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ABSTRACT

Intracontinental deformation is often driven by tectonic forces associated with dis-
tant plate collisions. The late Cenozoic deformation of Tian Shan is accommodated
by both thrust faults bounded the mountain range and strike-slip motion within the
mountain. Earthquake hazards and deformation mechanics in the far-field active re-
gions of the Tian Shan are generally poorly quantified due to slow strain accumulation,
poor data coverage, and incomplete historical earthquake records. This dissertation
aims to gain a better understanding of the kinematics of deformation in this far-field
intracontinental mountain belt.

I use multidisciplinary techniques to investigate the late Cenozoic deformation of
the Tian Shan across different time scales ranging from coseismic to postseismic and
interseismic to million-year scales. I start with an earthquake that occurred in the
Kepingtag fold-and-thrust belt in southwestern Tian Shan, a seismically active region
and a clear example of basinward migration of deformation. I use Interferometric Syn-
thetic Aperture Radar to measure coseismic deformation, combined with teleseismic
waveform modelling and calibrated relocation of the mainshock. The results reveal a
fault plane situated on the décollement at the base of the folded sedimentary cover
and a prevalence of seismicity at basement depths throughout the Kepingtag belt
and its foreland, indicating rheological controls on earthquake depths. Then, I ap-
ply both coseismic modelling and postseismic time series analysis to study another
earthquake that happened along the northern Chinese Tian Shan front, adjacent to
the Southern Junggar Fold-and-thrust Belt. The findings indicate that the coseis-
mic rupture on a shallow dipping fault plane triggers postseismic deformation that is
farther north beneath the anticline. In the third part of this dissertation, I use low-
temperature thermochronology, including apatite fission track and apatite U-Th/He
dating systems, to model the thermal history of samples collected from the previ-
ously overlooked region in the northern Tian Shan. Inverse modelling of over 1000
published and new thermochronological data from the Tian Shan, Pamir, and north-
eastern Tibetan Plateau, suggests accelerated exhumation during 15-10 Ma, which
represents an acceleration of strike-slip motion.

The dissertation concludes by integrating results across various timescales to dis-
cuss deformation styles throughout the region’s tectonic evolution. This study also
demonstrates that integrating techniques across multiple timescales effectively quan-

tifies the evolution of active faulting and deformation in the Tian Shan.
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Chapter 1
Introduction

Starting in the Eocene, the convergence between the Indian subcontinent and Eurasia
has resulted in extensive crust shortening and thickening, giving rise to the world’s
highest mountain ranges: the Himalaya, Karakoram, Pamir, and Tian Shan (Argand,
1922). Among these, the Tian Shan (sometimes spelled as Tien Shan or Tianshan)
stands out as one of the largest active intracontinental mountain belts. Located
~1300 km north of the Himalayan thrust front (Figure 1.1), the Tian Shan extends
east-west for ~2 500 km through western China, Kazakhstan, and Kyrgyzstan, form-
ing a major part of the southern Central Asian Orogenic Belt (CAOB).

The geological evolution of the Tian Shan has been marked by several signifi-
cant tectonic events. An ancestral range was initially formed during the Paleozoic,
and then reactivated as the modern Tian Shan in the late Cenozoic as a result of
the India-Eurasia collision. This led to both the uplift of the Tian Shan itself and
the development of the Tarim and Junggar foreland basins, along with associated
fold-and-thrust belts, on the southern and northern margins of the mountain ranges
(Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979). While the India-
Eurasia collision began as early as in the Paleocene-Eocene, substantial uplift of the
Tian Shan started during the Oligocene and Miocene (Molnar and Tapponnier, 1975;
Tapponnier and Molnar, 1979; Windley et al., 1990; Avouac et al., 1993a; Hendrix
et al., 1994; Yin et al., 1998; De Grave et al., 2007). Therefore, there is a notable time
lag between the collision at the Himalayan margin to the south and the deformation
of the Tian Shan in the north. Understanding the present-day uplift pattern and ex-
humation history of the Tian Shan is thus crucial for understanding how deformation
propagates from the collision zone to the distant interior of the continent.

This dissertation aims to provide a comprehensive, multidisciplinary analysis of
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the late Cenozoic deformation and earthquake hazards of the Tian Shan. I incor-
porate Interferometric Synthetic Aperture Radar (InSAR) surface deformation map-
ping and fault slip modelling to gain precise insights into the geometry and depths
of two notable earthquakes along the two margins of the Tian Shan: one located in
the Kepingtag fold-and-thrust belt on the southern side, and the other beneath the
Southern Junggar Fold-and-thrust Belt on the northern side. In the Southern Jung-
gar Fold-and-thrust Belt in addition to the coseismic deformation, I also conduct
an InSAR time series analysis to examine postseismic and interseismic deformation,
helping illuminate relations between the seismic cycle and fold growth. Finally, I
utilize new and published low-temperature thermochronological data to reconstruct
the cooling history and understand the long-term exhumation process of the entire
Tian Shan and adjacent regions over geological time scales.

In the rest of Chapter 1, I introduce the tectonic, geologic, and climatic settings
of the Tian Shan, providing a foundational understanding of the region’s context. I
then review the current applications of satellite radar interferometry in earthquake
studies, highlighting the advancements and methodologies relevant to this research.
Following this, I discuss the motivations behind this dissertation and outline the
significance of the expected contributions of this study. Finally, I summarise the
results from the subsequent three chapters, offering a preview of the key findings and

their implications.

1.1 Tectonic and geological settings of Tian Shan

As one of the highest and most rapidly deforming intracontinental mountain belts
in Central Asia, the Tian Shan mountains have experienced a complex history of
geological evolution. Geological, paleomagnetic, and paleofloral data suggest that
multiple island arcs and Precambrian microcontinents, rifted from the Gondwana
and/or Siberia, amalgamated during the Paleozoic (e.g. Sengor et al., 1993; Windley
et al., 2007). Following the accretion of continental blocks and arc-type terranes from
the late Carboniferous to early Permian, the ancestral Tian Shan underwent major
exhumation, relief building, and the formation of intermontane basins along major
strike-slip faults (Allen et al., 1993; Dumitru et al., 2001; Jolivet et al., 2010; Carroll
et al., 1995). During the Mesozoic, the Tian Shan experienced tectonic stability from
the Triassic to the late Jurassic, followed by active deformation from the late Jurassic
to early Cretaceous (Hendrix et al., 1992; De Grave et al., 2007). An exception to this



stability is found in the southern Junggar Basin and northern Tarim Basin, where
extensive lower to middle Jurassic strata unconformably overlie intensively deformed
Paleozoic rocks, indicating significant exhumation during this period. Subsequent
tectonic quiescence during the late Mesozoic to Paleogene led to the development of
flat depositional landscapes with limited detrital input into the basins surrounding the
range (Allen et al., 1991; Bullen et al., 2003; Windley et al., 1990). The Tian Shan was
then reactivated in the late Oligocene as a consequence of the indentation of India
into Eurasia and accommodated up to 200 km of cumulative Cenozoic shortening
(Tapponnier and Molnar, 1979; Windley et al., 1990). A magnetostratigraphic study
from the northern Tarim Basin indicates substantial thrusting, based on the facies
transition from lacustrine to braided-fluvial deposits between 24 Ma and 21 Ma (Sobel,
1999). Fission track thermochronology data, collected from the northern Tian Shan
and along the Du-Ku Highway across the significant topographic relief of the north
and south flanks of the Tian Shan, suggest that a 3 to 5-km-thick crust has been
exhumed in the past ~ 24 Ma (Hendrix et al., 1994; Dumitru et al., 2001). High levels
of seismicity, coupled with GPS measurements and evidence from surface faulting and
folding all attest to ongoing, rapid deformation across the Tian Shan (Ghose et al.,
1998; Zubovich et al., 2010).

1.2 Cenozoic kinematic deformation pattern

Intracontinental deformation, unlike mountain building at plate margins, typically
involves widespread deformation across numerous faults. The Tian Shan mountain
is a typical example, comprising several E-W trending Paleozoic ranges separated by
parallel faults and intermontane basins filled with syntectonic Cenozoic deposits (e.g.
Avouac et al., 1993a; Campbell et al., 2013; Burtman, 1975).

The overall crustal deformation pattern in the Tian Shan is primary oblique short-
ening with a maximum principal stress direction oriented NNE. This shortening is not
only accommodated by E-W range-front thrust faulting, but also facilitated by de-
formation on E-W sinistral faults and NW-SE trending dextral faults that cut across
the mountain ranges (e.g., Buslov et al., 2003).

Holocene and late Pleistocene thrust faults are commonly found within the basin
interiors, located kilometres to tens of kilometres away from surface faults and folds
that delineate the range-basin margins (e.g., Thompson et al., 2002; Wang et al.,
2020b). The Bolokenu-Aqgikekuduk Fault, also known as the Dzhungarian Fault,



stretches ~1000 km along the northern margin of the central Tian Shan, marking the
boundary between the northern and central Tian Shan (Figure 1.1). This fault ex-
tends from southwest Kazakhstan eastward to the Turfan Basin in China. It obliquely
cuts the western part of the northern Tian Shan mountain at an angle of 30°-40°,
and eastwards the angle gradually decreases, to 10°-20° near the Turfan Basin. The
large-scale dextral slip ductile shearing along this structure likely resulted from the
collision of the Siberian continental plate with the northern margin of the Tarim plate
during the late Carboniferous period (Shu et al., 1999; Laurent-Charvet et al., 2003).
The late Quaternary right-lateral slip rate of the western segment of the fault, mea-
sured from displaced alluvial fans, is estimated to be between 2.2 and 5 mm/yr (Shen
et al., 2011; Campbell et al., 2013).

The central Tian Shan and southern Tian Shan are separated by a major structure,
which is referred to as the Nikolaev Line in Kyrgyzstan and the Nalati Fault in
northwest China (Gao et al., 2009). For simplicity, we will refer to this structure as the
Nalati Fault throughout this dissertation. The presence of widely exposed Paleozoic
magmatic rocks around the Nalati Range indicates the northward subduction of the
Paleo-Tianshan Ocean (Gao et al., 2009). The Nalati Fault merges with the Bolokenu-
Aqikekuduk Fault at its eastern end. The late Quaternary left-lateral slip rate is
~0.36 mm/yr with a vertical slip rate of ~0.15 mm/yr (Wu et al., 2014).

The western Tian Shan is transected by the Talas-Fergana Fault zone, a late Pa-
leozoic to Mesozoic structure that has been reactivated as a NW-SE trending dextral
strike-slip fault, extending ~800 km. The Talas-Fergana Fault is of great significance
for understanding the hinterland kinematics of the India-Eurasia collision. Within
the Tian Shan interior, the Talas-Fergana Fault exhibits a right-lateral slip rate of
~10-14 mm/yr (Burtman et al., 1996; Korjenkov et al., 2010). Bande et al. (2017b)
identified a rapid exhumation event of Talas-Fergana Fault around 25 Ma. This event
aligns with a simultaneous pulse of cooling and thrust belt propagation in the southern
Tian Shan, suggesting that both regions experienced coeval and rapid exhumation,
and the strike-slip motion on the fault enables the counterclockwise rotation of the
Fergana Basin. Modern GPS data surrounding the basin corroborates that the Fer-
ghana Valley rotates at a rate of -0.73°+0.08° /Myr relative to Eurasia (Zubovich
et al., 2010).

The Tarim Basin is bounded by the left-lateral Alytn Tagh Fault to the south. Its
initial uplift began in the late Eocene to Oligocene (Yin and Harrison, 2000), with

rapid uplift starting in the middle Miocene, and started evolving into a lithospheric-



scale strike-slip shear zone by the early Miocene (Yue et al., 2004). Geologic evidence
indicates a clockwise rotation of 7°+2.5° for the Tarim Basin since the onset defor-
mation of Tian Shan in the early Miocene (Avouac et al., 1993b).

These evidence and observations have confirmed significant strike-slip motion
within the Tian Shan mountains. Understanding the prevalent strike-slip faulting
in the Tian Shan, along with its relationship to crustal shortening and earthquake

hazards, is crucial for comprehending the dynamics of intracontinental convergence.

1.3 Climate

Surface uplift is the difference between rock uplift and exhumation (England and
Molnar, 1990). Understanding the Cenozoic climate in Central Asia provides key
insights into the underlying controls on surface uplift. The climate of Cenozoic has
been characterized by a transition from a warm and humid climate to the current
arid and semi-arid conditions. These changes have been driven by a combination of
global climatic trends and regional tectonic events.

Throughout the Cenozoic, climate fluctuations have strongly impacted the diver-
sification, dispersal, and extinction of various floras and faunas worldwide. High-
resolution deep-sea oxygen (6'%0) and carbon (§'3C) isotope records are principal
means of reconstructing global and regional climate change on a variety of geo-
logic time-scales (Raymo and Ruddiman, 1992). Oxygen and carbon isotopes in
foraminifera and plant fossils show a pronounced cooling of Earth’s surface since
the beginning of the Cenozoic (Shackleton, 1975). Major climatic events include
warming periods such as the Paleocene-Eocene Thermal Maximum (PETM) and
the early Eocene Climatic Optimum (EECO), followed by cooling events during the
Eocene-Oligocene Transition (EOT)(Zachos et al., 2001; McInerney and Wing, 2011).
The Miocene epoch saw further climatic fluctuations, with intervals of warming and
cooling. The middle Miocene Climatic Optimum (MMCO) was a period of relative
warmth, with mid-latitude temperatures about 6°C higher than present(Flower and
Kennett, 1994). Another phase of cooling began, at least at high latitudes, in the
middle Miocene time (16-14 Ma)(Savin et al., 1975; Shackleton, 1975).

Regionally, Central Asia experienced significant changes during the Cenozoic. Sed-
imentary records and climate models have shown that the primary influences are due
to (1) the uplift of the Tibetan Plateau, which affects the intensity of the monsoon
and global climate change (Harris, 2006; Li et al., 2018; Graham et al., 2005); (2)



the retreat of the Paratethys epicontinental sea associated with the India-FEurasia
collision (Ramstein et al., 1997; Abels et al., 2011), and (3) global cooling (Dupont-
Nivet et al., 2007; Fang et al., 2015). Caves et al. (2015) reconstructed the spatial
distribution of oxygen isotopes 6O in precipitation since the early Eocene using
a compilation of sedimentary samples. Their results suggest that the spatial dis-
tribution of paleo-precipitation ¢80 has remained remarkably consistent over time,
implying the progressive uplift of the Tibetan Plateau has had little impact on the
Central Asian climate (Caves et al., 2015). As a result, the mid-latitude westerlies
have played an important role in delivering moisture to Central Asia throughout the
Cenozoic and have been the dominant moisture source since at least the early Eocene.

On the other hand, modelling and geological evidence support the conclusion that
Asian inland aridity was enhanced during the Eocene (Bosboom et al., 2014) and this
aridification is attributed to topographic changes, particularly the early uplift of the
central Tibetan Plateau, and global cooling induced by decreased atmospheric CO,
concentration(Ruddiman and Kutzbach, 1991; Harris, 2006; Li et al., 2018).

During the Oligocene, the global climate began a cooling trend that was associated
with the development of the Antarctic ice sheet and a reduction in atmospheric CO,
levels. In Central Asia, these changes led to the gradual onset of aridification. Mag-
netostratigraphy and cyclostratigraphy demonstrate that global climate cooling must
be recognized as a major contributor to the Asian palaeoenvironment (Dupont-Nivet
et al., 2007). The monsoon-dominant climate formed near the Oligocene/Miocene
boundary in East China and Central Asia (Sun and Wang, 2005; Wang, 1990; Zhang
et al., 2007Db).

From the Pliocene to the Pleistocene, the climate in Central Asia was charac-
terized by continued aridification and the development of modern desert and steppe
landscapes. During the Pleistocene, glacial advances in the Tian Shan mountains
significantly influenced the regional climate by modifying precipitation patterns and
creating periglacial environments. The Last Glacial Maximum (LGM) saw extensive
glaciation in the Tian Shan, with glaciers covering large portions of the mountain
range and contributing to cooler and drier conditions in the surrounding lowlands
(Koppes et al., 2008). The Quaternary glacial-interglacial cycles had profound im-
pacts on the regional climate, vegetation, and hydrology.

The modern climate in Central Asia is characterized by a predominantly arid and
semi-arid climate, with significant seasonal and interannual variability. Central Asia

is beyond the reach of the Indian summer Monsoon. The dominant weather patterns



include summer orographic thunderstorms, mid-latitude westerlies bringing cyclonic
disturbances in the spring and fall, and winter thermal high-pressure systems that
may act to divert storms along tracks south of the Himalaya (Zhang et al., 2007b).
The Tian Shan continues to play a crucial role in modulating the regional climate
by acting as a barrier to moist air masses, resulting in varied precipitation patterns
across the region, especially the southern and northern regions. The ongoing impacts
of global climate change, including rising temperatures and changing precipitation
regimes, pose significant challenges for water resources and ecosystems in this arid

region (Koppes et al., 2008).

1.4 Low-temperature thermochronology

Exhumation of rock is the unroofing history of deeply buried rocks being brought to
the surface. This process is primarily driven by two mechanisms: tectonic forces and
climatic influences. Tectonic forces contribute indirectly to erosion by uplifting rocks,
which are then subject to removal by surface processes. Climatic influences, such as
increased precipitation, enhance these surface processes by accelerating weathering
and erosion (Ring et al., 1999). Thermochronology provides a way to reconstruct the
cooling history of minerals, thereby allowing us to infer the timing and rate of rock
exhumation (Figure 1.2). The basic principle of thermochronology is the temperature-
dependent retention of radiogenic daughter products within minerals. The concept
closure temperature (7.) was proposed by Dodson (1973), which is a very useful
reference point representing the temperature below which a mineral begins to retain
daughter products of radioactive decay, depending on the cooling rate. The cooling
age, therefore, reflects the time since the mineral cooled below its closure temperature.

This dissertation focuses on two low-temperature thermochronometric systems:
apatite fission track (AFT) and apatite (U-Th)/He (AHe) methods. These systems
are sensitive to temperatures as low as 40°C, depending on the cooling rate, chemical
composition, and mineral grain size (Wolf et al., 1998; Farley, 2000). This make them
particularly sensitive to near-surface cooling and perturbations linked to exhumation
processes, typically from depths of about one to four kilometres through the upper
crust. The fundamental principle behind both AFT and AHe methods lies in the
radioactive decay of ?**U, which occurs through two ways: physical radiation damage
resulting in fission tracks, and the emission of o particles, producing *He and other

daughter particles.
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Figure 1.2: Schematic representation of the processes influencing thermal history re-
construction in low-temperature thermochronology adapted from (Braun et al., 2006).
The figure illustrates the interplay between spontaneous nuclear reactions (resulting
in the production of isotopic decay products), solid-state diffusion (whereby these
decay products migrate within the crystal lattice), and exhumation driven by tecton-
ics and surface processes. These factors shape the cooling history of rocks, which is
recorded in the temperature-time path shown in the upper right graph.
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Fission track thermochronology relies on the analysis of damage zones, or tracks
in the crystal lattice caused by the spontaneous fission of 2**U. These fission tracks
form at a rate directly proportional to the concentration of uranium in the mineral,
and they initially exhibit similar lengths of ~11 ym in zircon and ~16 pm in apatite
(Green et al., 1989; Donelick et al., 2005; Reiners and Brandon, 2006). Over time, the
lengths of fission tracks will shorten due to thermal annealing, with earlier-formed
tracks being more affected than later-formed ones due to their longer exposure to
higher temperatures and more time to anneal. The distribution of fission track lengths
thus can be used to assess the amount of annealing that a sample has experienced
(Ketcham et al., 1999). By combining this information with thermochronological age,
one can model possible cooling pathways and estimate the magnitude of exhumation.
The Partial Annealing Zone (PAZ) for apatite, where tracks progressively shorten, is
between ~60°C and 110°C. At temperatures below about 60°C, track shortening is
negligible, whereas at temperature above 110°C, tracks anneal rapidly (Green et al.,
1989). Assuming a geothermal gradient of about 20-30°C/km (Hendrix et al., 1994),
this is equivalent to exhumation up through a depth window of about 2-6 km beneath
the Earth’s surface.

The (U-Th)/He technique is based on the alpha decay of isotopes from °U, 233U,
232Th, M7Sm to YHe. The Partial Retention Zone (PRZ) is defined by temperatures
where ‘He is partially retained within the mineral crystal. In apatite, *He is com-
pletely expelled from apatite at temperature above ~75°C and nearly fully retained in
apatite at temperature below ~40°C (Wolf et al., 1998). The cooling age can thus be
calculated by measuring the concentrations of “He and the parent isotopes. The ratio
of helium to parent isotopes provides information about the time elapsed since the
mineral cooled below its closure temperature. This data is then used to reconstruct
thermal histories and estimate exhumation rates. Due to its low closure temperature,
the (U-Th)/He system, especially in apatite, is often used to complement the ther-
mal history information obtained from AFT data to provide information about the
cooling history of rocks.

Periods of slow cooling followed by rapid cooling preserve a break in slope in the
time-temperature cooling history. Such cooling is commonly a result of uplift and
exhumation of rock units during large-scale deformation in the upper crust and so

may be used to constrain the timing, magnitude, and location of the deformation.
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1.5 InSAR remote sensing technique

Interferometric Synthetic Aperture Radar (InSAR) is a powerful geodetic technique
for measuring topography and detecting changes of Earth’s surface with large spatial
coverage and high resolution (Zubker and Goldstein, 1986; Massonnet and Feigl, 1998;
Gabriel et al., 1989; Biirgmann et al., 2000). One of the key advantages of this method
is its ability to acquire images under various weather conditions, both day and night
(Hanssen, 2001).

SAR images are generated by a radar system that transmits microwave pulses
and then records the echoes reflected back from the Earth’s surface. The phase of
the radar signal at each point on the ground is determined by the distance between
the radar antenna and the surface. When a second radar observation is made from
nearly the same location but at a different time, the phase difference between the
two observations can be calculated. This phase difference, or interferometric phase,
encodes the relative changes in distance between the radar and the ground, which
can be attributed to surface deformation (Figure 1.3a). The interferogram is con-
structed by forming the complex cross-product of two SAR images acquired at differ-
ent times. However, the phase of the radar echoes is recorded modulo 27, meaning it
is “wrapped” and only represents values between 0 and 27 (Figure 1.3b). To obtain
meaningful and unique measurements of surface displacement, the wrapped phase
must be converted into a continuous “unwrapped” phase, a process known as phase
unwrapping (Rosen et al., 2000) (Figure 1.3b).

Numerous spaceborne SAR systems operated by various countries routinely collect
data at different radar wavelengths, e.g., L-band Japanese Earth Resources Satellite
(JERS-1) and Japanese Advanced Land Observation Satellite (ALOS), C-band Euro-
pean Remote Sensing Satellite (ERS), European Environmental Satellite (Envisat),
Sentinel-1, and Canadian Radar Satellite RADARSAT, as well as X-band Italian
COSMO-SkyMed constellation and TerraSAR-X, enabling diverse applications across
geoscience disciplines, including the monitoring of earthquakes, volcanoes, land sub-
sidence or uplift, landslides, glaciers, and hydrology change (e.g., Wright et al., 2004;
Massonnet and Sigmundsson, 2000; Colesanti and Wasowski, 2006; Amelung et al.,
1999; Rignot and Kanagaratnam, 2006). Among these systems, the Sentinel-1 mis-
sion, launched by the European Space Agency (ESA), operates at a wavelength of 5.6
cm in the C-band, providing valuable data for topographic and deformation studies

(Torres et al., 2012). The mission consists of two satellites: Sentinel-1A, launched on
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Figure 1.3: (a) Schematic representation of InNSAR showing the geometry of satellite
observations. Two SAR images are acquired at different times,t; and ¢5, from slightly
different positions. Baseline is the distance between the two satellites. The radar
measures the distance, p(t1) and p(t2), to the Earth’s surface at each observation.
Changes in distance (Apchange) between observations can indicate surface subsidence.
(b) The concept of phase unwrapping in InSAR modified from Osmanoglu et al.
(2016). The wrapped phase (blue) is constrained between -m and +m, while the
unwrapped phase (green) provides a continuous measurement of surface displacement,

overcoming the 27 ambiguity.
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April 3, 2014, and Sentinel-1B, launched on April 25, 2016. These satellites orbit 180°
apart, enabling a revisit time of just six days for consistent Earth observation. How-
ever, Sentinel-1B has been unable to deliver radar data since December 23, 2021, due
to an anomaly in the instrument electronics power supply from the satellite platform
(Torres et al., 2017). The satellites primarily operate in Interferometric Wide (IW)
mode, which covers a 250 km swath and provides systematic coverage of the Earth’s
landmasses and coastal waters. In this dissertation, Sentinel-1 data were utilized to
conduct detailed analyses of surface deformation and related geophysical processes.
When a series of SAR images is available over a specific area, they can be combined
into a series of interferograms to detect small amplitude, long duration displacement
over time, resulting in multi-temporal InSAR. Time-series InSAR method estimates
the spatial-temporal evolution of deformation over large areas by incorporating in-
formation from multiple SAR interferograms. Compared with traditional differential
InSAR, it can mitigate the uncorrelated phase noise such as atmospheric propagation
delay, thus reduce errors in deformation estimates (Casu et al., 2006). Current algo-
rithms for multi-temporal InSAR can be broadly classified into two categories. The
first is the Persistent Scatterer (PS) InSAR method, which focuses on pixels with con-
sistent scattering properties over time and consistent viewing geometry (e.g., Ferretti
et al., 2001; Hooper et al., 2007). The second is the Small Baseline (SB) approach (e.g.,
Berardino et al., 2002; Schmidt and Biirgmann, 2003), which uses redundant interfer-
ograms with perpendicular baseline and temporal baseline values below a threshold
to limit the effects of geometric decorrelation. In the PS method, all interferograms
are formed relative to a single master image, whereas the SB approach utilizes multi-
master interferograms and directly investigates distributed scatters. Although there
are many frameworks for time-series InNSAR processing, e.g. Interferometric Point
Target Analysis (IPTA) (Werner et al., 2003), Looking into Continents from Space
with Small Baseline Subset (LICSBAS) (Morishita et al., 2020), Permanent Scatterer
InSAR (PSInSA) (Ferretti et al., 2001), Persistent Scatterer Pairs (PSP) (Costantini
et al., 2008), Stanford Method for Persistent Scatterers (StaMPS) (Hooper et al.,
2004, 2012), Small Baseline Subset (SBAS) (Berardino et al., 2002), SqueeSAR, (Fer-
retti et al., 2011). Despite the differences in these methodologies, they share common
basic principles and similar major processing steps, including image co-registration,
spatial baseline estimation, interferograms generation, atmospheric delay correction,

phase unwrapping, and inverting for mean line-of-sight velocity.
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1.6 Using InSAR to analyze seismic cycle

Most earthquakes are caused by a sudden slip along a fault. Faults are relatively
planar fractures in the Earth’s crust along which the rocks on either side move in
different directions (Figure 1.4a). However, rocks do not slide freely past each other
but are instead locked for long periods by friction. Over decades to millennia, strain
builds up within the rocks (Figure 1.4b). Eventually, the strain surpasses the fric-
tional forces preventing slip, causing the fault to rupture (Figure 1.4c). At this point,
rocks on either side of the fault slide rapidly to release the accumulated strain, re-
sulting in an earthquake (Savage, 1983; Thatcher, 1975). After an earthquake, all
three deformation mechanisms may exist and operate in different spaces and times
(Figure 1.4).

The concept of the seismic “cycle” refers to the repeated rupture of a specific seg-
ment of a fault(Reid, 1910). This cycle can be divided into three phases: interseismic
slip, co-seismic slip, and postseismic slip. However, the timing of earthquakes is irreg-
ular and influenced by various geological factors. Given the long-term nature of the
timescale, historical and instrumental seismic records provide only a brief snapshot
of the present-day deformation field within a short period. Traditional methods of
measuring interseismic strain, such as ground-based geodetic surveys and the Global
Positioning System (GPS), have been complemented by advanced remote sensing
techniques. Among these, Interferometric Synthetic Aperture Radar (InSAR) has
emerged as a powerful tool due to its high spatial resolution and ability to cover large
areas. As earthquakes result from the long-term accumulation of strain in the crust,
there are two ways to analyze seismic hazards using geodetic methods: (1) measuring
the coseismic deformation during earthquakes; and (2) investigating the long-term

time series of accumulated crustal displacement.
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Figure 1.4: Schematic diagram of the earthquake cycle based on Reid (1910)’s elastic
rebound model, adapted from Wright (2002). (a) Initial stage of the cycle, however,
there is no specific time for the initial deformation time. (b) Interseismic period,
during which faults are locked while plates continue to move. (c) Coseismic, where
the fault slips abruptly, releasing energy in the earthquake.

1.6.1 Interseismic

The interseismic phase is the period of slow accumulation of elastic strain that co-
incides with the frictional locking of a fault between earthquakes (Reid, 1910). This
period can last for decades to centuries. Quantifying interseismic strain accumula-
tion provides insights into the stress loading on faults, the potential size of future
earthquakes, and the overall mechanics of the earthquake cycle.

Radar signals can penetrate clouds and operate day and night, allowing for contin-
uous monitoring regardless of weather conditions (Rosen et al., 2000; Biirgmann et al.,
2000). Multi-temporal InSAR has been used to estimate interseismic strain accumula-
tion along faults to identify aseismic deformation transients between two earthquakes.
For instance, Fialko (2006) utilized InSAR to measure strain accumulation along the
southern San Andreas Fault, revealing significant interseismic deformation approach-
ing the end of the interseismic phase of the earthquake cycle. In the subduction
zone, Béjar-Pizarro et al. (2013) showed that North Chile subduction zone is cur-
rently accumulating significant elastic shortening that is likely to rebound in a future

tsunamigenic megathrust earthquake breaking the whole seismogenic zone. In the
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seismically active Himalayan region, InSAR has been employed to monitor interseis-
mic strain along the Main Himalayan Thrust. Elliott et al. (2016) have contributed to
understanding the strain accumulation in the Himalayas to demonstrate Himalayan
topography may largely occur during the ongoing postseismic phase.

Different from faults that remain locked throughout the entire thickness of the
seismogenic zone during the interseismic period, another process observed is steady
fault creep, characterized by the continuous slip along a fault without the buildup
of significant strain (Biirgmann et al., 2000). This phenomenon indicates minimal or
absent frictional forces locking the fault. Near-surface creep can be readily detected

as sharp offsets in interferograms (e.g., Biirgmann et al., 1998).

1.6.2 Coseismic

The sudden release of accumulated strain along a fault marks the coseismic phase.
Since the pioneering use of InNSAR to map the surface displacement caused by the
1992 M,, 7.3 Landers earthquake (Massonnet et al., 1993), this space geodetic tech-
nique has become standard for measuring coseismic deformation of shallow (<20 km)
continental earthquakes (e.g., Funning et al., 2005; J6nsson et al., 2002; Nissen et al.,
2007; Pousse-Beltran et al., 2020). By comparing radar images of the Earth’s surface
taken before and after an earthquake, InNSAR can generate detailed maps of coseismic
deformation.

Using interferograms that cover the rupture area, parameters such as fault geome-
try (including strike, dip, rake), depth, slip amount, location, and slip distribution at
depth can be inverted using elastic dislocation theory to match the observed surface
displacement fields (Okada, 1985). However, moderate to large earthquakes are often
accompanied by many foreshocks and aftershocks within a short timeframe, ranging
from several minutes to days (Helmstetter and Sornette, 2003). These seismic events
can significantly contribute to the total slip pattern observed in the InSAR coseismic
deformation field. The limited temporal resolution of InSAR, with revisit times of 6,
12, or even 24 days for Sentinel-1 data, poses a challenge in distinguishing between
displacements caused by the mainshock and those from foreshocks and aftershocks.
Conventional InSAR coseismic modelling often overlooks these sequences, potentially
leading to overestimating coseismic slip. This overestimation can skew our under-
standing of earthquake mechanics, including seismic triggering processes and hazard

assessments. In such cases, seismological methods are essential to provide a more
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robust fault mechanism solution.

1.6.3 Postseismic

The postseismic period, occurring minutes to years after an earthquake, is when the
crust and fault both adjust to the state of crustal stress modified by the earthquake.
Postseismic deformation reflects aseismic adjustments within the fault zone and bulk
deformation of the surrounding area in response to the applied stresses, offering in-
sights into the inelastic behaviour of the Earth’s crust. Unlike the abrupt coseismic
deformation, postseismic deformation typically follows a logarithmic or exponential
decay over time and involves various mechanisms such as afterslip (Biirgmann et al.,
2002; Freed, 2007), viscoelastic relaxation (Freed and Lin, 2001), and poroelastic re-
bound (Peltzer et al., 1996). Postseismic deformation has been extensively monitored
using InSAR, highlighting the importance of afterslip and viscoelastic relaxation in
the earthquake cycle (Biggs et al., 2007).

Afterslip is the continued slip along the fault plane after the mainshock. Marone
et al. (1991) described how shallow afterslip in a velocity-strengthening region, such
as near-surface creep, can occur following an earthquake. It usually occurs at depths
adjacent to the rupture zone and can be effectively captured by InSAR (e.g., Ryder
et al., 2007; Biggs et al., 2009; Daout et al., 2019). Viscoelastic relaxation involves the
flow of the lower crust and upper mantle in response to the stress changes induced by
the earthquake. This process usually has a longer decay time, often spanning years to
decades. Similar to afterslip, viscoelastic relaxation following a large earthquake can
result in postseismic motion observable by satellite geodesy, but will have a longer
wavelength of deformation. Jackson et al. (2006) utilized InSAR time series data to
investigate the deformation following two earthquakes in southwest Iceland, finding
that viscoelastic models of a strong lower crust and a weak upper mantle could explain
the magnitude and pattern of the deformation, whereas afterslip models alone were
not compatible with the observations. These results suggest that afterslip may not
play as significant a role in young and immature fault zones. Poroelastic rebound,
resulting from the equilibration of the pore fluid pressure, has also been detected with
InSAR, as demonstrated after the 1992 Landers earthquake (Peltzer et al., 1996).
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1.7 Motivation

The Tian Shan serves as one of the best examples of intracontinental orogeny. The
relative significance of interseismic, coseismic, and postseismic deformation in modify-
ing geological structures and topography in regions of continental shortening remains
uncertain. Historical earthquake records often do not cover the full recurrence inter-
vals for individual faults. Therefore, utilizing data sources with different temporal
and spatial coverage provides a valuable opportunity to enhance seismic hazard as-
sessments.

Moreover, the prevalent strike-slip faulting within the Tian Shan and their geolog-
ical relationship to the crustal shortening and earthquake hazards are important for
understanding the dynamics of the intracontinental convergence. Dating and quanti-
fying the magnitudes and rates of exhumation of crustal basement rocks in Tian Shan
could provide quantitative constraints on the deformation processes. This dissertation
endeavours to address these knowledge gaps, thereby enhancing our understanding
of how seismic activity is related to the long-term geological evolution and how Tian

Shan is accommodating the India-Eurasia collision.

1.8 Organization

For each of the chapters below, I also give a short summary of the main focus.

Chapter 1 reviews the geological history of Tian Shan, the motivation, and the
research goals of this dissertation followed by an overview of the structure of the
dissertation.

Chapter 2 examines the fault geometry associated with the 2020 M, 6.0 Jiashi
earthquake that occurred in the Kepingtag fold-and-thrust belt of southwestern Tian
Shan by InSAR and seismology. This chapter investigates how coseismic deformation
is accommodated in a structural setting characterized by thin-skinned, northward-
dipping thrust sheets that detach in an Upper Cambrian décollement. The findings
indicate significant structural control on the rupture extent, with the narrow and
elongated slip pattern possibly due to an abrupt change in the dip angle where the
Kepingtag thrust intersects the décollement.

Chapter 3 delves into the fault properties associated with the 2016 M, 6.0 Hutubi
earthquake in the northern Tian Shan foreland. This earthquake occurred in another

typical fold-and-thrust belt developed along the mountain range. In this chapter, I
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use both coseismic interferograms and 5 years of InNSAR data to perform small baseline
time series analysis, which reveals a significant and intriguing pattern of fold growth
following the earthquake. This study provides valuable insights into the postseismic
deformation that controls the evolution of fold-and-thrust belts. The results indicate
not only the immediate impact of the earthquake but also the longer-term geological
adjustments in the region. This work contributes to a deeper understanding of the
dynamic processes shaping the northern Tian Shan foreland.

Chapter 4 presents new thermochronological data and modelled time-temperature
histories from the northern Tian Shan. Additionally, I have compiled and analyzed
more than 1000 published apatite fission track (AFT) data and apatite (U-Th)/He
(AHe) data from the Tian Shan, Pamir, and northern Tibet to reconstruct the ex-
humation rate history. The data and models are thoroughly discussed and inter-
preted. Our new AFT and AHe data from the northern Tian Shan near the western
Bolokenu-Aqikekuduk Fault (BAF) indicate a significant increase in exhumation dur-
ing the Miocene, with a total magnitude of ~2 km during the late Cenozoic. This
aligns with uplift rates extrapolated from the late Quaternary, suggesting the reacti-
vation of the Paleozoic fault during the Miocene.

The timing of this rapid strike-slip deformation matches other major changes
around the Tarim Basin, such as the expansion of the northeastern Tibetan Plateau
and the northward advance of the Pamir. This implies that the current deformation
pattern around the Tarim Basin was established by the Miocene. The clockwise ro-
tation of the Tarim block plays an important role in accommodating and transferring
the stress from the far-field collision zone.

Chapter 5 concludes the dissertation by summarising the key research outcomes
and proposing directions and remaining open questions for future studies.

Within this dissertation, Chapter 2, Chapter 3, and Chapter 4 are written as
individual papers intended for publication in scientific journals, incorporating the
standard components of an abstract, introduction, background, methodology, results,
discussion, and conclusion. As of the submission date, Chapter 2 has been published
in the journal Geophysical Journal International. Chapter 4 was accepted by the
journal Lithosphere on July 30, 2024, and is currently in press. Chapter 3 has been

finalized and is currently under revision by my co-authors.
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Abstract

The Kepingtag (Kalpin) fold-and-thrust belt of the southern Chinese Tian Shan is
characterized by active shortening and intense seismic activity. Geological cross-
sections and seismic reflection profiles suggest thin-skinned, northward-dipping thrust
sheets detached in an Upper Cambrian décollement. The January 19 2020 M, 6.0
Jiashi earthquake provides an opportunity to investigate how coseismic deformation is
accommodated in this structural setting. Coseismic surface deformation resolved with
Sentinel-1 Interferometric Synthetic Aperture Radar (InSAR) is centered on the back
limb of the frontal Kepingtag anticline. Elastic dislocation modelling suggests that
the causative fault is located at ~7 km depth and dips ~7° northward, consistent with
the inferred position of the décollement. Our calibrated relocation of the mainshock
hypocentre is consistent with eastward, unilateral rupture of this fault. The narrow
slip pattern (length ~37 km but width only ~9 km) implies that there is a strong
structural or lithological control on the rupture extent, with up-dip slip propagation
possibly halted by an abrupt change in dip angle where the Kepingtag thrust is
inferred to branch off the décollement. A depth discrepancy between mainshock
slip constrained by InSAR and teleseismic waveform modelling (~7 km) and well-
relocated aftershocks (~10-20 km) may suggest that faults within sediments above

the décollement exhibit velocity-strengthening friction.

2.1 Introduction

Late Cenozoic crustal deformation in central Asia is dominated by reverse and strike-
slip faulting and folding within and around the margins of the Tian Shan mountains.
Geodetic data indicate that ~6-9 mm/yr of the present-day shortening occurs across
the Chinese Tian Shan between the northwestern Tarim Basin and southern Kyrgyzs-
tan (Reigber et al., 2001; Wang et al., 2020a). The Kepingtag (Kalpin) fold-and-thrust
belt has developed along part of the southern margin of this range (Figure 2.1). This
actively deforming belt is one of the most earthquake-prone regions of the Tian Shan
and of China. In recent years, this intense seismicity has attracted much interest
in the deformation style, rate and other characteristics of the Kepingtag belt (Allen
et al.; 1999; Zhou and Xu, 2000; Zhang et al., 2008; Yang et al., 2002, 2006; Ran et al.,
2006). Furthermore, it is one of the few parts of Tian Shan where deformation can

be seen stepping into the surrounding foreland, with emergent thrust sheets predom-
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inantly vergent toward the Tarim basin in the south. Therefore, the deformation of
the Kepingtag belt can also inform how the mountain ranges of southern Tian Shan
grow through time.

Fold-and-thrust belts pose distinct challenges for seismic hazard assessment since
much of the active faulting is buried. This is exemplified by iconic earthquakes
such as the 1978 M, 7.4 Tabas, Iran earthquake (Walker et al., 2003) and the 1987
M, 5.9 Whittier and 1994 M, 6.7 Northridge, California earthquakes (e.g., Davis
et al., 1989; Jones et al., 1994), each characterized by shallow folding and blind
faulting without accompanying surface rupture. There are many other examples of
large earthquakes that ruptured faults that were not previously mapped, and where
historical and instrumental records were too short to have revealed the associated
seismic hazard beforehand. Furthermore, fold-and-thrust belts contain a wide range
of fault structures including décollements and ramp-and-flat thrusts, and it is often
not clear which of these host large earthquakes and which creep aseismically (e.g.,
Copley, 2014; Ainscoe et al., 2017; Mallick et al., 2021). It is also important to
consider how subsurface structure and stratigraphy may influence rupture extents,
and thus potential earthquake magnitudes (e.g., Elliott et al., 2011; Nissen et al.,
2011).

On January 19 2020 at 13:27:56 UTC, a M,, 6.0 earthquake struck near Jiashi in
the western Kepingtag belt (~39.83°N, 77.21°E) (Figure 2.1), causing intense ground
shaking and damage to hundreds of buildings. A regional seismic network recorded
1,639 aftershocks as of February 11 2020 (Ran et al., 2020), with the largest (M, 5.1)
occurring ~1 hour after the mainshock. This sequence provides an opportunity to
investigate patterns of seismicity and deformation in this region. Routine teleseismic
moment tensor solutions for the mainshock from the U.S. Geological Survey (USGS)
and the Global Centroid Moment Tensor project (GCMT) implicate thrust or reverse
faulting, but exhibit discrepancies of tens of degrees in strike, dip, and rake and of
several kilometres in centroid depth and location. This makes it difficult to associate
the earthquake with specific faulting or characterize its tectonic implications without
further investigation (Engdahl et al., 2006; Weston et al., 2011; Wimpenny and Scott
Watson, 2020).

Interferometric Synthetic Aperture Radar (InSAR) observations and modelling
can provide more precise constraints on fault geometries and depth extents of large,
shallow continental earthquakes (e.g., Elliott et al., 2016). Furthermore, growing

compilations of seismic phase arrival times can help relocate earthquake hypocentres
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Figure 2.1: Tectonics and seismicity of the study area. (a) Shaded relief of the
Himalayan orogeny with the location of panel (b) outlined in red. (b) Tectonic
map of the southern Tian Shan. Instrumental seismicity is scaled by magnitude
and coloured by year from 1977.12.18 to 2020.02.21. Our own relocated epicen-
tres are shown with black outlines, while those from the United States Geolog-
ical Survey (USGS) have white outlines. The white star is the relocated epi-
centre of the 2020 January 19 Jiashi mainshock. Active faults are from the on-
line database provided by the Institute of Geology, China Earthquake Adminis-
tration (http://www.neotectonics.cn/arcgis/apps/webappviewer) and Global Navi-
gation Satellite Systems (GNSS) velocities relative to stable Eurasia are from Wang
et al. (2020a) with 95% confidence ellipses. (c¢) Topography, active faults, and earth-
quakes of the Kepingtag fold-and-thrust belt. Focal mechanisms are from teleseismic
body-waveform modelling studies or the Global Centroid Moment Tensor (CGMT)
catalogue (see Table 2.1 for details). They are plotted at our relocated epicentres,
coloured by year and scaled by magnitude. The black dashed box shows the location
of Figure 2.2.
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more accurately which, in conjunction with InSAR slip models, can provide additional
information on rupture directivity (e.g., Pousse-Beltran et al., 2020). In this paper, we
map the surface deformation of the 2020 Jiashi earthquake using the Sentinel-1 InSAR
imagery and characterize its subsurface fault geometry and slip distribution using
elastic dislocation modelling. We provide an independent check on its mechanism and
centroid depth using teleseismic body waveform modelling and pinpoint its hypocentre
using a calibrated, multi-event relocation. We relate some striking features of the
surface deformation and slip model to the subsurface structure of the Kepingtag belt.
Our multi-event relocation also allows us to reassess earlier instrumental earthquakes
in this region. These new results are used to reevaluate the active tectonics and

seismic hazards of the Kepingtag belt.

Table 2.1: Earthquake source parameters in the Kepingtag belt and its
foreland. Relocated hypocentres are from this study. The focal depth
(FD) is followed by a superscript letter describing how it was calibrated:

= teleseismic depth phases, | = local-distance readings, n = near-source
station readings, and ¢ = cluster default depths. Focal mechanisms are
taken from (1) Fan et al. (1994), (2) Sloan et al. (2011), (3) Ghose et al.
(1998), (4) the Global Centroid Moment Tensor (GCMT) catalogue, and
(5) this study. The centroid depth (CD) is also given a superscript letter
that describes whether it was obtained by modelling (¢) teleseismic
body-waveforms, (d) teleseismic depth phases, (r) regional waveforms, or
(i) = InSAR surface displacements. Where only a less reliable GCMT
centroid depth is available, we mark the solution with an asterisk.

Relocated hypocentre Focal mechanism

Date  Time Long. Lat. FD (km) CD (km) Strike Dip Rake M, Ref.
1977.12.18 16:47 77.4065 39.9236 224 7t 74 5l 79 5.8
1986.04.25 16:12 77.3404 40.1340 134 15% 283 60 125 54 4
1996.03.19 15:00 76.7353 40.0810 13! 34 234 16 87 6.0 2
1996.03.20 00:14 76.8644 40.0562 17 6" 268 20 76 4.5 3
1996.03.22 08:26 76.7983 40.0816 15! 6" 260 18 78 52 8
1996.04.02 02:28 77.5587 40.2328 10 16" 242 59 128 41 3
1997.01.21 01:48 77.2050 39.6475 11! 12¢ 317 8 177 54 2
1997.01.29 08:20 76.9678 39.5923 12! 33* 04 83 132 52 4
1997.03.01 06:04 76.9532 39.5288 14! 144 180 80 —173 5.6 2,4
1997.04.05 23:36 76.9622 39.5832 12! 18 177 64 —139 54 2

Continued on next page
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Date  Time Long. Lat. FD (km) CD (km) Strike Dip Rake M, Ref.
1997.04.06 04:36 77.0809 39.5694 12/ 17t 246 41 -74 58 2
1997.04.06 12:58 77.0324 39.6105 17 13! 210 38 =74 51 2
1997.04.11 05:34 77.0326 39.6023 15" 20° 226 42 -79 6.0 2
1997.04.12 21:09 77.0039 39.5334 14" 16" 239 27 7451 2
1997.04.15 18:19 77.0506 39.6461 14" 18° 177 64 —139 5.7 2
1997.06.24 09:24 76.9562 39.5877 16" 34* 345 72 —-167 5.1 4
1997.10.17 17:35 77.0875 39.5686  25¢ 33* 177 64 —139 5.3 4
1998.03.19 13:51 76.8048 40.1732 15! 154 243 5 79 5.6 2,4
1998.08.02 04:40 77.0897 39.6817  10¢ 15¢ 173 40 —-140 5.5 2
1998.08.03 15:15 77.0905 39.6527 15! 29" 253 10 129 46 2
1998.08.27 09:03 77.4554 39.6437 16 15° 57 80 163 2
1998.09.03 06:43 77.4162 39.6528  25¢ 10" 179 59 178 48 2
1998.10.31 16:09 77.2469 39.6081 19! 14" 152 74 —-164 46 2
2003.01.04 11:07 77.0350 39.6389 14! 33* 245 73 20 5.2 4
2003.02.24 02:03 77.3157 39.5852 19 5t 280 17 115 6.2 2
2003.02.24 21:18 77.2653 39.5663 12! 15% 280 33 126 5.2 4
2003.02.25 03:52 77.4717 39.5385 8! 15% 239 33 62 5.3 4
2003.03.12 04:47 77.5273 39.4969 8 74 245 33 73 5.7 2,4
2003.03.15 22:59 77.3459 39.5733 9! 15% 330 57 178 5.0 4
2003.03.30 23:15 77.4315 39.5462 17! 10° 287 27 117 52 2
2003.05.04 15:44 77.2305 39.4369 9! 15% 308 53 179 5.8 4
2003.06.04 16:28 77.6458 39.4665 10 104 274 54 92 5.2 24
2003.09.26 23:35 77.1664 40.2902 307 15% 290 13 58 5.3 4
2004.10.07 16:14 77.4633 40.2740 12! 17* 245 14 72 48 4
2005.03.24 07:37 77.7478 39.9288 114 30* 187 35 32 48 4
2006.06.08 11:34 77.6951 40.4025 64 30* 290 35 113 48 4
2006.09.06 07:51 76.9389 40.3257 15’ 32%* 258 37 91 4.7 4
2009.04.22 09:26 77.2583 40.1229 114 16* 264 50 124 5.0 4
2009.10.16 02:56 76.9545 39.9836 154 19* 284 32 116 5.0 4
2011.08.11 10:06 77.1232 39.9575 194 12* 272 42 109 56 4
2012.08.11 09:34 78.2335 40.0027 154 12% 255 43 84 5.3 4

Continued on next page
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Date  Time Long. Lat. FD (km) CD (km) Strike Dip Rake M, Ref.
2013.03.11 03:01 77.4916 40.1729 94 12* 210 11 50 5.2 4
2015.01.10 06:50 77.2838 40.1469 14¢ 15% 227 17 57 5.1 4
2016.07.09 16:36 78.0578 40.0128 14¢ 12% 240 32 03 48 4
2018.04.12 10:41 77.4068 40.4104 17 22% 231 36 50 49 4
2018.09.03 21:52 76.9341 39.5211 14¢ 15% 317 89 178 5.5 4
2018.11.03 21:36 77.6323 40.2120 14¢ 12%* 225 12 63 49 4
2019.01.06 16:22 77.6093 39.9331 64 12* 238 50 79 49 4
2020.01.17 16:05 77.1167 39.8682 124 21* 261 8 —178 5.3 4
2020.01.19 13:27 77.1161 39.8944 114 7t 279 7 115 6.0 5
2020.01.19 14:23 77.4089 39.9236 14¢ 18* 268 22 95 5.1 4
2020.02.21 15:39 77.4059 39.9232 14¢ 14* 287 46 143 48 4
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2.2 Tectonic Setting

The Tian Shan in Central Asia originally formed in the Paleozoic, and most of the
present topography of the mountain ranges resulted from Cenozoic reactivation as a
result of the India-Eurasia collision (Windley et al., 1990; Hendrix et al., 1992; Avouac
et al., 1993a; Burchfiel et al., 1999). Over time, the deformation has propagated
outward into the Tarim and Junggar basins, where along certain parts of the Tian
Shan margins, intense folding and faulting have created sets of narrow ridges. The
Kepingtag fold-and-thrust belt, located along the arid southern margin of the Chinese
Tian Shan, offers one of the clearest examples of this basinward migration of active

deformation (Figure 2.1b).

2.2.1 Geology of the Kepingtag belt

About 200 km long by 50 km wide and trending WSW—-ENE, the Kepingtag belt con-
sists of fault-related folds associated with a series of south-verging, imbricated thrust
stacks (Allen et al., 1999). Folded strata are composed of Cambrian-Ordovician Qi-
ulitag group limestones, Middle Ordovician Saergan group limestone and dolomite,
Silurian Kepingtag group sandstone, Devonian sandstone, Carboniferous Kangke-
lin group sandstone, lower Permian limestone, and Paleogene-Neogene Wuqia group
sandstone and conglomerate (Chen et al., 2006a; Yang et al., 2010). The thickness
of the upper Paleozoic strata in the Kepingtag belt increases from about 2 km in the
south to greater than 4 km in the north (Yin et al., 1998). There is a major angular
unconformity between the Paleozoic strata and the Cenozoic foreland basin deposits,
with the near absence of Mesozoic sedimentary rocks implying significant Paleozoic
crustal shortening.

The thick Paleozoic sequence of mainly Upper Cambrian to Permian strata is
exposed in a series of parallel anticlines (Xinjiang Bureau of Geology and Mineral
Resources, 1993). The hanging wall cut-offs of the imbricate thrusts have been eroded
away. This thrust system is interpreted as thin-skinned, with fault-propagation folds
detached in Upper Cambrian limestones along a décollement at ~6-10 km depth
according to seismic reflection profiles and balanced geological cross-sections (Allen
et al.,, 1999; Yin et al., 1998; Nishidai and Berry, 1990; Yang et al., 2010). The
left-lateral Pigiang fault (Figure 2.1) has developed perpendicular to the Kepingtag
belt, dividing it into two (western and eastern) segments. Interpretations of satellite

imagery and balanced cross-sections suggest that the thin-skinned imbricate thrusting
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and folding has accommodated crustal shortening strains of 20-28% between the main
Tian Shan and Tarim block, equivalent to ~35 km across the western segment and
~22 km across the eastern segment (Allen et al., 1999; Yin et al., 1998).

2.2.2 Seismicity of the Kepingtag belt and its foreland

Active crustal shortening and thickening of the southern Tian Shan are manifest in
frequent reverse faulting earthquakes that cluster around the margins of the high
topography with nodal planes oriented approximately parallel to the range (Ghose
et al., 1998; Xu et al., 2006; Sloan et al., 2011). The Kepingtag belt and its adjacent
foreland are amongst the most seismically active parts of the Tian Shan, with thirty-
six earthquakes of M,, 5.0-6.3 since the late 1970s (Figure 2.1b and Table 2.1). The
1902 M,, 7.7 Atushi (Kashgar) earthquake, located ~150 km west of our study area,
hints that much larger earthquakes may be possible (Kulikova and Kriiger, 2017).
Within the Kepingtag belt, instrumental seismicity is concentrated west of the Pigiang
fault and the available focal mechanisms indicate a predominance of thrust and reverse
faulting. Assuming that northward-dipping nodal planes represent faulting, dip angles
range from ~5°-60° with an average of around 30°. Only a few of these events have
reliable centroid depths from detailed waveform modelling, mostly in the range 6-
16 km, consistent with faulting within the lower sedimentary cover and the underlying
basement (Fan et al., 1994; Ghose et al., 1998; Sloan et al., 2011). Sloan et al.
(2011) placed a single outlier event at 34 km depth, within the middle-to-lower crust,
but noted that its relatively complex waveforms could potentially be explained by a
compound (multi-event) source mechanism at a much shallower depth.

Between 1997 and 1998, thirteen earthquakes of M, 5.0-6.3 struck the foreland
south of the Kepingtag belt. These included the destructive January-October 1997
Jiashi earthquake swarm, which caused 21 fatalities (Zhang et al., 1999). This se-
quence involved a mix of strike-slip and normal faulting with well-resolved centroid
depths of ~12-20 km (Sloan et al., 2011), as well as some smaller, deeper earthquakes
located by a temporary regional network but without reliable focal mechanisms (Xu
et al., 2006). The mechanisms and depths are challenging to interpret but may re-
flect flexural rebound of the Tarim basin under loading from the Tian Shan (Sloan
et al., 2011). On February 24 2003, the M, 6.2 Bachu-Jiashi earthquake struck the
same area, resulting in 261 reported fatalities. In contrast with the 1997 swarm,

the 2003 earthquake involved northward-dipping thrust faulting with a much shal-
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lower centroid depth of ~5-7 km, interpreted to represent southward propagation of
the Kepingtag belt into the Tarim basin (Sloan et al., 2011). It also produced an
abundant aftershock sequence that was apparently concentrated in the middle crust
between ~15-25 km (Huang et al., 2006). Following the 2003 Bachu-Jiashi sequence,
the Kepingtag belt and its foreland entered a relatively quiescent period of seismic
activity, with no earthquake of magnitude 6 or above until the January 19 2020 event.

The 2020 Jiashi sequence occurred within the frontal, western Kepingtag belt.
The sequence was recorded by thirteen permanent stations at ~30-170 km distance
and by two local stations ~20 km SW and NW of the mainshock epicentre, which
were deployed by the Xinjiang Earthquake Administration 4 and 18 hours after the
mainshock, respectively. These regional recordings have been used as the basis of
three previous seismological studies of the sequence, summarized below (Ran et al.,
2020; Yao et al., 2021a; He et al., 2021). The M,, 6.0 mainshock was preceded by two
days of foreshock activity involving ~N-S-oriented left-lateral strike-slip faulting.
The mainshock itself ruptured an ~E-W-oriented thrust or reverse fault, though
there is disagreement amongst available seismological and geodetic models on its
geometry and depth, which will be discussed further in light of our own results in
Section 2.4. The mainshock was followed by an energetic aftershock sequence of
several hundred events that lasted at least three months. Double-difference relocated
seismicity forms a ‘T’ shaped pattern in map view, with the mainshock located at
the bottom of the “T” and aftershocks extending ~20 km northward to the junction
of the “T”, and from there, ~20 km east and west for a total length of ~40 km, with
the greatest concentration of events along the western branch (Ran et al., 2020; Yao
et al., 2021a; He et al., 2021). The double differencing also shows that the aftershocks
are concentrated at depths of 10-20 km (Figures A.12 and A.13).

2.3 Methods

2.3.1 InSAR measurements and modelling

We used InSAR to measure surface deformation in the January 19 2020 earthquake,
and elastic dislocation modelling to estimate the fault geometry and slip distribution.
The raw data are from the European Space Agency’s C-band Sentinel-1A satellite,
with wavelength ~5.6 cm. Two ascending tracks (056A and 129A) and one descend-

ing track (034D) capture the Jiashi mainshock. Three, 12 day coseismic interfero-
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grams (January 11-23, January 16-28 and January 10-22 2020) were processed using
GAMMA software (Werner et al., 2000) and multi-looked to four looks in range and
twenty in azimuth to achieve a ~30 m x 30 m pixel resolution. The topographic phase
contribution was removed using the 30 m-resolution Shuttle Radar Topographic Mis-
sion Digital Elevation Model, which was also used to geocode the interferograms.
The two ascending-track interferograms were unwrapped using the branch-cut algo-
rithm (Goldstein et al., 1988) while the noisier, descending-track interferogram was
unwrapped using the Minimum Cost Flow algorithm.

The interferograms exhibit excellent coherence, reflecting the dry desert conditions
and sparse vegetation of the southwestern Tian Shan. Coseismic surface deformation
is easily distinguished in all three interferograms as a double fringe ellipse elongated in
an E-W orientation (Figure 2.2a, d, g). The southern lobe is focused on the Kepingtag
anticline and exhibits up to ~7.5 cm of line-of-sight (LOS) displacement toward the
satellite, and the northern lobe is centered along the Aozitag anticline and contains
up to ~5 cm of displacement away from the satellite (Figure 2.7a—c). The similarity
of the fringe patterns in ascending and descending interferograms implies that the
largest contribution to the observed LOS deformation is from uplift /subsidence rather
than E/W lateral displacement, consistent with predominantly dip-slip faulting. We
also observe some localized deformation along the southern Kepingtag rangefront its
proximal foreland basin. The short wavelengths, and absence of shallow aftershocks in
this area, hint that this deformation is caused by secondary effects such as landsliding
or liquefaction, and/or subsidence from agricultural activity (e.g. through aquifer
drawdown).

After downsampling the LOS displacements using a quadtree algorithm to concen-
trate sampling in regions with high phase variance (Jénsson et al., 2002), we employed
a routine, two-step inversion strategy to estimate the causative fault parameters (e.g.
Wright et al., 1999, 2004; Funning et al., 2005; Elliott et al., 2013, 2015; Ainscoe et al.,
2017; Pousse-Beltran et al., 2020). In the first step, we inverted the downsampled
data to solve for the optimal strike, dip, rake, slip, length, and top and bottom depths
of a rectangular, uniform slip model fault plane buried within an elastic half-space; we
also jointly solved for nuisance parameters (a static shift and linear ramp in LOS dis-
placement for each interferogram to account for their different unwrapping reference
points, satellite orbital errors, and long-wavelength lateral variations in tropospheric
delay) and weighted the single descending interferogram equal to the two ascending

interferograms. We used Okada’s expressions (Okada, 1985) to relate model fault slip
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Figure 2.2: (Left column) Observed, (center) distributed slip model and (right) resid-
ual interferograms of the 2020 Jiashi mainshock rupture. Modelling was performed
using unwrapped LOS displacements, but here we plot the original, wrapped (filtered)
interferograms since these show more clearly the shape of the deformation field. The
coordinates are in UTM 43N. Color cycles of blue through yellow to red indicate mo-
tion away from the satellite and one color cycle (27 radians) represents a half radar
wavelength (2.8 ¢cm) of LOS displacement. The satellite track azimuths and LOS
direction with local angle of incidence are indicated by the longer and shorter black
arrows, respectively. The white star indicates the relocated mainshock epicentre. In
the central and right-hand panels, ten-centimeter model slip contours are shown in
black and the outline of the uniform slip model fault plane is marked in dark red.
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to deformation of the free surface, applied a non-linear, downhill Powell’s algorithm
(Press et al., 1992) to obtain the minimum misfit parameters, and ran 500 Monte
Carlo restarts with random starting parameters to sample the parameter space fully
and avoid local minima (Wright et al., 1999). Without firm constraints on how rhe-
ological properties vary with depth locally, we assumed an elastic half-space with
standard Lamé parameters (A and p) of 3.2 x 10'° Pa. We anticipate that this as-
sumption only moderately impacts the retrieved fault parameters; for example, tests
of layered and half-space elastic structures for a similar magnitude, buried earthquake
in Tibet showed differences of <1° in fault strike and dip, ~6° in rake, 0.2-0.5 km in
fault length, top and bottom depths, and center coordinates, and 5-8% in slip and
moment (Bie et al., 2014). We also assumed a flat free surface, which is appropriate
given the limited (<1 km) relief across the study area and is not expected to impact
the retrieved fault parameters significantly (Li and Barnhart, 2020). Finding a trade-
off between slip and fault width — which is common for buried earthquakes (e.g.
Funning et al., 2005; Elliott et al., 2013) — we obtained the initial fault geometry by
fixing slip to 1.0 m. Inversions performed with 0.5 m, 1.5 m and 2.0 m show that this
choice makes no significant difference to the resulting fault geometry, with variations
of <1° in the resulting model fault strike, dip and rake, and <0.5 km in fault length
and fault center point latitude, longitude and depth (Table A.1).

In the second step, we estimated the slip distribution by extending the uniform
slip model fault plane along strike and up- and down-dip, dividing it into 1 km x 1 km
sub-fault patches, and solving for slip on each patch (with rake fixed to the uniform
slip solution) using a Laplacian operator to vary smoothing (Wright et al., 2004;
Funning et al., 2005) and a non-negative least squares algorithm to ensure positive
slip (Bro and De Jong, 1997). We solved for the best-fitting slip model and nuisance

parameters, m, using the equation,

[ )==(0)

where G is the matrix of Green’s functions (LOS displacements calculated at
downsampled data locations using the formulation of Okada (1985) for 1 m of slip on
each fault patch), V? is the finite difference approximation of the Laplacian operator
which acts to smooth the distribution of slip, s is a scalar smoothing factor which
determines the relative importance of the smoothing operator, and d contains the

downsampled LOS displacements. We settled upon a preferred smoothing factor
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that represents a compromise between decreasing the fault slip roughness to prevent
unrealistic, oscillating slip distributions, while minimizing the resulting increase in
misfit (Wright et al., 2004). The resulting model still included a few outlier slip
patches that lay several kilometres up-dip from the main slip distribution, which we
consider spurious and exclude from our final, reported results, that were used to
generate the forward model and residual interferograms shown in Figure 2.2.

Given the structural complexity of the Kepingtag belt, we also investigated whether
the Jiashi earthquake may have involved non-planar rupture geometries by inverting
the InSAR displacements for two uniform slip model fault planes (e.g., Pousse-Beltran
et al., 2020). We explored a range of listric and anti-listric configurations by match-
ing the top depth of a deeper model fault to the bottom depth of a shallower model
fault, and allowing their dips to vary independently and up to angles as steep as
32.5°. Though the large number of free parameters in these two-fault models makes
it challenging to explore fully this parameter space, none of the two-fault configura-
tions that we tested produced a realistic geometry that improved upon the misfit of
the simple, single-fault model. This leads us to favour involvement of a single, planar
fault.

We did not have access to GNSS data that could potentially constrain our slip
model further, though we know of six stations within ~100 km of the mainshock that

may have exhibited coseismic offsets (Figure 2.1; Wang et al. (2020a)).

2.3.2 Calibrated hypocentre relocations

We relocated hypocentres of the January 19 2020 Jiashi mainshock and its principal
foreshock (my, 4.3) and two largest aftershocks (my 5.1 and 5.0) using teleseismic, re-
gional and local seismic phase arrival times. Thirty-seven well-recorded background
events starting from 2003 were also relocated, providing the repeated phase obser-
vations at common stations and the improved azimuthal coverage at local distances
needed to calibrate the cluster, by which we mean minimizing hypocentral biases
from unknown Earth structure and reliably quantifying their uncertainties (Bergman
et al., 2022). We adopt the Hypocentroidal Decomposition relocation approach of
Jordan and Sverdrup (1981) which separates the relocation into two distinct inverse
problems, each reliant on customized phase arrival time data. We solve first for the
relative locations of each hypocentre with respect to the reference hypocentroid (de-

fined as the arithmetic mean of all individual event hypocentres within the cluster)
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using arrival data at all distances, allowing us to capitalize upon the abundance of
teleseismic phase picks available for larger events in the cluster. We then solve for
the absolute location of the hypocentre using only locally recorded, direct Pg and Sg
phases, which are impacted least by unknown Earth structure. This enables us to
update the absolute hypocentre coordinates of every event in the cluster. In other,
comparably instrumented regions, direct calibrations (ones that utilize local seismic
data to solve for the hypocentroid) have resolved epicentres to within ~1-2 km (at
90% confidence) and focal depths to within ~5 km (Karasozen et al., 2019), im-
proving substantially on the uncertainties of routine catalogues such as the USGS
and GCMT (Engdahl et al., 2006). Juxtaposing calibrated epicentres with InSAR-
derived slip models can distinguish bilateral from unilateral rupture propagation (e.g.,
Gaudreau et al., 2019; Pousse-Beltran et al., 2020) and help resolve ambiguities in
subsurface fault geometry, which are otherwise commonplace for buried earthquakes
(e.g., Roustaei et al., 2010; Copley et al., 2015; Elliott et al., 2015; Karasozen et al.,
2018).

The cluster was relocated and calibrated in the Mloc program (Walker et al.,
2011; Karasozen et al., 2016; Bergman et al., 2022) using a customized travel-time
model (Table A.2) comprising a 3-layered crust of thickness 50 km — consistent with
several previous estimates of regional Moho depths (Gao et al. (2013) and references
therein) — over the upper mantle portion of the global 1D model ak135 (Kennett
et al., 1995). For the best-recorded events, we estimated focal depths using local
arrival times; for others, we relied upon teleseismic depth phases or simply fixed the
focal depth to a representative cluster default of 14 km (Figure A.1). We estimated
the hypocentroid using epicentral distances of up to 2°, for which there is excellent
azimuthal coverage (Figure A.2); average residual travel times for phases used in this
direct calibration are 0.0 sec for Pg and 0.1 sec for Sg (Figure A.3). Observed phase
arrivals and theoretical travel times for distances of up to 4°, 15° (for shear phases),
and 30° are shown in Supplementary Figures A.4, A.5, and A.6.

Our results were then combined with an earlier Mloc relocation cluster focused
on the 1997 Jiashi earthquake swarm and the 2003 Bachu-Jiashi earthquake in the
foreland south of the Kepingtag belt (Bergman et al., 2022). The earlier cluster
adopted the same relocation procedure and the same regional velocity structure for
the crust and upper mantle as this study. The earlier cluster is available through the
Global Catalog of Calibrated Earthquake Locations (GCCEL) database (Bergman

et al., 2022) and figures in the main paper incorporate both relocated datasets.
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2.3.3 Teleseismic body waveform inversion

Finally, we used teleseismic body waveform modelling to provide additional con-
straints on the mainshock source depth and mechanism, complementing those from
InSAR analysis. Modelling of both seismological and geodetic data is important when
there are disagreements in the depth of faulting, as is the case for the Jiashi earth-
quake (see Section 2.4). Centroid depths obtained from waveform modelling can also
help clarify whether fault slip resolved by InSAR models occurred coseismically or
through afterslip (Nissen et al., 2014).

We followed the approach of Heimann et al. (2018), and inverted vertical and
transverse component data from stations between 3,300 km and 9,900 km from the
reported earthquake location (Supplementary Figure A.7). Waveforms were filtered
between 0.01 and 1 Hz, and we used a window starting 15 seconds before, and end-
ing 25 seconds after, the principle phase (P for vertical component waveforms, S for
transverse component waveforms). Synthetic seismograms were generated using the
velocity structure determined in our calibrated relocation (Section 2.3.2 and Supple-
mentary Table A.2). The source-time function is constrained to be a variable-duration
half-sinusoid — appropriate for an earthquake of this size, and for the frequencies used
in our inversions. Observed data and synthetics were aligned using cross correlation.
The Bayesian approach outlined in Heimann et al. (2018) allows for the full sampling
of the parameter space available in source depth, latitude, longitude, magnitude,
and mechanism (Supplementary Figures A.8 and A.9). Misfits between observed and
synthetic waveforms are plotted in Supplementary Figures A.10 and A.11.

2.4 Results

Our best-fitting InSAR uniform slip model fault strikes 279°, dips 7° N, has a slight
right-lateral component (rake 115°), and is ~22 km long by ~2 km wide, centered at
7 km depth (Table 2.2). To further test model sensitivity to centroid depth, we ran
the inversion by prescribing different (fixed) top and bottom depths while allowing
other parameters to vary freely. We also undertook similar tests of model sensitivity
to dipping angle and fault width (aspect ratio). There is a fairly steep increase in
misfit at fault center depths shallower or deeper than the minimum misfit value of
7 km (Figure 2.3). For the equivalent dip sensitivity test, we find low misfits for dip

angles of 5-10°, but abrupt increases in root mean square error outside of this range
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Table 2.2: Source parameters of the 2020 Jiashi mainshock inferred from
our model and other sources. The longitude and latitude listed for our
InSAR-derived models (first two rows) represent the surface projection of
the model slip plane; our relocated epicentre is 77.117° E and 39.894° N.
The other InSAR studies parameterize the fault location differently.
Depths are given as the top, middle (or centroid) and bottom depths of
the slip plane in that order. L and W are length and width, respectively.
Yu et al. (2020) prefer their listric, two fault model with a deeper, flatter
segment fixed at 2° dip and a shallower, steeper ramp at 52°. Yao et al.
(2021b) used uniform slip of 0.32 m in their InSAR-derived model, which
may account for their much larger model fault plane.

Source Long.° Lat.°> Strike® Dip® Rake® Depth (km) L/W (km) Moment (Nm) M,,

This study, uniform slip ~ 77.28 39.90 279 7 115 7.0/7.1/7.2 22/2 1.31 x 10¥® 6.0
This study, distributed slip 77.17 39.42 279 7 115 6.3/7.0/7.6 37/9 1.75x 10" 6.0

USGS body-wave 77.11 39.84 262 9 105 —/4/- - 1.493 x 108 6.1
USGS W-phase 77.11 39.84 221 20 72 -/19.5/—- - 1.387 x 10'®8 6.0
CGMT 77.19 39.80 196 38 31 ~/11/- - 1.39 x 10® 6.0

Yu et al. (2020), 1 fault  77.30 39.91 275 9 111 -/6.3/— - - 6.1
Yu et al. (2020), 2 faults  77.30 39.90 275 2/52 111  —/4.15/- - - 6.1
Yao et al. (2021b) 77.86 39.31 269 20 92 4/5/6 58/30 2.29 x 10 6.2
He et al. (2021) 7745 39.79 276 10.2 109 5/7.3/9.6 50/26 - x 1018 6.08

(Figure 2.4a). For the fault width test, we find that extending the fault plane up- and
down-dip leads to larger misfits, particularly when the aspect ratio (length to width)
is forced from the minimum misfit value of ~12 to below ~6. This shows that the
highly-elongated model rupture area is real (Figure 2.4b).

Compared to the uniform slip model, our preferred distributed slip model is longer
at ~37 km and wider at ~9 km, but remains centered at ~7 km depth (Figure 2.5).
The slip distribution is characteristically narrow, with an aspect ratio (length to
width) of around 4. The peak slip is ~0.5 m and the model moment is ~1.75 x 10'® N.
The resultant forward model interferogram matches the observed surface deformation
closely, with less than one residual fringe and a root mean square residual of ~0.25 cm
(Figure 2.2¢, f, i), which is substantially lower than that of the uniform slip model
(~0.35 cm). The close agreement between observed and forward model coseismic
fringe patterns implies that the more localized deformation along the Kepingtag range

front had negligible impact on our modelling.
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