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Résumé

La convergence continue des plaques entre 1'Inde et I'Eurasie au cours des ~40 millions d'années a
créé le plateau tibétain, une région avec une altitude moyenne de ~4500 m, une superficie de plus
de 600x1000 km?, et des failles actives et une déformation crustale s'étendent sur plus de 2000 km
Asie centrale. Environ la moitié des 36 a 40 mm/a de I’Inde vers le nord se répartit dans le plateau
tibétain, ce qui entraine un épaississement, un raccourcissement, des plis et des systemes de failles
complexes. La déformation crustale active provoque divers styles d'accumulation et de libération de
déformation sur les failles crustales, exprimées sous la forme de comportements de failles ou de
cycles sismiques distincts. L'étude de la déformation des failles crustales et des cycles sismiques sur
le plateau tibétain a 1'aide de la géodésie spatiale, c'est-a-dire le systéme de positionnement global
(GPS) et l'interférométrie radar a ouverture synthétique (InSAR), a commencé il y a 30 ans.
Actuellement, la géodésie a haute résolution spatio-temporelle nous fournit des données abondantes
et une résolution suffisante pour étudier la déformation de la surface du sol associée aux processus
du cycle sismique.

Dans cette dissertation, je me concentre sur la déformation intersismique le long de trois grands
systemes de failles de glissement du plateau tibétain, la faille Altyn Tagh, le systéme de failles
Haiyuan et le systéme de failles Xianshuihe-Anninghe-Zemuhe-Xiaojiang (XAZX). J'utilise les
observations géodésiques GPS (1999-2018) et InSAR (2003-2016), ainsi que les modéles de
dislocations 2D et de blocs 3D, pour inverser les taux de glissement et le couplage des failles
intersismiques, évaluer le risque sismique et étudier les cycles sismiques le long de ces failles;
étudier en outre la cinématique de la déformation a travers le plateau tibétain. Mes résultats montrent
des taux de glissement allant de ~2 a ~12 mm/a, un couplage de failles intersismiques trés
hétérogéne (coexistant complétement verrouillé avec un fluage total), un potentiel sismique distinct
et différents cycles de tremblement de terre le long de ces failles. En particulier, j'identifie deux et
un nouveaux segments rampants asismiques le long du systéme de faille Haiyuan et de la faille
Xianshuihe respectivement. Mes résultats d'observation et de modélisation géodésiques démontrent
la diversité spatio-temporelle et la complexité de la déformation interstismique des failles dans le
plateau tibétain, mettent en évidence l'importance de considérer la déformation verticale dans
InSAR et permettent une compréhension nouvelle et approfondie des cycles sismiques le long des

trois failles ci-dessus systémes.

Mots clés: Plateau Tibétain, Déformation intersismique, Faille Altyn Tagh, Faille Haiyuan, Systéme

de failles Xianshuihe-Xiaojiang, GPS et InSAR, Cycle sismique
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Abstract

Ongoing plate convergence between India and Eurasia during the past ~40 million years has created
the Tibetan Plateau, a region with average elevation of ~4500 m, area of over 600x1000 km?, and
active faulting and crustal deformation extends more than 2000 km into central Asia. Approximately
one-half of India’s 36-40 mm/a northward motion is partitioned in the Tibetan Plateau, resulting in
crustal thickening, shortening, folds, and complex fault systems. The active crustal deformation
cause diverse styles of strain accumulation and release on crustal faults, expressed as distinct
faulting behavior or earthquake cycles. Investigating into crustal fault deformation and earthquake
cycles in the Tibetan Plateau using space-based geodesy, i.e., Global Positioning System (GPS) and
Synthetic Aperture Radar Interferometry (InSAR), has started 30 years ago. Currently, high spatial-
temporal resolution geodesy provides us with abundant data and sufficient resolution to study the
ground deformation associated with earthquake cycle processes.

In this dissertation, I focus on the interseismic deformation along three boundary large strike-
slip fault systems of the Tibetan Plateau, the Altyn Tagh fault, the Haiyuan fault system and the
Xianshuihe-Anninghe-Zemuhe-Xiaojiang fault system (XAZX). I use GPS (1999-2018) and InSAR
(2003-2016) geodetic observations, along with 2D dislocation and 3D block models, to invert for
slip rates and interseismic fault coupling, assess seismic hazard and investigate earthquake cycles
along these faults; moreover, study the kinematics of deformation across the Tibetan Plateau. My
results show slip rates ranging from ~2 to ~12 mm/a, highly heterogeneous interseismic fault
coupling (fully locked coexist with fully creeping), distinct seismic potential and different
earthquake cycles along these faults. In particular, I identify two and one new aseismic creeping
segments along the Haiyuan fault system and the Xianshuihe fault respectively. My geodetic
observation and modeling results demonstrate the spatio-temporal diversity and complexity of
interseismic fault deformation in the Tibetan Plateau, highlight the significance of considering
vertical deformation in InSAR, and allow a new and in-depth understanding of earthquake cycles

along the above three fault systems.

Key words: Tibetan Plateau, Interseismic fault deformation, Altyn Tagh fault, Haiyuan fault,
Xianshuihe-Xiaojiang fault system, GPS and InSAR, Earthquake cycle
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Chapter 1 - Introduction

Chapter 1- Introduction

In this chapter, I first present brief introductions about the seismic hazards in the Tibetan
Plateau. In this section, I address the significance of using geodetic measurements to
study interseismic fault deformation. Subsequently, I present general introductions on
earthquake cycle, and the crustal fault deformation characters in each phase of the cycle.
Then, I summarize the geodetic observations in the Tibetan Plateau over the last 30
years, and studies of the interseismic crustal deformation in the Tibetan Plateau. In the
last, I present the aims of this dissertation, and the main contents of each chapter are

also briefly introduced.



Chapter 1 - Introduction

1.1. Seismic hazard in the Tibetan Plateau

The Tibetan Plateau is known as the roof of the world for its extremely high altitude. The formation
of the Tibetan Plateau is one of the greatest events in the earth history that started ~55 millions of
years ago, with complex dynamics and kinematic processes (e.g., Tapponnier et al., 1986). It is
generally interpreted as the result of long-term collision of the Indian plate and the Eurasian plate.
The collision not only caused intense crustal deformation extending thousands of kilometers
northward from the Himalayan mountain range to the Mongolian platform (Figure 1.1), but also had
large impacts on climate, environment, and ecology of Asia (e.g., Molnar and Tapponnier, 1975;
Rowley, 1996). Probing the mechanism of lithospheric deformation of Tibet has been one key
question of geodynamics and tectonics. (e.g., Avouac and Tapponnier, 1993; Shen et al., 2001;

Tapponnier et al., 2001; Wright et al., 2004; Thatcher, 2007; Zhang, 2013; Li et al., 2018a, 2018b).

70
55"

15° u - : 15°
Lo . - - - s = el

Figure 1.1. Tectonic map of the Tibetan Plateau. Dark red lines indicate active faults (Deng et al.,
2003).

During the last century, several kinematic models have been proposed to explain the crustal
lithospheric deformation mechanism of the Tibetan Plateau. These models include the ‘northward
underthrusting of the Indian plate beneath Tibet’ model proposed by Argand (1924), the ‘intracrustal
shortening within a hot ductile Asia’ (e.g., Dewey and Burke, 1973), the ‘successive collision of
small continental blocks with the leading edge of Asia’ (e.g., Chang and Cheng, 1973), the

‘lithosphere extrusion model’ (e.g., Tapponnier and Molnar, 1975), the ‘continuum model’ (e.g.,
2



Chapter 1 - Introduction

England and Houseman, 1986, 1988), the ‘subduction of Asian lithospheric mantle beneath Tibet’
(e.g., Willett and Beaumont, 1994), the ‘mantle diapir model’ (Xu et al., 1996), the ‘south
underthrusting plus north melting’ (Owens and Zandt, 1997), and the ‘eastward flow of a channel
of viscous crustal rocks’ (e.g., Royden et al., 1997; Clark and Royden, 2000). Among them, two
end-number models, i.e., the ‘lithosphere extrusion model” and the ‘continuum model’, has become
a matter of debates. The ‘lithosphere extrusion model’ proposes the India-Eurasia collision to be
accommodated laterally along large-scale narrow bounding fault zones by lithosphere extrusion
(e.g., Tapponnier and Molnar, 1975; Meade, 2007), whereas the ‘continuum model’ stresses that the
collision is partitioned by numerous, isolated fault structures, that is, the deformation is continuous
throughout the entire lithosphere and dominated by broadly distributed crustal shortening and
thickening (e.g., England and Houseman, 1986, 1988; Shen et al., 2001). Regardless of the
deformation model of the Tibetan Plateau, one thing is certain: the active deformation has resulted
in the occurrence of large crustal earthquakes inside and around the Tibet (Figure 1.2). Thus,
understanding the faulting behaviors of crustal faults in Tibet are not only crucial for unraveling the
mechanisms driving deformation, but also to provide insights into earthquake physics, seismic

potential and hazards.
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Figure 1.2. Large earthquakes (M7+, 1900-2019) in and around mainland China. Circles are
coloured by earthquake magnitude. Earthquake data from U.S. Geological Survey (USGS).

The classical view of earthquake faulting portrays large earthquakes as sudden slip events that
dynamically propagate along a fault, releasing years of accumulated strain (e.g., Davison, 1901;
Reid, 1910, 1911). In Tibet, the subduction of the Indian plate under the Eurasian plate results in
different movement of rigid or deforming blocks, which in turn lead to strain accumulation along
bounding faults, leading to a variety of faulting style (e.g., Zhang et al., 2004). Since earthquakes

have started to be recorded several centuries ago, as many as 18 large earthquakes with magnitude
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estimated larger than 8.0 and more than 100 earthquakes with magnitudes in 7.0-8.0 have been
documented in and around the Tibet (Deng et al., 2016). As a result, China is the country with the
highest recorded large continental earthquakes (Zhang et al., 2002). Figure 1.2 shows the large
earthquakes (M7+) in the China mainland during the last century. Almost all continental earthquakes
occurred in and around Tibet. Some of them have been very destructive. The 1920 Haiyuan M 8.3
earthquake caused 237,114 casualties, produced a surface rupture length of 220 km, and a maximum
displacement of 10 m (e.g., Deng et al., 1986; Zhang et al., 1987); the 2008 Wenchuan Mw 7.9
earthquake had a total surface rupture length of 312 km along the Longmenshan fault zone, with
maximum vertical and horizontal offsets of 6.5 m and 4.9 m respectively. It caused the destruction
of buildings and the death of more than 80,000 people (e.g., Xu et al., 2009; Zhang, 2013; Figure
1.3). The frequent occurrence of destructive earthquakes inside and around Tibet calls for

investigating the physical mechanisms behind earthquakes to better anticipate them.

Figure 1.3. Beichuan County, Sichuan Province, China. Picture taken about half an hour after the Mw
7.9 2008 Wenchuan earthquake, from Zhang (2013).

In the recent years, seismic potential assessment in Tibet benefited from various disciplines,
such as paleoearthquake research (e.g., Liu-Zeng et al., 2007; Wen et al., 2008; Li et al., 2009; Yao
etal.,2019), geomorphology (e.g., Gaudemer et al., 1995; Kirby et al., 2008), numerical simulations
(e.g., Toda et al., 2008; Xiong et al., 2010; Li et al., 2014), crustal structure imaging (e.g., Wang et
al., 2015), geodetic study (e.g., Cavalié et al., 2008; Shen et al., 2009; Jolivet et al., 2012, 2013,
2015a; Daout et al., 2016; Li et al., 2017, 2018a, 2018b, 2019; Rui and Stamps, 2019a). Despite
fundamental differences in data and methods, most studies agree that several crustal faults inside
and around the Tibet show a high potential of rupture in the near future, such as the ‘Tianzhu seismic
gap’ along the Haiyuan fault, the Altyn Tagh fault, the eastern Kunlun fault and the Anninghe-
Zemuhe fault system (seismotectonic settings for each of these faults are present in the following
chapters; Figure 1.1). As an example, Figure 1.4 shows the logarithm of the tectonic forecast of

seismicity, which was calculated from geodetic strain rates and reveals the seismic potential in one

4



Chapter 1 - Introduction

region, of mainland China and its surroundings at large scale (Rui and Stamps, 2019b). The
Himalaya, the Xianshuihe-Xiaojiang fault system, the eastern Kunlun fault system, and the western
Tien Shan are the regions showing the highest forecasted seismicity rate. I recommend readers to

Rui and Stamps (2019b) for more details of the calculation method.

55°
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Figure 1.4. Common logarithm of the tectonic forecast of seismicity in mainland China and its
surroundings. Update from Rui and Stamps (2019b). HYF: Haiyuan fault; XAZX: Xianshuihe-
Anninghe-Zemuhe-Xiaojiang fault system; KLF: Kunlun fault; LMSF: Longmenshan fault; MHT: Main

Himalayan Thrust.

As one developing technology, modern geodetic measurements, i.e., Global Positioning
System (GPS) and Synthetic Aperture Radar Interferometry (InSAR), reveal that slip along crustal
faults is composed of aseismic and seismic slip (e.g., Biirgmann et al., 2000; Kaneko et al., 2013;
Jolivet et al., 2015b; Stevens and Avouac, 2015). At depths greater than about 30-40 km, steady
aseismic slip becomes dominant, whereas great continental earthquakes result from rupture of
heterogeneous patches or asperities at shallower depths. In order for elastic strain to build up and be
released during large earthquakes, the fault must be wholly or partially locked during the
interseismic phase so that a slip deficit accumulates. With sufficient geodetic observations, it is now
possible to measure surface displacements associated with interseismic strain build up or release
along continental faults in great detail, thus leading to higher resolution in identifying
locked/creeping patches, characterizing their temporal evolution, providing insight into interseismic
behaviors and earthquake cycle physics. These are the general issues that will be addressed in the
thesis, which focuses on the Haiyuan fault system, Altyn Tagh fault and the Xianshuihe-Anninghe-
Zemuhe-Xiaojiang (XAZX) fault system that bounding the Tibet (Figure 1.1).
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1.2. Earthquake cycle

Crustal displacements have been observed since the late 1800s in Japan by geodetic leveling and
coastal uplift (Nagata and Okada, 1947; Fitch and Scholz, 1971). These observations lead to
recognize that earthquakes were cyclic, and that the cycle of earthquake could be divided into the
interseismic, coseismic, and postseismic phases. The interseismic and coseismic phases could be
quantitatively related when the concept of the elastic rebound was formulated (Reid, 1911). The
theory assumes elastic rheology: tectonic movements result in a steady, slow, buildup of elastic
strain within certain portions of the crust. When these strains reach the maximum supportable level,
an elastic rebound (an earthquake) occurs in such a way as to release the stored strain energy,
accompanied by a shear dislocation on the fault plane. The quantitative relationship is: the notion
that interseismic and coseismic deformation are equal in magnitude but opposite in sign so that they
cancel. The elastic rebound theory explains remarkably well the overall nature of major earthquakes.
However, it has been confirmed that the strain release by actual earthquakes takes place in a variety
of ways. For example, most major earthquakes are followed by aftershocks and, in most cases, by
creep-like postseismic deformations. This variety results from the difference in the nature of the
crust (visco-elastic of the mantle) and the stress field in the respective epicentral area. This usually

be termed as postseismic deformation.

I show the conceptual cartoon of deformation in the crust and uppermost mantle in Figure 1.5a,
which represents the earthquake cycle deformation along one strike-slip fault. In the following, I
introduce the detailed crustal deformation in each stage of an earthquake cycle, along with typical

examples of surface deformation mapped by geodetic measurements.
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Figure 1.5. Crustal deformation during the earthquake cycle. (a) Conceptual cartoon of deformation
in the crust and uppermost mantle. (b) Interseismic phase. InSAR interseismic crustal velocities along
the San Andreas Fault Zone (SAF), California; corresponding InSAR displacements profiles are shown.
(c) Coseismic phase. The complex slip distribution of an earthquake, and the occurrence of an earthquake
increases and decreases the Coulomb failure stresses on nearby faults. (d) Postseismic phase. The InSAR
Light of Sight (LOS) velocity across the Kunlun fault and corresponding LOS rate profile. Figure updated
from Tong et al. (2013), Elliott et al. (2016) and Zhao et al. (2018).

1.2.1. Interseismic deformation

(1) Locked faults

Interseismic refers to the time between earthquakes (Harris, 2017). Reid (1910) made the first
geodetic observation of interseismic deformation across the San Andreas Fault (SAF) in the 1860s
and 1880s by triangulation. Since this pioneering work, similar measurements have been made
across active deformation regions worldwide using modern geodetic technology, such as GPS and

InSAR (e.g., Wang et al., 2001; Wright et al., 2004).

Savage and Burford (1973) first proposed the elastic screw dislocation model (equation 1.1) to
analyze the triangulation data across the SAF:
V(x) = (Vy/m) * arctan (x/D) (1.1)
7
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This approach models the fault as a buried infinite screw dislocation in homogeneous elastic
half-space, where the interseismic aseismic slip occurs at a rate of ¥ below a locking depth of D,
V(x) is the displacement at a perpendicular distance x from the fault trace. In this model, no transition
zone at depth is assumed, which is unphysical for strike-slip faults in nature. Nevertheless, it has
been widely adopted to invert for fault slip rates and locking depths owing to its simplicity. There
are geodetic data showing asymmetric patterns of interseismic velocities across strike-slip faults,
which could result from varying elastic thickness (e.g., Chéry, 2008), lateral variations in the elastic
strength, or a shift in the position of dislocation at depth relative to the fault trace (Le Pichon et al.,
2005; He et al., 2013); modeling the asymmetry geodetic data needs more complex equation, and |

will present in Chapter 3.

Savage (1983) proposed the ‘back slip’ model for strain accumulation and release at subduction
zones. The model was originally motivated by the recognition that the overriding plate apparently
experiences little permanent inelastic deformation on the timescales relevant to the seismic cycle
(several hundred years). The back slip model accomplishes this zero net strain in the overriding
plate by parameterizing interseismic fault slip as normal slip, i.e., back slip, on the same patch that
also slips in the reverse sense during great earthquakes (see Savage, 1983). Along with the
establishment of dislocation analytical solution (Okada, 1985), spatially variable coupling models
were proposed (e.g., McCaffrey, 1995; Savage et al., 2000; Wallace et al., 2004), which characterize
the interseismic fault slip on the fault plane using a unitless parameter (between 0 and 1), locking
coefficient or the interseismic fault coupling. The locking coefficient is equal to the back-slip rate
divided by fault loading rate. Under such a frame, both fully locked (coupled) patches and fully
slipping (creeping) patches might co-exist on the same fault plane. This idea has continued to this
day, and inverting for the interseismic fault coupling both along subduction zones (e.g., Nocquet et
al., 2014) and continental faults (e.g., Stevens and Avouac, 2015), using GPS and InSAR, has
become an important tool in assessing the seismic potential and investigating the fault physical

mechanism.
(2) Aseismic slipping faults

Aseismic refers to the situation where neither earthquakes nor earthquake waves are generated.
Aseismic fault slip occurs when there is gradual movement on a fault without generating seismic
energy or fast-moving waves in the Earth’s crust (Harris, 2017). Both interseismic shallow fault

creep and slow-slip events (SSEs) are aseismic processes.

Whereas most continental faults do appear to be interseismically locked, at least within the
resolution of geodetic measurements, it was discovered more than 50 years ago (e.g., Louderback,
1942) that some continental faults at specific locations exhibit significant motion during the
interseismic phase. Such phenomenon was named as shallow fault creep, and has been observed
along several crustal faults, such as along the Haiyuan fault in China (e.g., Cavalié et al., 2008), the
central San Andreas Fault in USA (e.g., Ryder and Biirgmann, 2008) and the North Anatolian Fault

8
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(e.g., Cakir et al., 2005) among others. Shallow fault creep is a prominent behavior in earthquake

cycle, I will present some mean observation of the process in Chapter 4 and 5.

In Figure 1.5b, I present one example to show the differences between locked and creeping
segments. If the fault segment is creeping up to the surface, contrary to the locked segment that
produces relatively smooth geodetic velocity gradient across the fault, fault-crossing geodetic

velocity show sharp gradient or offset.

SSEs (also referred to as silent earthquakes) release strain on tectonic faults at slip rates faster
than plate rates but slowly enough that seismic shaking is not generated. SSEs do not induce seismic
waves but could produce surface deformation. SSEs have been measured along several subduction
zones (e.g., Lowry etal., 2001; Radiguet et al., 2016; Voss et al., 2018) and the southern San Andreas
Fault (e.g., Tymofyeyeva et al., 2019). SSEs often occur on adjacent regions of large earthquakes
on the fault interface (Rolandone et al., 2018), which could last for weeks to months, releasing
energy of similar magnitude to earthquakes. Previous studies along the Mexico subduction zone
have suggested that SSEs are triggering factors for large earthquakes (e.g., Kostoglodov et al., 2003;
Graham et al., 2014; Radiguet et al., 2016; Voss et al., 2018); however, there is also evidence that

earthquakes can trigger SSEs (e.g., Zigone et al., 2012; Villegas-Lanza et al., 2016).

1.2.2. Coseismic deformation

Earthquakes are the result of sudden slip that dynamically propagate along a fault and release the
accumulated strain during the interseismic phase (e.g., Davison, 1901; Reid, 1910, 1911).
Earthquakes produce seismic waves, cause permanent displacements of the ground around the fault
rupture, and induce Coulomb Failure Stress (CFS) perturbations along adjacent faults (Figure 1.5¢).
The seismic waves, with high resolution temporal information, for medium-large earthquakes could
be recorded globally, and can be analyzed to investigate the rupture process (e.g., Ammon et al.,
2005; Grandin et al., 2015). The coseismic ground static displacements could be recorded by
triangulation, GPS, InSAR, Leveling and other geodetic measurements, which provide high spatial
resolution. Over the last 30 years, GPS and InSAR were widely adopted to invert for the coseismic
slip on the fault plane (e.g., Shen et al., 2009; Figure 1.6). To this date, despite the widely use of
modern geodetic data in earthquake source inversions, it is still difficult to capture the ground
deformation for medium-small earthquakes (M6-) owing to the low signal to noise ratio (Funning
and Garcia, 2018). An earthquake could alter the shear and normal stress on surrounding faults,
often integrated as Coulomb Failure Stress changes (ACFS). Positive ACSF could bring the fault
closer to failure in the short term, thus increasing the seismic potential. Negative ACFS reduces the
seismic hazard on the fault. Besides, the CFS is commonly used to interpret the occurrence of

aftershocks and afterslips following an earthquake (e.g., Stein, 1999; Perfettini and Avouac, 2004).
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Figure 1.6. The map of seismic events color-coded by the number of associated scientific
publications (top) and list of the top 50 earthquakes with the largest number of associated

publications. Figure come from http://www.isc.ac.uk/event bibliography/overview.php.

1.2.3. Postseismic deformation

Postseismic deformation was first measured by Okada and Nagata (1953) following the 1946 Mw
8.1 Nankaido, Japan, earthquake. Postseismic deformation typically occurs in hours to years
following an earthquake, and provide constraints on the rheology of the lithosphere (Figure 1.5d).
Three different mechanisms have been proposed to interpret the postseismic deformation following
large earthquakes: aseismic afterslip (e.g. Biirgmann et al., 2002), poroelastic rebound (e.g., Peltzer
et al., 1998) and viscoelastic relaxation (e.g., Nur and Mavko, 1974). Afterslip is attributed to the
interaction of a velocity-weakening region at depth (within which earthquakes nucleate) with an

upper region of velocity-strengthening frictional behavior (Marone et al., 1991); that is, coseismic
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stress changes drive aseismic afterslip. Commonly, afterslip decay rapidly following a large
earthquake and last for days to years. Poroelastic rebound is related to coseismic pressure changes,
which drive fluid flow within the upper crust; poroelastic rebound often affect regions around the
fault. Viscoelastic relaxation, where coseismic stress changes imparted to the hot lower crust and
upper mantle cannot be sustained and drive viscoelastic flow, could last for tens of years and to
more wide spread. After a large earthquake, these different mechanisms may not always operate

separately, and distinguishing between them is often difficult.
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Figure 1.7. Map showing earthquakes with magnitudes larger than 6.0 occurred in and around the

30° 4

Tibetan Plateau in 1990-2019. Labels show the three earthquakes with significant postseismic
deformation that have been studied using GPS and/or InSAR.

Within Tibet, several earthquakes with significant postseismic deformation have been
documented using GPS and/or InSAR (Figure 1.7), such as the 1997 Manyi Mw 7.6 earthquake
(e.g., Ryder et al., 2007), the 2001 Kokoxili Mw 7.8 earthquake (e.g., Wen et al., 2012; Zhao et al.,
2018; Liu et al., 2019), and the 2008 Wenchuan Mw 7.9 earthquake (e.g., Huang et al., 2014; Diao
et al., 2018). Note that, despite these large earthquakes have occurred 10-20 years ago, the post-
earthquake geodetic velocity solutions in Tibet are still be contaminated by slow ongoing

postseismic deformation (Li et al., 2019).
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1.3. Previous geodetic observation and modelling of crustal

deformation in the Tibetan Plateau

Modern geodetic measurements using GPS in Tibet date back to the early 1990s when different
international research projects and institutes established several regional GPS networks for crustal
deformation studies in China and neighboring regions (e.g., King et al., 1997; Bendick et al., 2000;
Zhu et al., 2000; Chen et al., 2000; 2004; Wang et al., 2001). By 1999, a nationwide GPS network,
the Crustal Movement Observation Network of China (CMONOC-I), had been established. The
CMONOC-I network included 27 continuously operating GPS stations and 1056 campaign-mode
GPS stations (Niu et al., 2005). In 2009, the Tectonic and Environmental Observation Network of
Mainland China (CMONOC-II) was established, adding 233 continuous stations and 1000
campaign-mode stations to the CMONOC I network (Gan et al., 2012; Figure 1.8, 1.9). To this date,
campaign-mode GPS stations have been observed regularly in 1999, 2001, 2004, 2007, 2009, 2011,
2013, 2015, 2017 and 2019, with at least four days (30 s sampling rate) of continuously record.
Moreover, campaign-mode observations were undertaken in Sichuan, Ordos, North China, Sichuan,

Yunnan, and the Tianshan area in 2012, 2014, and 2016.
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Figure 1.8. Continuous GPS stations in mainland China (http://www.cgps.ac.cn/).

Over the last 20 years, GPS data from CMONOC has been extensively used in earthquake

cycle deformation studies, including interseismic deformation (e.g., Wang et al., 2001; Zhang et al.,
12
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2004; Gan et al., 2007; Liang et al., 2013), coseismic deformation (e.g., Shen et al., 2009; Wang et
al., 2011; Jiang et al., 2014), and postseismic deformation (e.g., Diao et al., 2018; Li et al., 2019;
Figure 1.7). Here in my thesis, I focus on the interseismic deformation along the Haiyuan fault
system, Altyn Tagh fault and the Xianshuihe-Anninghe-Zemuhe-Xiaojiang (XAZX) fault system
(Figure 1.1). In the following, I introduce only previous studies about interseismic GPS velocity
field.
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Figure 1.9. Campaign-mode GPS stations in mainland China (http://www.cgps.ac.cn/).

Wang et al. (2001) derived the first nationwide interseismic GPS horizontal velocity field (354
stations in total) using the GPS data measured between 1991 and 2001. The velocity map depicts
the general crustal deformation of the Tibetan Plateau and provides constrains for several
deformation areas or faults. At the large scale, they argued that deformation within the Tibet and its
margins, the Himalaya, the Altyn Tagh, and the Qilian Shan, absorbs more than 90% of the relative
motion between the Indian and Eurasian plates; internal shortening of the Tibetan plateau itself
accounts for more than one-third of the total convergence. Subsequently, Zhang et al. (2004)
included more GPS stations (553) with longer time span (1998-2004) and derived an enlarged
interseismic GPS velocity map of Tibet. By conducting and analyzing GPS velocity profiles, they
argued that the present-day tectonics in the plateau could be best described as deformation of a
continuous medium, at least when averaged over distances larger than 100 km. Gan et al. (2007)
updated the GPS velocity solution by including 726 GPS stations in and around the Tibetan Plateau.

Although the spatial resolution of these above velocity solutions are limited compared to subsequent
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published results (e.g., Liang et al., 2013; Ge et al., 2015; Wang et al., 2017; Zheng et al., 2017),
they represent the secular interseismic crustal deformation of Tibet (Figure 1.10). As in the above
velocity solutions, data of GPS stations that along the Kunlun fault, where the 2001 Kokoxili Mw
7.8 earthquake occurred, were excluded. Here, I use the ‘secular’ to refer to the velocity solution is
not contaminated by postseismic deformation. After that, Liang et al. (2013), Ge et al. (2015), Wang
et al. (2017) and Zheng et al. (2017) published their own GPS velocity solution of the Tibet or
mainland China, however, an important factor was ignored, that is, the postseismic deformation of
the 2001 Kokoxili Mw 7.8 earthquake was ignored, despite they all excluded the GPS stations
(measured after the 2008 Wenchuan Mw 7.9 earthquake) in eastern Tibet (Liu et al., 2019). The
readers are recommend to refer Wen et al. (2012) and Zhao et al. (2018) for detailed knowledge of
postseismic deformation of the 2001 Kokoxili Mw 7.8 earthquake. Note that in Liang et al’s solution,
they also derived the vertical velocity field of the Tibetan Plateau. I discuss their reliability in
Chapter 4 for northeastern Tibet.
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Figure 1.10. GPS velocity field of crustal motion in central Asia relative to the stable Eurasia. Figure
come from Gan et al. (2007).

With the publication of GPS velocity solutions, geodesists focused on interpreting the velocity
results. Wang et al. (2001), Zhang et al. (2004), Gan et al. (2007) and Ge et al. (2015) proposed the
horizontal GPS velocities could explained by the ‘continuum model’, in spite of different methods
or interpretations/arguments. Meanwhile, some other geodesists argued that the horizontal GPS

velocities could be modeled by (elastic) block models. For instance, Shen et al. (2005) modeled the
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GPS velocities in southeastern Tibet using block models and obtained a satisfactory data fitting.
They proposed that the crustal deformation of southeastern Tibet could be described by rotating
blocks, bounded by crustal faults, of different scales. Subsequently, Meade and Hager (2005),
Thatcher (2007), Loveless and Meade (2011) and Wang et al. (2017) developed microplate or block
models for Tibet. Despite differences in the scale and number of blocks, their block model
predictions agree well with observations. The debate of ‘continuum model’ and ‘block model’ is not
well resolved so far. Thatcher (2007) argued that as the size of the blocks decreases and tends
towards the thickness of the seismogenic layer, the block model approaches a continuum and will

be indistinguishable from surface velocities.

Over the last 30 years, many studies, using interseismic GPS velocities, focused on regional
areas or specific faults, such as the northeastern Tibetan Plateau (e.g., Li et al., 2017), the Altyn
Tagh fault (e.g., Li et al., 2018a), and the Xianshuihe-Xiaojiang fault system (e.g., Jiang et al., 2015).
To avoid repeating, I will introduce previous work of each of the fault system in the following

chapters.

Table 1.1. Summary of previous InSAR Studies

Location Study Location Study

A Wright et al., 2004 M Bell et al., 2011
B Taylor and Peltzer, 2006 N Grandin et al., 2012
C Taylor and Peltzer, 2006 O Qiao et al., 2017
D Taylor and Peltzer, 2006 P Liu et al., 2011
E Q
R

Lasserre et al., 2007 Garthwaite et al., 2013
Lasserre et al., 2007 Wen et al., 2012
Jolivet et al., 2008 Zhao et al., 2018
Elliott et al., 2008

G S Song et al., 2019
Daout et al., 2018

Cavalié et al., 2008

F

H T Zhuetal., 2016
Daout et al., 2016

J Wang et al., 2009 U Wang et al., 2019

K Wang and Wright, 2012 \" Huang et al., 2014

L Jolivet et al., 2012
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Figure 1.11. Map showing the distribution of published InSAR studies of interseismic deformation

in Tibet. Grey polygons with green outlines show the spatial extent of Synthetic Aperture Radar (SAR)
data used in each study. See Table 1.1 for the citations relating to each lettered polygon.

The interseismic InSAR studies in Tibet date back to Wright et al. (2004), who used the
European Remote Sensing Satellite (ERS) data spanning 1992-1999 to constraint the slip rates on
the Karakoram and Altyn Tagh faults. Their results show that slip rates on the Karakoram and Altyn
Tagh faults are lower than what would be expected from the extrusion model and suggest a
significant amount of internal deformation in Tibet. Subsequently, Lasserre et al. (2007), Elliott et
al. (2008), Jolivet et al. (2008), Wang and Wright (2012), Zhu et al. (2016), Daout et al. (2018), and
Xu and Zhu. (2019) processed different sources/time-spans SAR data covering different segments
of the Altyn Tagh fault, aiming at either estimating its slip rate/locking depth or investigating the
strain partitioning between several crustal faults in northwestern Tibet. Also, the crustal deformation
along the Haiyuan fault attracted attention of geodesists. Cavalié et al. (2008) first introduced SAR
data to map the left-lateral motion along the Laohushan segment. They identified a shallow creeping
section along the Laohushan segment, which was later confirmed by Jolivet et al. (2012) and further
studied by Jolivet et al. (2013) and Daout et al. (2015). Other faults in Tibet have also been
investigated by InSAR, such as the Xianshuihe fault (Wang et al., 2009; Liu et al., 2011) and the
Main Himalayan Thrust (Grandin et al., 2012). Moreover, with the accumulation of SAR data and
improvement of data processing methods, large-scaled crustal deformation monitoring using InSAR
becomes now possible, as the work done by Wang et al. (2019) (Figure 1.11). Furthermore, the
monitoring of postseismic deformation using InSAR has been conducted along the Manyi fault (e.g.,
Bell et al., 2011), Kunlun fault (e.g., Wen et al., 2012; Zhao et al., 2018) and the Longmenshan fault
(Huang et al., 2014). I show in Figure 1.11 the distribution of published InSAR studies of
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interseismic deformation in Tibet. Although many areas of the Tibetan Plateau have been studied
using InSAR, there are still large unmapped areas, especially in the southeastern Tibet, where dense

vegetation cover causes a loss of coherence.
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1.4. The aims of this thesis

The thesis focuses on three large strike-slip faults which pose a significant seismic hazard in Tibet,
the Altyn Tagh fault, the Haiyuan fault system and the XAZX fault system (Figure 1.1). These faults
have slip rates ranging from 2-12 mm/a, intensive historical earthquakes, different interseismic
deformation characteristics (locked and shallow creeping segments), and distinct earthquake cycles.
Benefiting from the geodetic observations (GPS and InSAR) across these faults, we could
investigate into the interseismic fault coupling and lateral variation of coupling along faults distance.
The thesis seeks to answer the following general questions: what’s the interseismic fault coupling
along these faults and the seismic potential implications? The existence and distribution of shallow
aseismic creep and their temporal/spatial behaviors? What we could learn about the earthquake
cycle from the present-day fault deformation? For each crustal fault I studied, I emphasize its
specific scientific issues in the following chapters. I will use GPS and InSAR to measure the
interseismic velocities across these faults, interpret the geodetic data in detail, model the geodetic
data using both two dimensional and three dimensional kinematic models, and finally interpret the

results and their implications.
The rest of this thesis is organized as follows:

Chapter 2 describes, in general, the geodetic data (GPS and InSAR) and processing methods.
It presents methods for GPS and InSAR comparison and integration, and shows the GPS/InSAR

integration result in northeastern Tibet.

Chapter 3 consistents of two part. The first is adapted from my paper (Li et al., 2018a), which
investigates the fault coupling along the Altyn Tagh fault. The remaining describes the interseismic
GPS/InSAR velocity solution across the western Altyn Tagh fault (86°E), and inverts for the slip
rate and locking depth on the fault.

Chapter 4 is a paper in preparation. It describes newly identified shallow creeping along the
Haiyuan fault system, presents the elastic block modeling of GPS/InSAR data around the Haiyuan
fault system, and describes the interseismic fault coupling and earthquake cycle along the Haiyuan

fault system.

Chapter S is a paper submitted to Earth and Planetary Science Letters. It describes the
interseismic locking and creeping on the Xianshuihe-Xiaojiang fault system, based on GPS and

InSAR. Seismic potential and earthquake cycle behavior along the fault system are also discussed.

Chapter 6 summarizes the findings of the previous chapters, discusses the implications of

these findings, and explores future works.
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