slip distribution of the 2023 February 6 Mw 7.6 Elbistan aftershock. The aftershocks
distribution and the background microseismicity before the respective earthquakes
are shown with black and purple dots, respectively. d) Depth distribution of coseismic
slip and aftershocks for the Mw 7.8 mainshock, highlighting a shallow slip deficit. The
aftershocks concentrate in regions of high gradient of slip. e) Same for the Mw 7.6
aftershock. f) Same for the 2020 Mw 6.8 Elaz1g earthquake and its aftershocks.
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InSAR and seismological data analysis indicate a roughly 40 km long subsur-
face rupture between Elazig and Piitiirge segments along the EAF system. The
earthquake nucleated at 12 km depth and propagated upwards mostly south-
westward. The rupture was not exposed on the surface and terminated a few
kilometers below the surface (Pousse-Beltran et al., 2020; Taymaz et al., 2021).
Field observations and geodesy indicate discontinuities in deforming surface
were majorly observed within a 300 m wide and 30 km long fault due to Elazig
earthquake. However, interferometry data indicates a broader deformation zone
width of approximately 1 km (Tatar et al., 2020).

There are several geological and geophysical explanations for the lack of
surface surface rupture. Some authors suggest the rupture arrested at the shallow
depth due to a slip deficit (Cakir et al., 2023). Some authors proposed several
explanations for the observed slip deficit, including the relatively immature
EAF system (Pousse-Beltran et al., 2020; Taymaz et al., 2021), and absence of
substantial stress transfer (Cakir et al., 2023; Konca et al., 2021; Pousse-Beltran
et al., 2020; Ragon et al.,, 2021). Despite the absence of significant strike-slip
coseismic displacement along surface ruptures, surprisingly vertical offsets of
up to 40 cm were noted particularly in the southwestern part of the ruptured
fault in the Puitiirge segment (Tatar et al., 2020).

5.4.2 Slip Distribution of the Mw 6.8 Elazig Earthquake

InSAR and seismological data analysis indicate a roughly 40 km long rupture,
nucleated at 12 km depth which propagated upwards predominantly southwest-
ward (Cakir et al., 2023; Pousse-Beltran et al., 2020; Taymaz et al., 2021). The
rupture did not emerge to the surface but was obstructed abruptly at shallow
depth. We compared the slip distribution of the Mw 6.8 Elaz1g earthquake with
the 2023 Kahramanmarag earthquake sequence as shown in Figures 5.9a, and
5.10b.

The rupture propagation exhibited an elongated elliptical pattern with three
distinct high-slip lobes, or asperities, situated beneath the fault in a shallow
creeping sections (Cakir et al., 2023; Pousse-Beltran et al., 2020; Ragon et al.,
2021; Taymaz et al., 2021). Coseismic slip reached a maximum of 3 m at depths of
approximately 4 km above the hypocenter, while surface slip near the epicenter
was limited to the order of cm (Cakir et al., 2023; Pousse-Beltran et al., 2020).
The nucleation point of the earthquake, where the rupture initiated on the
subsurface fault, was located at the edge of one of the high-slip lobes. While the
maximum slip occurred at shallow depths of 4 - 8 km, coseismic slip diminished
rapidly towards the surface, dropping from meters to near zero at depths of
1 — 1.5 kilometers, leaving the shallowest segment of the fault with apparently
negligible slip (Cakir et al., 2023; Pousse-Beltran et al., 2020).
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5.4.3 Data and Methodology for SBAS Time Series

In this study, we perform time series analysis using Sentinel-1 SAR interfer-
ometry to understand the postseismic movement of the 2020 Mw 6.8 Elazig
earthquake, and analyze the seismic potential of the 40 km long Piitiirge seg-
ment of the EAF zone. We use two Sentinel-1 ascending tracks AT116, and
AT43, and two Sentinel-1 descending tracks DT123, and DT21 to fully cover
the central and northern zones of the EAF system. We utilize the Sentinel-1
geocoded unwrapped interferograms from the Advanced Rapid Imaging and
Analysis (ARIA) products for tracks AT116, AT43, and DT21 (Buzzanga et al.,
2020). In addition, we use unwrapped interferograms of the Looking Inside Con-
tinents Space with Synthetic Aperture Radar (LiCSAR) products for the track
DT123 (Lazecky et al., 2020). We take advantage of these open source products
to assess the kinematic behavior of the EAF system from the Piitiirge and Palu
segments to the Karliova triple junction point from January 29, 2020, to January
29, 2023, the time interval between the 2020 Elazig and 2023 Kahramanmarag
earthquake sequence. We perform a time series analysis to calculate the average
surface displacement using the SBAS algorithm (Morishita et al., 2020; Yunjun
et al.,, 2019).

For tracks AT116, AT43, and DT21, we use the ARIA platform (Buzzanga
et al., 2020), an initiative of the Jet Propulsion Lab (JPL) NASA to monitor
floods, earthquakes, and other tectonic deformation processes. The project
aims to cover the whole globe, currently concentrated in regions of the United
States of America, China, and Turkey. The platform provides products of
open-source Sentinel-1 geocoded unwrapped interferograms. The products
consist of unwrapped phase, coherence, amplitude, and connected components
information of the study area. Furthermore, it allows performing the time
series analysis and computing the average velocity through MintPy software
(Ghayournajarkar and Fukushima, 2020). We select 147 interferograms for the
track AT116 (Figure 5.11), 86 for the track AT43 (Figure 5.12), and 145 for the
track DT21 (Figure 5.13) to analyze the fault creep at the Pitiirge, and Palu
segments of the EAF up to the Karliova triple junction. As a preliminary step,
we stack the geocoded unwrapped interferograms and remove the unwrap
errors for each interferogram. We then utilize the ECMWF ERAS5 products to
reduce the tropospheric phase delays. Finally, we correct the phase ramps, and
topographic errors, and estimate the average velocity. We follow the workflow
in Mintpy software given in Figure 5.15. For further details please see the article
Yunjun et al. (2019).

For the track DT123, not available in the required time interval at the ARIA
platform, we use the LiCSAR platform (Lazecky et al., 2020), managed by the
Centre for the Observation and Modelling of Earthquakes, Volcanoes and Tec-
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Figure 5.11: Network of ascending track (AT116) interferograms used for the SBAS
time series analysis with the Mintpy software.
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Figure 5.12: Network of ascending track (AT43) interferograms used for the SBAS time
series analysis with the Mintpy software.
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Figure 5.13: Network of descending track (DT21) interferograms used for the SBAS
time series analysis with the Mintpy software.
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Figure 5.14: Network of descending track (DT123) interferograms used for the SBAS
time series analysis with the LICSBAS software.
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AT43, and DT21. The workflow is modified from Yunjun et al. (2019)

95



5 Insights into the 2023 Earthquake Sequence on the East Anatolian Fault System

tonics (COMET). The major aim of the project is to comprehensively monitor
the volcanoes, landslides, earthquake deformation, and tectonic movements uti-
lizing Sentinel-1 SAR interferometry. It provides high-resolution tectonic strain
maps, aiding in the development of advanced models for seismic and volcanic
hazards. The LiCSAR platform generates interferograms on a predefined frame
covering an area of 250 X250 km?, and consists of three subswaths. The LiCSAR
platform provides multi-look interferograms of the order of 4 and 20 in azimuth
and range directions, respectively. The Goldstein adaptive spectrum filter is
applied to reduce and attenuate the noise level in each interferogram (Goldstein
and Werner, 1998). Phase unwrapping is implemented using SNAPHU software
(C. Chen and Zebker, 2001; 2002). Finally, the wrapped and unwrapped phase in-
terferograms, along with coherence images are geocoded and saved to GeoTIFF
format for further analysis by researchers.

We select 120 geocoded interferograms to estimate slip rates using LICSBAS
software (Morishita et al., 2020) for the track DT123 between January 29, 2020
— after the Mw 6.8 Elazig earthquake and January 29, 2023 — prior the Mw
7.8 Kahramanmaras seismic sequence covering the EAF system (Figure 5.14).
We select the interferograms that have a perpendicular baseline smaller than
150 m and are least affected by seasonal atmospheric variation to retain a
high correlation. Each interferogram is corrected by the path delays produced
by atmospheric turbulence using the globally available GACOS products (Yu
et al., 2018a). The time series network of the descending track (DT123) is
shown in Figure 5.14. Moreover, we can also implement a spatio-temporal
filter to enhance the signal to noise ratio and further eliminate the remaining
inaccuracies incurred by the atmosphere. However, applying a large spatio-
temporal filter— for instance, 50 days temporal, and 40 km spatial filter may
oversmooth the true deformation produced by tectonic processes. In this study,
we did not apply the spatio-temporal filter, and estimate the true deformation for
each pixel. However, we remove the long wavelength linear trend by applying
the de-ramping function. For further details please see the article Morishita
et al. (2020)

5.4.4 Analysis of Fault Creep at Piitiirge Segment

For the track AT116, we estimate the velocity in the LOS direction through the
SBAS time series algorithm implemented in Mintpy software (Yunjun et al.,
2019) between January 29, 2020, and January 29, 2023. The velocity is estimated
with a reference image of February 14, 2020, on a pixel shown by a light blue
colored rectangle in (Figure 5.16a). The reference pixel, identified based on
a coherence threshold of 0.90, lies within a light blue rectangle depicted in
Figure 5.16a. Positive velocity values indicate movement towards the satellite,
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while negative values indicate movement away from it, aligning with the left
lateral motion of the EAF system. We observe significant fault creep extending
from the epicenter of the 2020 Mw 6.8 Elaz1g earthquake towards the Piitiirge
segment, as shown in Figure 5.16a. The maximum creep rate of approximately
20 mm/yr is observed at the southern portion of the Piitiirge segment, coinciding
with the region where negligible coseismic slip was detected (Figure 5.16a and
5.10a, b).

Notably, we also find near-zero slip rates on the fault segments associated with
the 06 February 2023 Mw 7.8 Kahramanmaras and Mw 7.6 Elbistan earthquakes
(Figure 5.16a). This suggests that the southern segments of the EAF system,
where these earthquakes occurred, remained locked, accumulating stress until a
continuous rupture in 2023 triggered the two powerful earthquakes. In order to
understand velocity variations, we plot two profiles, BB’ and CC’, across the EAF
system. Both profiles reveal a velocity jump of up to 20 mm/year (Figure 5.16b, c).
Maximum velocity is observed near the fault trace, gradually diminishing away
from it. We also analyze the time series movement on pixels P1 and P2, marked
by red and yellow hexagons respectively, across the fault trace (Figure 5.16a,
d, and e). Pixel P1 (red hexagon) exhibits a motion of approximately 28 mm
towards the satellite in the LOS direction (Figure 5.16d). Additionally, pixel P2
(yellow hexagon) moves away from the satellite by around 53 mm (Figure 5.16e).

Similarly, we estimate the velocity along the LOS direction for the track DT21
using the SBAS time series algorithm implemented in Mintpy software (Yunjun
et al., 2019) between January 29, 2020, and January 29, 2023. The velocity is
calculated using a reference image taken on February 15, 2020, focusing on a
stable reference pixel (Figure 5.17a). The date and location of this reference point
have only a small difference from the one used for the ascending track AT116
mentioned before. Positive and negative velocities across the fault justify the
left-lateral movement of the EAF system. We observe a substantial fault creep
extending from the epicenter of the 2020 Mw 6.8 Elazig earthquake towards
the Piitiirge segment (Figure 5.17a). The maximum creep rate of approximately
15 mm/yr is recorded at the southern portion of the Piitiirge segment SW of
the 2020 Mw 6.8 Elaz1g earthquake epicentre (Figure 5.17a), where negligible
coseismic slip was observed (Figure 5.17a and 5.10a, b).

In order to assess the velocity variations, we plot two profiles BB’ and DD’
across the EAF system. We detect a velocity jump of approximately 15 mm/year
for BB’ (Figure 5.17b). However, we find low slip rates of around 4 mm/year as
we move SW of the Piitiirge segment. As expected, the maximum velocity is
observed near the fault trace, diminishing further away from the EAF system
fault trace for profile BB’. The velocity rates on profile DD’ clarifies the nearly
zero creep rates on the fault segments associated with the 2023 February 6,
Mw 7.8 Kahramanmarag, and Mw 7.6 Elbistan earthquakes (Figure 5.17a), and
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Figure 5.16: Velocity of the track AT116 from 29 January 2020 to 29 January 2023. (a)
The velocity or creep rates estimated through SBAS time series analysis on the East

Anatolian Fault (EAF) system. The velocity is estimated with reference to a stable

pixel that exhibits a minimum 90% coherence shown by a light blue rectangle. The

velocity shows a left lateral movement of the fault, the positive velocity shows the

movement towards the satellite while negative velocity shows the movement away
from the satellite. The focal mechanism solutions of the 2020 Mw 6.8 Elazig, the 2023
Mw 7.8 Kahramanmarasg, and the 2023 Mw 7.6 Elbistan earthquakes are plotted. (b),
and (c) The velocities on profiles BB’ and CC’ across the EAF system. The velocity

jump can be seen across the EAF segments. (d) and (e) Time series movement in the

line-of-sight direction on pixels P1 (red hexagon) and P2 (yellow hexagon) respectively.
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Figure 5.17: Velocity of the track DT21 from 29 January 2020 to 29 January 2023. (a)
The velocity or creep rates estimated through SBAS time series analysis on the East
Anatolian Fault (EAF) system. The velocity is estimated with reference to a stable
pixel that exhibits a minimum 90% coherence shown by a light blue rectangle. The
velocity shows a left lateral movement of the fault, the positive velocity shows the
movement towards the satellite while negative velocity shows the movement away
from the satellite. The focal mechanism solutions of the 2020 Mw 6.8 Elaz1g, the 2023
Mw 7.8 Kahramanmarasg, and the 2023 Mw 7.6 Elbistan earthquakes are plotted. (b),
and (c) The velocities on profiles BB’ and DD’ across the EAF system. The velocity
jump can be seen across the EAF segments. (d) and (e) Time series movement in the
line-of-sight direction on pixels P1 (red hexagon) and P2 (yellow hexagon) respectively.
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rather shows the relative movement of the two plates starting from several
decades of km from the fault. The velocity is close to zero on the profile
crossing the same plate as the reference point, and slowly increases on the
opposite side of the fault when reaching the stable plate movement rate at
the distance of 70 km. This implies that the southern segments of the EAF
system, encompassing the Kahramanmarag and Elbistan earthquakes, remained
locked and kept accumulating stress until unzipped in 2023 and generating
two devastating earthquakes on the EAF system. We examine the time series
movement of pixels P1 and P2 marked by red and yellow hexagons across the
fault trace, respectively (Figure 5.17a, d, and e). Pixel P1 (red hexagon) moves
approximately 39 mm away from the satellite in the line-of-sight direction
(Figure 5.17d). Additionally, the pixel P2 (yellow hexagon) moves approximately
18 mm toward the satellite (Figure 5.17e).

We observe similar trends in tracks AT43 and DT123 across the Piitiirge
and northeastern sections of the 2020 Mw 6.8 Elazig earthquake zone (Fig-
ures 5.18 and 5.19). These tracks have limited data, and are lacking the coverage
south of the fault. Furthermore, the track DT123 exhibits a higher noise level
compared to tracks AT116, AT43, and DT21. This track was processed using
the LiCSBAS platform (Morishita et al., 2020) due to the absence of available
geocoded unwrapped interferograms at the ARIA tools platform (Buzzanga
et al., 2020) between 2020 and 2023. Nonetheless, the results still confirm the
prevailing left-lateral movement trend across the EAF system, consistent with
findings from other tracks. The positive and negative velocities observed in
track DT123 support the left lateral movement of the EAF system. Moreover,
we identify a significant creep rate of approximately 20 mm/year extending
from the epicenter of the 2020 Mw 6.8 Elaz1g earthquake towards the Piitiirge
segment (Figure 5.19a). To investigate velocity variations in the track DT123,
we plot profiles BB’ and CC’ and time series of pixels P1 and P2 across the EAF
system (Figures 5.19b - e). Both profiles exhibit a velocity jump of around 20
mm/year (Figures 5.19b, c). In contrast, slip rates along the track AT43 show a
noticeable decrease in the northeast of the 2020 Mw 6.8 Elaz1g earthquake zone
(Figures 5.19a - e) and 5.18a - d). The BB’ profile and time series on pixels P1 and
P2 across the EAF system in track AT43 reveal a velocity jump of approximately
5 mm/year (Figures 5.18b - e).
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Figure 5.18: Velocity of the track AT43 from 29 January 2020 to 29 January 2023. (a)
The velocity or creep rates estimated through SBAS time series analysis on the East
Anatolian Fault (EAF) system. The velocity is estimated with reference to a stable
pixel that exhibits a minimum 90% coherence shown by a light blue rectangle. The
velocity shows a left lateral movement of the fault, the positive velocity shows the
movement towards the satellite while negative velocity shows the movement away
from the satellite. The focal mechanism solutions of the 2020 Mw 6.8 Elaz1g, the 2023
Mw 7.8 Kahramanmaras, and the 2023 Mw 7.6 Elbistan earthquakes are plotted. (b) The
velocities on profiles BB’ across the EAF system. The velocity jump can be seen across
the EAF segments. (c) and (d) Time series movement in the line-of-sight direction on
pixels P1 (red hexagon) and P2 (yellow hexagon) respectively.
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Figure 5.19: Velocity of the track DT123 from 29 January 2020 to 29 January 2023. (a)
The velocity or creep rates estimated through SBAS time series analysis on the East

Anatolian Fault (EAF) system. The velocity is estimated with reference to a stable

pixel that exhibits a minimum 90% coherence shown by a light blue rectangle. The

velocity shows a left lateral movement of the fault, the positive velocity shows the

movement towards the satellite while negative velocity shows the movement away
from the satellite. The focal mechanism solutions of the 2020 Mw 6.8 Elazig, the 2023
Mw 7.8 Kahramanmarasg, and the 2023 Mw 7.6 Elbistan earthquakes are plotted. (b),
and (c) The velocities on profiles BB’ and CC’ across the EAF system. The velocity

jump can be seen across the EAF segments. (d) and (e) Time series movement in the

line-of-sight direction on pixels P1 (red hexagon) and P2 (yellow hexagon) respectively.
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5.5 Discussion

The distribution of coseismic slip includes revealing asperities of large slip cen-
tered along the South Amanos, North Amanos, Pazarcik, and Erkenek segments
separated by major releasing bends and step-overs (Duman and Emre, 2013)
5.9). These segments ruptured several times in the last millennia. The Amanos
segment hosted an Mw=7.5 earthquake in 521. The Pazarcik segment ruptured
previously in 1513 with a Mw 7.4 earthquake. The Erkenek segment ruptured
with a Mw 7.1 earthquake in 1893. Although all these segments ruptured in
a single event during the Mw 7.8 mainshock of 2023, the waxing and waning
of coseismic slip along the strike direction follows the same segmentation,
with tapering of fault slip near segment boundaries. This behavior is compati-
ble with the start-stop control of fault bends and morphological gradients on
seismicity (Qiu et al., 2016; Sathiakumar and Barbot, 2021).

A somewhat surprising behavior of the Kahramanmaras earthquake sequence
is the rupture of faults with the same sense of motion — left-lateral strike-slip
— despite the high angle between the Cardak Fault and the Pazarcik-Erkenek
segment that hosted much coseismic slip. Recent strike-slip earthquakes on
oblique faults, such as the 2012 Mw 8.6 Indian Ocean (Masuti et al., 2016; Wei
et al., 2013) or the 2019 Mw 7.2 Ridgecrest (K. Chen et al., 2020; Qiu et al.,
2020) earthquakes occurred on conjugate faults, i.e., one being dextral while
the other is sinistral. The activation of faults with the same sense of motion is
not uncommon within the context of escape tectonics that operates in Anato-
lia. For example, the oblique Altyn Tagh Fault and the Kunlun Fault in Tibet
accommodate the extrusion of southern Tibet.

Regarding the recent 2023 earthquake sequence on the EAf system, a remain-
ing question is how the Kahramanmaras earthquake will affect future seismic
unrest in the region. Of particular concern is the potential triggering of large
earthquakes along the DSF system. However, the distribution of aftershocks
and the fault orientation of the Mw 6.4 aftershock indicate propagation of seis-
mic unrest toward the Cyprus Arc (Figures 5.2, and 5.9). Nevertheless, intense
seismicity concentrates along the eastern side of the Karasu trough, running
parallel to the Amanos segment in the direction of the DSF. Hence, the potential
of a southward propagation of seismicity is not entirely excluded.

There are also some unprecedented observations regarding the lack of surface
rupture during the coseismic slip of the 2020 Mw 6.8 Elazig earthquake. There
are several geological and geophysical explanations for the lack of surface
rupture. Some authors suggest the rupture arrested at the shallow depth due
to a slip deficit of around 1 m on the shallow fault (Cakir et al., 2023). Some
authors proposed the presence of outcropping metamorphic rocks and multiple
bends obstruct the rupture to emerge over the surface (Tatar et al., 2020). The
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lack of a continuous surface rupture is also observed from field observations
and satellite geodesy. Tatar et al. (2020) give various reasons for the lack of
surface rupture: (1) the ruptured fault is not emergent to the surface; (2) the fault
underwent left-lateral torque movement around a vertical axis (3) the Piitiirge
segment exhibits a restraining bend structure or the presence of metamorphic
rocks along the fault strike that can obstruct the rupture to propagate to the
surface. It is also found that most of the observed surface deformation features
along the Piitiirge segment in colluvial, or alluvial fan sediments (Tatar et al.,
2020). The unconsolidated or poorly consolidated nature of these sediments
may contribute to the absence of horizontal displacements on the surface.

The 2020 Mw 6.8 Elazig earthquake has increased stress levels along the
southwestern end of the Piitiirge segment (Tatar et al., 2020). The sudden
arrest near the surface needs a significantly higher a-b (rate and state frictional
parameters) values of the rate and state friction law in this shallow velocity-
strengthening creeping section. This phenomenon is somewhat analogous to
observations from the southern half of the Mw 6.0, 2004 Parkfield earthquake
(Johanson and Biirgmann, 2010; Mei et al., 2021; L. Wang, 2018) and the 1987
Mw 6.6 Superstition Hill earthquake (Marone et al., 1991), where a shallow
creep dominated.

A major concern raised by the earthquake research community was that the
slip distribution indicated a large remaining seismic gap in the Piitiirge segment
that separated the 2023 Mw 7.8 mainshock rupture and the fault area involved
in the 2020 Mw 6.8 Elazig earthquake (Figure 5.10b). The aftershock distribution
connected the two ruptures between 10 and 20 km depth, leaving a 40 km long
seismic gap between the surface and 10 km depth. Apparently, the locked area
is similar to the spatial extent of the 2020 Elazig earthquake rupture. Hence,
there was a concern for the possibility of another Mw 6.8 earthquake to occur
in the Piitiirge segment of the EAF. Analysis of geodetic data across the Piitiirge
and Palu segment of the EAF indicated high interseismic coupling south of the
2020 Elazig rupture (Bletery et al., 2020).

Overall, our SBAS time series analysis using all available ascending and
descending tracks consistently shows creep on the Piitiirge segment during the
time interval extending after the 2020 Mw 6.8 Elazig earthquake and prior to the
February 6, 2023 Kahramanmarag earthquakes sequence. Comprehensive results
between 2020 and 2023 SAR observations provide insights into the intricate
mechanisms underlying the rupture of a shallow creeping fault between two
recent major seismic events that struck the central and southern parts of the EAF
system. Afterslip reached its peak values in regions where the coseismic rupture
of the 2020 Mw 6.8 Elazig and 2023 Kahramanmaras earthquakes sequence was
negligible (Figure 5.16a, 5.17a, 5.9a and 5.10a, b).

The shallow coseismic slip of the 2020 Mw 6.8 Elazig earthquake was ab-
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sent within 1 - 2 kilometers of the surface. The coseismic rupture of the 2023
Kahramanmarag earthquakes sequence stopped abruptly prior to propagating
the Piitirge segment, where ongoing afterslip is anticipated since the 2020 Mw
6.8 Elaz1g earthquake (Figure 5.16a, 5.17a, 5.9a and 5.10a, b). The surface
slip commenced following the mainshock and continued as an afterslip on the
Pitiirge segment. Large aftershocks occurred in deeper zones characterized by
low coseismic slip and reduced afterslip rates (Figure 5.10a). These results pro-
vide a handful of geodetic analyses to answer the concerns of the interseismic
or postseismic coupling between the 2020 Elazig and the 2023 Kahramanmarag
earthquakes at the Piitiirge segment of EAF zone.

5.6 Conclusions

Remote sensing data provide great insights into the 2023 Kahramanmaras earth-
quake sequence, including the extent of the surface rupture and the distribution
of coseismic slip along various segments of the EAF and Cardak fault during
the Mw 7.8 mainshock and the Mw 7.6 aftershock. The mainshock ruptured the
Amanos, Pazarcik, and Erkenek segments propagating across fault bends and
releasing step-overs. The southward rupture termination was caused by the
diffuse termination of the EAF as it bifurcates into the Antakya Fault and the
DSF. The second largest aftershock, the Antakya Mw 6.4 earthquake extends the
rupture along the Antakya fault toward the Mediterranean Basin, alleviating
the risk of triggering large earthquakes on the DSF. To the north, the rupture
propagation was arrested by the Yarpuzlu releasing bend at the southern bound-
ary of the Piutiirge segment of the EAF, leaving a 40 km-long seismic gap to the
rupture area of the 2020 Mw 6.8 Elaz1g earthquake. The Piitiirge segment must
be instrumented to assess its seismic potential.

The Mw 7.6 Elbistan aftershock ruptured the nearby Cardak and Savrun
faults and a previously unidentified fault situated across the Nurhak complexity
between the Siirgii fault and the Malatya fault. The Mw 7.8 mainshock and
the Mw 7.6 aftershock share the same sense of motion — left-lateral strike-slip
faulting — despite markedly different fault orientations. The distribution of
coseismic slip for both events highlights a pronounced shallow slip deficit and a
complementarity with the aftershock distribution. These observations provide
constraints on the depth of the seismogenic zone, defined as the area where large
earthquakes nucleate and propagate. The depth distributions of aftershocks and
of coseismic slip indicate an unstable-weakening region between 4 and 10 km
depth. The Kahramanmarag earthquake sequence reminds us of the devastating
potential of immature strike-slip faults.

InSAR analysis with SBAS time series using both ascending and descending
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tracks consistently shows a creep on the Piitiirge segment during the time
interval extending after the 2020 Mw 6.8 Elaz1g earthquake to prior the February
6, 2023 Kahramanmaras earthquakes sequence. We find a velocity jump in the
line-of-sight direction up to 20 mm/yr for all the available tracks. The creep
concentrates at the boundary and shallow depth of the seismic gap, possibly
representing the afterslip of the 2020 Elazig earthquake. Maximum velocity is
observed near the fault trace, gradually diminishing away from it. The spatial
distribution of creep is compatible with a remaining seismic gap along the
Piitirge segment. The section is kinematically locked. Notably, we also find
near-zero slip rates on the fault segments associated with the 06 February 2023
Mw 7.8 Kahramanmaras and Mw?7.6 Elbistan earthquakes. This suggests that
the southern segments of the EAF system, where these earthquakes occurred, re-
mained locked, accumulating stress until a continuous rupture in 2023 triggered
the two powerful earthquakes, Mw 7.8 and Mw 7.6, separated by approximately
9 hours. This study clarifies the seismic potential of the Piitiirge segment. We
are aiming to work further on the remaining questions: (1) Three-dimensional
slip distribution to understand the creep rates in depth, (2) Lithological control
of fault creep surrounding the seismic gap, (3) Mechanisms of triggering of
remaining locked section.
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In the thesis, we investigate the two key convergence zones: (1) the SFT belt at
the western boundary of the Indian-Eurasian plates, and (2) the EAF zone at the
indentation of the Arabian into the Anatolian plates. Both zones are separated
by the Persia-Tibet-Burma Orogenic belts along the Bitlis-Zagros fold and thrust
belt (Barnhart et al., 2018; Sepehr and Cosgrove, 2004; Yassaghi and Marone,
2019). Both zones are highly active in terms of seismic deformation, but they
exhibit distinct deformation patterns. In the SFT belt, earthquakes such as the
2015 Mw 5.7 Dajal and the 2021 Mw 6.0 Harnai are thrust-dominated while
the 2020 Mw 6.8 Elaz1g earthquake, the 2023 Mw 7.8 Kahramanmaras, the Mw
7.6 Elbistan, and the Mw 6.4 Antakya earthquakes are left-lateral strike slips
earthquake. These types of complex faults are predominantly characterized by
fault bends and step-over structures (Barka and Kadinsky, 1988; Cakir et al.,
2023; Konca et al., 2021; Tatar et al., 2012; Yule and Sieh, 2003). In recent decades,
the advancement of space geodesy enables us to monitor and provide insights
into complex deformation processes and characterize their temporal and spatial
variations (Barbot and Weiss, 2021; Barbot et al., 2023; Gordon and S. Stein,
1992; S. Stein, 1993).

The SAR interferometry allows us to investigate the processes involved in the
multiple phases of the earthquake cycle including the preseismic, coseismic, and
postseismic movement. We study the details of the coseismic folding due to the
2015 Dajal earthquake in the front of the SFT belt (discussed in Chapter 3). We
also investigate the coseismic, postseismic, and preseismic phases of the 2021
Harnai earthquake in the western SFT belt through SBAS time series analysis
(discussed in Chapter 4). We use Sentinel-1 SAR observations to investigate the
complex deformation processes occurring across the wide fault zone of the SFT
belt which was formed during the India-Eurasia collision in the late Cenozoic.
Further, we study the different seismic phases of the earthquakes in the EAF
zone for the years 2020 to 2023 (discussed in Chapter 5). The earthquakes
that occurred in this period on the EAF are January 24 2020 Mw 6.8 Elazig
earthquake, February 06 2023 Mw 7.8 Kahramanmaras, and Mw 7.6 Elbistan
earthquakes, February 20 2023 Mw 6.4 Antakya aftershock.

The coseismic deformation associated with the 2015 Mw 5.7 Dajal blind
earthquake at the eastern boundary of the SFT shows the earthquake ruptured
the base of the Boundary Thrust buried under the sediment from the Indus River
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floodplain, representing fault-bend or fault-propagation folding some 30 km off
its nearest surface exposure. We conclude the rupture and associated folding in
the hanging wall document the eastward growth of the SFT. The earthquake
represents the seismic rupture of a frontal blind ramp of the SFT, presumably
as the seismic expression of a Fault-Bend Fold (FBF) or Fault-Propagation Fold
(FPF). The earthquake was accompanied by coseismic folding accommodated
by flexural slip along an active axial surface. The deformation is captured at the
temporal resolution afforded by the radar acquisitions, which includes between
10 and 18 days of potential postseismic deformation. Despite this short period
of observation, flexural slip is tantamount to 70% of the expected value for
coseismic folding, indicating strong mechanical coupling and synchronicity
between faulting and folding at the time scales of the seismic cycle. While
the Dajal earthquake demonstrates the seismic potential of the deformation
front of fold-and-thrust belts, the folded sediments above the blind ramp exert
a strong control on the rupture propagation. Further seismic exploration of
fold-and-thrust belts will be crucial to anticipate the location and size of future
seismicity in this widespread tectonic setting.

The western zone of the SFT belt exhibits high seismic hazard. Here, we take
advantage of the Sentinel-1, and ALOS-2 ScanSAR satellite observations to esti-
mate the coseismic deformation caused by the 2021 Mw 6.0 Harnai earthquake.
We conclude that the coseismic surface deformation along the line-of-sight (LOS)
is estimated as 70 mm and 80 mm for ascending and descending interferograms,
respectively. Modeling of InSAR data reveals primarily thrust-dominated slip in
up-dip direction with a strike-slip component that is in good agreement with
the tectonic context of the transpressional Karahi and Harnai faults. Source
fault geometry along with the corresponding uncertainty of the 2021 Mw 6.0
Harnai earthquake and preseismic InNSAR-derived movement shows the fault
was locked until 2021, prior to the rupture. The finite slip models show that 95%
of slip is concentrated between 3 and 10 km depth. The NW-SE oriented rupture
rather than the NE-SW oriented model is justified by the tectonic setting and
fault structure of the Harnai fault. The major part of the deformation is observed
in the hanging wall placed to the south of the Harnai fault. The 2021 Mw 6.0
Harnai earthquake occurred approximately 60 km NW of the 27 February 1997
Mw 6.9 doublet earthquake on the same fault. The 2021 Harnai earthquake
NW-SE trending fault model is compatible with the focal mechanism of the 1997
doublet. The 2021 earthquake shares the same fault segment as the 1997 doublet
aftershocks with Mw 5.6 (March 20, 1997), Mw 5.5 (August 24, 1997), and Mw
5.0 (June 17, 1997). Moreover, the northwestern extension of the Harnai fault
merges with the active right lateral Urghargai strike-slip fault, the latter had
been ruptured with an Mw 7.0 earthquake in 1931, next to relatively smaller
recent strike-slip events. The left lateral active strike-slip Karahi fault departs
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from the above junction and extends eastward subparallel to the Harnai fault.
Therefore, the Harnai thrust-dominated fault is sandwiched between two active
strike-slip faults.

Integrating different methods of satellite geodesy provides great insights
into the 2023 Kahramanmaras earthquake sequence, including the extent of the
surface rupture and the distribution of coseismic slip along various segments of
the EAF and Cardak fault during the Mw 7.8 mainshock and the Mw 7.6 after-
shock. The mainshock ruptured the Amanos, Pazarcik, and Erkenek segments
propagating across fault bends and releasing step-overs. The southward rupture
termination was caused by the diffuse termination of the EAF as it bifurcates
into the Antakya Fault and the DSF. The second largest aftershock, the Antakya
Mw 6.4 earthquake extends the rupture along the Antakya Fault toward the
Mediterranean Basin, alleviating the risk of triggering large earthquakes on
the DSF. To the north, the rupture propagation was arrested by the Yarpuzlu
releasing bend at the southern boundary of the Piitiirge segment of the EAF,
leaving a 40 km-long seismic gap to the rupture area of the 2020 Mw 6.8 Elazig
earthquake. The Piitiirge segment must be instrumented to assess its seismic
potential.

The coseismic slip of the 06 February 2023 Turkey earthquakes collectively
ruptured approximately 580 km long rupture consisting of 14 fault segments
with varying strikes and dips along the EAF system, resulting in a maximum
slip of 12 m (Barbot et al., 2023; Melgar et al., 2023). For the postseismic phase
of the 2020 Mw 6.8 Elaz1g earthquake, we study approximately 250 km long
fault segments from the Piitiirge segment to the Karliova triple junction point.
Overall, we investigate the approximately 850 km long EAF fault zone for
the coseismic and postseismic phases, consisting of the creeping, and locked
sections. Investigating such a large fault system is a difficult task, but SAR
Interferometry provides valuable tools for accurately investigating the sources
of the complex tectonic processes and the response of the deforming elastic and
viscoelastic crust at regional and tectonic plate scales (Barbot et al., 2023; Cakir
et al., 2023; Feng et al., 2015; Javed et al., 2022; R. Jolivet et al., 2012; Rollins
et al.,, 2018).

The EAF features creeping segments to the north, near the Karliova triple
junction and around Hazir Lake in the Palu and Piitiirge segments, but is locked
during the interseismic cycle in the remaining segments. We test this hypothesis
and perform SBAS time series analysis using Sentinel-1 SAR interferometry
to identify the extent of creep along the EAF, particularly along the 40 km
long Piitiirge segment. We conclude our InSAR analysis with SBAS time series
using both ascending and descending tracks consistently shows a creep on
Pitiirge segment during the time interval- after 2020 Mw 6.8 Elazig earthquake
and prior to the February 6, 2023 Kahramanmaras earthquakes sequence. We
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find a velocity jump in the line-of-sight direction up to 20 mm/yr for all the
available tracks. The creep concentrates at the boundary and shallow depth of
the seismic gap, possibly representing the afterslip of the 2020 Elaz1g earthquake.
Maximum velocity is observed near the fault trace, gradually diminishing away
from it. The spatial distribution of creep is compatible with a remaining seismic
gap along the Piitiirge segment. The section is kinematically locked. Notably,
we also find near-zero slip rates on the fault segments associated with the 06
February 2023 Mw 7.8 Kahramanmaras and the Mw 7.6 Elbistan earthquakes.
This suggests that the southern segments of the EAF system, where these
earthquakes occurred, remained locked, accumulating stress until a continuous
rupture in 2023 triggered the two powerful earthquakes, Mw 7.8 and Mw 7.6,
separated by approximately 9 hours. This study clarifies the seismic potential
of the Pitiirge segment. We are aiming to work further on the remaining
questions: (1) Three-dimensional slip distribution to understand the creep rates
in depth, (2) Lithological control of fault creep surrounding the seismic gap, (3)
Mechanisms of triggering of remaining locked section.
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