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Résumé 

 

La convergence continue des plaques entre l'Inde et l'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 600×1000 km2, et des failles actives et une déformation crustale s'étendent sur plus de 2000 km 

Asie centrale. Environ la moitié des 36 à 40 mm/a de l’Inde vers le nord se répartit dans le plateau 

tibétain, ce qui entraîne un épaississement, un raccourcissement, des plis et des systèmes 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 à l'aide de la géodésie spatiale, c'est-à-dire le système de positionnement global 

(GPS) et l'interférométrie radar à ouverture synthétique (InSAR), a commencé il y a 30 ans. 

Actuellement, la géodésie à 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 

systèmes de failles de glissement du plateau tibétain, la faille Altyn Tagh, le système de failles 

Haiyuan et le système de failles Xianshuihe-Anninghe-Zemuhe-Xiaojiang (XAZX). J'utilise les 

observations géodésiques GPS (1999–2018) et InSAR (2003–2016), ainsi que les modèles 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 à travers le plateau tibétain. Mes résultats montrent 

des taux de glissement allant de ~2 à ~12 mm/a, un couplage de failles intersismiques très 

hétérogène (coexistant complètement 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 système 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 systèmes. 

 

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

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 600×1000 km2, 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 

 

 

 

 

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. 
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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). 

 

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., 
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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. 

 

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 

et al., 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 
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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. 

 

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., Bürgmann 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) = (𝑉0 𝜋⁄ ) ∗ 𝑎𝑟𝑐𝑡𝑎𝑛(𝑥 𝐷⁄ )       (1.1) 
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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 V0 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 I 

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 Bürgmann, 2008) and the North Anatolian Fault 
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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 et al., 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 1.5c). 

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 (ΔCFS). Positive ΔCSF could bring the fault 

closer to failure in the short term, thus increasing the seismic potential. Negative ΔCFS 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. Bürgmann 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. 

 

Figure 1.7. Map showing earthquakes with magnitudes larger than 6.0 occurred in and around the 

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. 

 

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., 
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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. 

 

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. 

 

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 



Chapter 1 ∙ Introduction 

15 

 

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 Lasserre et al., 2007 Q Garthwaite et al., 2013 

F 
Lasserre et al., 2007 

Jolivet et al., 2008 
R 

Wen et al., 2012 

Zhao et al., 2018 

G 
Elliott et al., 2008 

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

H 
Cavalié et al., 2008 

Daout et al., 2016 
T Zhu et al., 2016 

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

K Wang and Wright, 2012 V 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 5 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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GPS and InSAR have been intensively used in Tibet to map the interseismic crustal 

deformation, as I described in Chapter 1. To date, processing of GPS data is relatively 

mature, whereas many challenges remain for the interseismic InSAR data processing. 

In this Chapter, I will first briefly outline the GPS data processing. I introduce the newly 

deployed and re-measured GPS stations by the Institute of Geology, China Earthquake 

Administration across the Haiyuan fault and the western Altyn Tagh fault (86°E) 

respectively. In section 2.2, I briefly introduce the InSAR datasets used in the 

dissertation. In the last part, I describe the crustal deformation signals in the observed 

GPS and InSAR, methods of GPS/InSAR integration, and show the integration results 

in the northeastern Tibet. 
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2.1. GPS measurements and data processing 

2.1.1. GPS measurement 

In Chapter 1, I have introduced the network architecture of the CMONOC and the GPS data 

collection. Here, I describe the GPS measurements along the Altyn Tagh fault and the Haiyuan fault 

carried out by our group in the Institute of Geology, China Earthquake Administration. The locations 

of GPS stations are shown in Figure 2.1. 

 

Figure 2.1. GPS sites distribution. (a) Distribution of GPS stations in northern Tibet. (b) and (c) show 

GPS stations along the Altyn Tagh fault and the Haiyuan fault system. White and red triangles show the 

location of campaign-mode and continuous GPS stations of CMONOC respectively. Blue triangles 

represent the campaign-mode stations that we re-measured in 2017 across the Altyn Tagh fault. Green 

and Cyan triangles indicate the location of campaign-mode and continuous GPS stations that we 

deployed across the Haiyuan fault. 

Our team revisited the same 17 benchmarks used by He et al. (2013) in October 2017. These 

benchmarks were measured 2–3 times in the period 2009–2011, across the western segment of the 

Altyn Tagh fault (86°E). These GPS stations were deployed roughly perpendicular to the Altyn Tagh 

fault, extending about a 400 km long profile across the fault. These GPS benchmarks were installed 

with forced centering system (Figure 2.2a). Of the 17 stations, 16 are well preserved; only one 

station near Qiemo County (north of the Altyn Tagh fault) was damaged. We used Trimble NetR9 

receiver with Trimble GNSS Choke Ring Geodetic Antenna and collected continuous observations 

for 72 to 240 hours at the GPS sites at a 30s sampling rate. The collected GPS data, together with 

CMONOC GPS data in 1999-2017, constitute the dataset that I am going to use in Chapter 3. 
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Along the Haiyuan fault, our team started to deploy campaign-mode GPS sites since 2013. In 

2015, 21 new stations were established in order to compensate the low spatial resolution of 

CMONOC in the near field of Haiyuan fault (Figure 2.1). The construction of GPS station follows 

the standard of CMONOC. The base of GPS stations has a depth of at least 70 cm on the bedrock 

and a depth of at least 2 m in soil layer. Each station was equipped with forced centering system. 

We measured these GPS stations annually during the summer in order to reduce the effect of annual 

and semiannual components when estimating velocities. We used Trimble NetR9 and Topcon NetG5 

receivers with choke ring antennas to perform continuous observations at 30s sampling rate, with at 

least 72 hours per site during each campaign. As of September 2019, we accumulated 5–7 campaigns 

of GPS data. In my work, I only used the GPS data spanning the 2013–2017 period. 

 

Figure 2.2. Pictures of GPS stations. (a) The typical campaign-mode GPS station across the Altyn Tagh 

fault. (b) The typical campaign-mode GPS station across the Haiyuan fault. (c) The continuous GPS 

station across the Haiyuan fault. 

 

Figure 2.3. Example of GPS position time series of the four continuous GPS sites along the 

Laohushan fault. The x-axis indicates the number of days from October 5, 2017. 
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Cavalié et al. (2008) first identified a shallow creeping segment along the Laohushan segment 

(~103.8°E), Haiyuan fault, using the ERS InSAR spanning 1993–1998, which was later confirmed 

by Jolivet et al. (2012) using the Envisat InSAR spanning the 2003–2009 period. Furthermore, 

Jolivet et al. (2012, 2013) found that the shallow creep extend a 35 km-long segment, with transient 

slipping behaviors. However, there have been no GPS measurements across the segment. 

Consequently, our group deployed four continuous GPS stations in the near-field of the fault and 

normal to the fault in September 2017 (Figure 2.1, 2.3). These GPS stations were constructed on 

bedrock, equipped with Trimble NetR9 receiver and Trimble GNSS Choke Ring Geodetic Antenna 

(Figure 2.2c). The GPS sites started to operate around October 2017, and at the time of my PhD, 

since only a year of data were available, I did not include these GPS stations to the work presented 

in Chapter 4. Now, we have accumulated around two years of data, and I show the position time 

series of the four GPS stations in Figure 2.3. It is obvious that across the Laohushan fault, GPS sites 

velocities show variation, both in horizontal and vertical. I leave the interpretations of those four 

GPS sites for future work. 

2.1.2. GPS data processing 

Here, I take the GPS data surveyed across the western Altyn Tagh fault (86°E) as example to 

illustrate data processing. In the following Chapters, I will also introduce briefly the GPS data used 

in each study, the data sources, and corresponding data processing or integration. 

I processed the campaign-mode GPS data measured in 2017 together with those data collected 

between 2009 and 2011, and with seven regional CMONOC continuous sites using the 

GAMIT/GLOBK 10.6 software (Herring et al., 2016), which consist of three steps: 

(1) Loosely constrained daily solutions from GAMIT. Raw phase observations are first 

processed together with 40 globally distributed sites from the International Global Navigation 

Satellite System Service (IGS, http://www.igs.org/) to obtain loosely constrained daily station 

coordinates and satellite orbit parameters. The processing includes IGS precise orbits and Earth 

orientation parameters, absolute antenna phase center calibrations, and the Finite Element Solution 

2004 ocean tide loading model during the daily data processing (Lyard et al., 2006). 

(2) Position time series. Loosely constrained daily solutions are then expressed in the 

International Terrestrial Reference System 2008 (ITRF2008) by estimating seven parameters 

transformation (orientation, translation, and scale) using the 40 globally distributed IGS stations. 

The time series for each station is carefully examined to exclude outliers. I set 3-sigma from the 

mean as the threshold for outlier selection. I show one example of position time series in Figure 2.3. 

(3) GPS site velocity and its uncertainty. Currently, there are two methods to estimate the 

GPS site velocity and its uncertainty. The first one uses position time series to simultaneously 

estimate linear terms (including offsets and slopes), nonlinear terms (annual and semiannual), and 
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the amplitude and spectral index of a time-correlated (or power law) noise model, such as the 

Maximum Likelihood Estimation implemented in the CATS software (Williams, 2008). Such 

method fits flicker and white noises to all time series to estimate the slope (velocities) and their 

realistic uncertainties. This method works well with continuous and clean time series but has 

drawbacks (Saria et al., 2013). First, it requires at least 4 years of continuous data collection to 

provide reliable spectral index estimates. Second, episodic time series or sites with abundant 

observation gaps lead to unrealistic velocity and uncertainties estimates. 

 

Figure 2.3. One example of (left panel) campaign-mode GPS position time series (AT03 station), and 

(right panel) residuals after removing a liner detrend. The GPS station is located along the western Altyn 

Tagh fault. 

The alternative method is to use the GLOBK package, which estimate the point coordinates 

and velocities from a combined solution comprising the daily loosely constrained estimates, earth 

orientation parameters (EOP) values, orbit data, and their covariance through Kalman filtering. This 

method usually requires to enlarge regional GPS network further with more globally scattered and 

loosely constrained IGS stations (e.g., ftp://garner.ucsd.edu/pub/hfiles). Velocity uncertainties are 

estimated using the ‘realistic sigma’ algorithm (e.g., Herring, 2003; Reilinger et al., 2006). The 

method fits the increase in χ2 with successively longer averaging times to an exponential function, 

then evaluates the exponential function at infinite averaging time to get the velocity uncertainty. 

This method can handle time series with outliers and data gaps. 

Considering that most of the GPS sites were measured episodically, I used the ‘realistic sigma’ 

algorithm (GLOBK package) to calculate the velocity uncertainties (e.g., Herring, 2003; Reilinger 

et al., 2006). I used a random-walk value of 1.0 mm/√a for the horizontal component, which is the 

average value of correlated noise model and is determined from 320 globally distributed continuous 

GPS stations with time series spans ranging from 2.5 to 17 years (He et al., 2013; Reilinger et al., 

2006). 

(4) Reference frame. Finally, I transform the velocities into a Eurasia-fixed frame of reference 

using the Euler vector for Eurasia with respect to the ITRF 2008 provided by Altamimi et al. (2011). 

In order to highlight the deformation of the Altyn Tagh fault, I express the velocity field in a Tarim-



Chapter 2 ∙ Geodetic datasets and data processing 

33 

 

fixed reference frame, which is determined by minimizing the horizontal velocities at GPS sites 

north of the fault. Because most of the GPS sites were measured in campaign-mode, I do not 

estimate their vertical velocities owing to the large uncertainties. I show the GPS velocity solution 

in Figure 2.4. The interpretation and modeling are present in Chapter 3. 

 

Figure 2.4. (a) Obtained GPS velocities from 2009–2017 in the Tarim-fixed reference frame. All GPS 

velocities have uncertainties at the 95% confidence. (b) Line-of-sight (LOS) velocity map of the two 

tracks 119 and 348. 

(5) Co- and post- seismic deformation. In the GPS data processing, it’s important to consider 

the impact of coseismic and postseismic deformation. Here, I also describe how I deal with the issue. 

No earthquake with magnitude larger than 6 occurred between 2009 and 2017 in the northern Tibet, 

corresponding to the time span of observation across the Altyn Tagh fault. Of the 16 campaign-mode 

GPS sites, the southernmost station (Figure 2.1), which is ~100 km from the epicenter of the 1997 

Mw 7.5 Manyi earthquake, is most likely to be affected by the postseismic deformation following 

the earthquake. However, surface deformation derived from the InSAR data, which were acquired 

between November 1997 and September 2001, shows that the postseismic deformation of the 1997 

Mw 7.5 Manyi earthquake only affected a region of ~20 km from the surface rupture and the surface 

displacement following the earthquake obeys an exponential decay with time (e.g., Ryder et al., 

2007; Yamasaki and Houseman, 2012). Hence, the 1997 Mw 7.5 Manyi earthquake postseismic 

signal contributes scarcely to my velocity solution. In conclusion, I regard the above GPS solutions 

as secular interseismic velocities. Note that, here the secular also refers to the GPS velocity solution 

is not contaminated by postseismic deformation. 
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For the GPS data (1999–2018) across the Haiyuan fault, I adopt similar data processing 

strategies. During our GPS data time span (1999–2018), several destructive earthquakes occurred 

in the China mainland and its surrounding, of which the 2001 Kokoxili Mw 7.8 earthquake, the 

2004 Sumatra Mw 9.3 earthquake, the 2008 Wenchuan Mw 7.9 earthquake and the 2011 Tohoku 

(Japan) Mw 9.0 were the ones generated minor yet obvious coseismic deformation in the 

northeastern Tibet (e.g., Wang et al., 2011). As a consequence, I add offsets parameters in the GPS 

position time series to be estimated simultaneously to get velocity. Despite both the 2001 Kokoxili 

Mw 7.8 earthquake and the 2008 Wenchuan Mw 7.9 earthquake induced significant postseismic 

deformation (e.g., Wen et al., 2012; Huang et al., 2014; Diao et al., 2018), they have scarcely impact 

in northeastern Tibet. In summary, I regard the GPS solution as secular interseismic velocities. I 

also show the GPS velocity here (Figure 2.5), and the interpretation and modeling are present in 

Chapter 4. 

 

Figure 2.5. InSAR displacements and GPS velocity field in the northeastern Tibet. GPS velocities 

with respect to the stable Eurasian plate. Arrows in blue represent newly-built station velocities. Error 

ellipses indicate the 95% confidence levels. Background color represent the observed InSAR 

displacements. 

For the GPS data (2015-2018) across the Xianshuihe-Xiaojiang fault system, I also used the 

same data processing strategies. Note that in August 8, 2017, an Mw 6.5 earthquake struck the 

Jiuzhaigou County (epicenter 103.861° E, 33.198° N; U.S. Geological Survey [USGS]), about 350 

km away from Xianshuihe-Xiaojiang fault system. During the data processing, I corrected the 

coseismic offsets for GPS stations located within 150 km from the epicenter. Considering that the 

magnitude of the earthquake is relatively small and that there were no continuous GPS stations near 

the epicenter (within 50 km), we ignored the postseismic transients in our GPS velocity solution. 
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2.2. InSAR dataset 

The interseismic InSAR displacement data that I used in the thesis were provided by Simon Daout 

from the publication of Daout et al. (2018) (covering the western Altyn Tagh fault, Chapter 3); 

provided by Xiaogang Song from the publication of Song et al. (2019) (covering the Haiyuan fault, 

Chapter 4); and provided by Lei Zhang from the publication of Zhang et al. (2018a) (covering the 

Xianshuihe fault, Chapter 5). The readers are recommended these papers for details on the InSAR 

data processing. Here, I introduce briefly the SAR data time span, spatial coverage of data, and 

some basic technical points. 

2.2.1. The Altyn Tagh fault 

Daout et al. (2018) processed the complete Envisat descending archive along four 500 km long and 

100 km wide Envisat overlapping tracks (162, 391, 119, and 348) between 2003 and 2011 (Figure 

2.6). The InSAR track encompasses our GPS profile. They constructed 484 small baseline 

differential interferograms with the New Small Baselines Subset chain (NSBAS) based on the 

ROI_PAC software. In their data processing, they applied a series of corrections for atmospheric 

delays, separation of the effects of hydrology and permafrost seasonal changes in the high plateau 

and corrections for the orbital residuals. The resulting LOS rate map is shown in Figure 2.4. 

 

Figure 2.6. InSAR data convergence across the Altyn Tagh fault. Cyan rectangles show the Envisat 

descending tracks. White triangles show the location of GPS stations. Figure adopted from Daout et al. 

(2018). The readers are referred to the origin paper for more detailed description of each elements. 

2.2.2. The Haiyuan fault 

Song et al. (2019) processed the InSAR data from 6 Envisat ASAR descending tracks, spanning the 
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2003-2010 period, covering the most part of the northeastern margin of the Tibetan Plateau (Figure 

2.7). Interferograms with baselines of less than 200 m were produced for each track by using 

ROI_PAC software. Shuttle Radar Topography Mission (SRTM) DEM was used to remove the 

topographic contribution to the interferometric phase changes. Interferograms were unwrapped 

using the branch-cut method (Goldstein et al., 1988). The resulting unwrapped interferograms were 

selected to construct a chain for stacking in the InSAR rate map estimation. They introduced the 

MEdium Resolution Imaging Spectrometer (MERIS) data to correct for the atmospheric delays. The 

resulting LOS rate map is shown in Figure 2.5. 

 

Figure 2.7. InSAR data convergence across the Haiyuan fault. Black rectangles show the coverage 

of Envisat ASAR data, with track numbers indicated. Figure adopted from Song et al. (2019). The readers 

are recommended to the origin paper for more detailed description of each elements. 

2.2.3. The Xianshuihe fault 

Zhang et al. (2018a) processed 21 Sentinel-1 Single Look Complex (SLC) SAR images from 

December 2014 to November 2016 covering the Xianshuihe fault, where were proposed to be 

creeping (e.g., Allen et al., 1991; Zhang et al., 2018b; Figure 2.8). They also used the ROI_PAC 

software for the data processing, the topographic phase was removed using a simulated phase from 
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the 1-arc (~30 m) DEM from SRTM. Atmospheric and elevation correction were conducted using 

the standard SBAS processing and a network approach (Li et al., 2016). The resulting LOS rate map 

is shown in Figure 2.8. 

 
Figure 2.8. InSAR data convergence and LOS rate across the Xianshuihe fault. Figure updated from 

Zhang et al. (2018a). 

Note that in previous studies (e.g., Daout et al., 2018; Zhang et al., 2018a; Song et al., 2019), 

models all assumed that the InSAR-derived displacements are due to horizontal only displacements. 

They neglected the potential vertical crustal deformation contribution in the InSAR LOS. Such an 

assumption is practical if there is no/negligible vertical deformation. However, the assumption is 

not appropriate when there is vertical deformation across the fault. Actually, the long-term leveling 

measurements have reported ~1-2 mm/a and ~1 mm/a vertical velocity differences across the 

Haiyuan fault and the Xianshuihe fault respectively (Hao et al., 2014; Figure 2.9), which, if not 

corrected from the LOS, would undoubtedly bias the InSAR data interpretations. As a consequence, 

I revisited the poor-processing of InSAR LOS displacements data, aiming at isolating the potential 

long wavelength vertical deformation signals from LOS and integrating horizontal GPS velocities 

with InSAR. I show the methods and results in section 2.3. 
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2.3. Geodetic data integration 

2.3.1. How to consider vertical deformation 

InSAR displacements are typically most sensitive to vertical deformation than horizontal 

deformation (Wright et al., 2004). To highlight the effects of vertical deformation in data 

interpretation, I use the Envisat descending satellite as an example to illustrate the sensitivity of 

LOS to east, north and vertical displacements. Here, I take the average incidence angle to be 23°, 

azimuth to be 193°, then the LOS could be decomposed: 

VLOS=[VN, VE, VU]∙[-0.094, 0.391, 0.916]T       (2.1) 

in this case, LOS is more sensitive to vertical than horizontal by a factor of 2.5. Here, I take the 

creeping fault as an example to illustrate how vertical deformation might bias our interpretation. 

Assuming there is 1 mm/a vertical deformation across one E-W orientation strike-slip fault, such as 

the case for the Haiyuan fault, which has a shallow creep rate of 5 mm/a; then, theoretically, the 

observed LOS rate difference should be 2.871 mm/a across the fault. Should we neglect the vertical 

deformation across the fault and use the observed LOS displacement to invert for the fault creep 

rate, we could obtain a creep rate of 7.34 mm/a, which is overestimated almost 50%. The simple 

calculation highlights the importance of accounting for the vertical deformation in the InSAR LOS 

when horizontal deformation only to modeled. 

In the following, I explain how to consider vertical deformation. Let’s write the observed 

horizontal GPS velocity as: 

𝑉𝐺𝑃𝑆 = 𝑉ℎ−𝑙𝑜𝑛𝑔 + 𝐹𝐺𝑃𝑆 + 𝜀𝐺𝑃𝑆       (2-1) 

where 𝑉ℎ−𝑙𝑜𝑛𝑔 represents the ground true horizontal deformation, 𝐹𝐺𝑃𝑆 is the reference frame of 

GPS (for instance, the Eurasian plate reference frame), and 𝜀𝐺𝑃𝑆 is the random errors. Note that in 

the following, unless otherwise specified, GPS corresponds to horizontal crustal deformation. 

The observed InSAR displacement is written as: 

𝑉𝐼𝑛𝑆𝐴𝑅 = 𝐺ℎ ∙ 𝑉ℎ+𝐺𝑢 ∙ 𝑉𝑢 + 𝐹𝐼𝑛𝑆𝐴𝑅 + 𝜀𝐼𝑛𝑆𝐴𝑅      (2-2) 

where 𝑉ℎ and 𝑉𝑢 represent the ground true horizontal and vertical deformation respectively, 𝐺ℎ 

and 𝐺𝑢 are the projection vectors for horizontal and vertical respectively, 𝐹𝐼𝑛𝑆𝐴𝑅 is the reference 

frame of InSAR (for instance, referenced to the unwrapping point), and 𝜀𝐼𝑛𝑆𝐴𝑅 is the errors, which 

includes random error and long wavelength error. 

Under specific assumptions, we could do the comparison and combination/integration between 

GPS and InSAR. The assumptions of my methodology are: (1) the long wavelength error, e.g., orbit 

residual error, in InSAR is random and small (compared to the random errors, such as atmospheric 

error); (2) the variation of the frame difference values, between InSAR and GPS, could be estimated 

as a constant or modeled as a plane. Then, the relationship between GPS and InSAR could be written 

as: 
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𝑉𝐼𝑛𝑆𝐴𝑅 = 𝐺ℎ ∙ 𝑉𝐺𝑃𝑆 + 𝐺𝑢 ∙ 𝑉𝑢 + 𝐹𝐺𝑃𝑆→𝐼𝑛𝑆𝐴𝑅 + 𝜀𝐺𝑃𝑆&𝐼𝑛𝑆𝐴𝑅    (2-3) 

where 𝐺ℎ and 𝐺𝑢 are the projection vectors, 𝐹𝐺𝑃𝑆→𝐼𝑛𝑆𝐴𝑅 is the frame difference value (constant 

or plane) between InSAR and GPS, and 𝜀𝐺𝑃𝑆&𝐼𝑛𝑆𝐴𝑅 is the random errors. 

Thanks to the geodesy observations in the Tibetan Plateau in the past few decades, now we 

have horizontal GPS velocity solution (my case), three-dimensional GPS velocity solution (e.g., 

Liang et al., 2013; Pan et al., 2018; Su et al., 2019), and long-term leveling velocity solution (Hao 

et al., 2014). Thus, we could use external vertical deformation to combine horizontal GPS and 

InSAR data. Before that, evaluating the consistency of the data sets is necessary. 

2.3.2. Methodology and data integration 

In my thesis, I have the interseismic horizontal GPS velocities, the interseismic InSAR LOS 

displacements, and the long-term leveling results (Hao et al., 2014). I tried three methods to integrate 

GPS and InSAR: 

(1) External vertical data from leveling. The method assumes that the vertical crustal 

deformation is time-invariant. That is, we could use the leveling-derived vertical rate to simulate the 

vertical velocity of GPS site when the two benchmarks are co-located or within a certain distance. 

If the GPS+Leveling projection (to LOS) reconcile with InSAR LOS, then we could remove the 

interpolated vertical values (at InSAR points) from InSAR LOS. The remaining LOS values 

represent horizontal crustal deformation. Besides, the leveling vertical velocity could be adopted as 

constraints for kinematic models. 

(2) Three dimensional GPS velocities. In my GPS data processing, I did not estimate the 

vertical velocity due to its large uncertainties. Therefore, I used the 3D velocity field from Liang et 

al. (2013) to test this method. The scheme is similar to the case of leveling except well distributed 

GPS site would help the interpolation. 

 

Figure 2.9. Flow chart for combining InSAR and GPS using the remove/filter/restore method. From 

Wei et al. (2010). 

 (3) The remove-filter-restore method proposed by Wei et al. (2010). I show the basic idea of 

this method in Figure 2.9. The method assumes that GPS-derived velocity field is dominated by the 

long wavelength horizontal crustal deformation, while the InSAR-derived LOS rate field is 
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composed of both the long and short wavelength 3-D information. The first step is to remove the 

GPS-interpolated horizontal velocity (projected to LOS) from LOS, then high-pass filter the LOS 

residuals using a Gaussian filter, and finally add the high-pass filtered results back to the GPS 

velocity map (interpolation expressed in LOS). Such procedure ensures that the InSAR velocities 

agree with the GPS at the longest wavelengths, while preserving the short wavelength features that 

make the InSAR contribution valuable in the near field of fault. 

 

Figure 2.10. (a) Observed InSAR displacements and GPS velocity field in the northeastern Tibet. (b) 

Vertical velocity field from leveling measurements (Hao et al., 2014). 

In order to confirm which method could be used to integrate GPS and InSAR, here, I take the 

geodetic dataset in the northeastern Tibet as example. I did three kinds of comparisons, details as 

follows: 

(1) The long-term (1970-2012) interseismic leveling data were used (Figure 2.10; Hao et al., 
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2014). I first selected the leveling stations within 5 km from GPS stations, and use the leveling value 

to simulate the vertical velocity of the GPS site. Then projected the 3D velocity to LOS according 

to the local incidence angles. The InSAR data, which are located within a circle radius of 1 km of 

the GPS sites, were averaged and used for comparison with the GPS+Leveling projection. 

 

Figure 2.11. Observed InSAR displacements and three dimensional GPS velocity field in the 

northeastern Tibet (Liang et al., 2013). 

(2) I used the 3D GPS velocity solution of Liang et al. (2013) (Figure 2.11). Similar to the 

above procedure, I projected the 3D GPS velocity to LOS according to the local incidence angles, 

and then compare with the observed InSAR LOS values. 

(3) I used the remove-filter-restore method. First, I removed an interpolated map of the 

horizontal GPS velocities from the observed InSAR data, then high-pass filtered the residual at 50 

km wavelength (determined by the average spacing of GPS sites; Figure 2.12), and finally added 

the result back to the GPS velocity map. The final restored LOS velocity map is under the same 

reference frame with GPS horizontal velocity. Note that the restored LOS velocity map is dominated 

by horizontal crustal deformation (from GPS and InSAR), but there still exists the potential short 

wavelength vertical deformation (from InSAR), for instance, small scale local subsidence. 
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Figure 2.12. Histogram of relative distance between GPS stations in the northeastern Tibetan 

Plateau. The mean value is 0.46°, corresponds to 45.7 km. 

 
Figure 2.13. Comparisons between different geodetic dataset. (a) Observed InSAR LOS values versus 

observed GPS horizontal velocities projected to LOS (blue error bars). Observed InSAR LOS values 

versus the ‘GPS horizontal + leveling vertical’ projected to LOS (red error bars). (b) Blue error bars 

represent observed InSAR LOS values versus GPS horizontal velocities projected to LOS (Liang et al., 

2013). Red error bars represent the observed InSAR LOS values versus ‘GPS horizontal + GPS vertical’ 

projected to LOS (Liang et al., 2013). (c) Blue error bars indicate observed InSAR LOS values versus 

observed GPS horizontal velocities projected to LOS. Red error bars represent the restored InSAR LOS 

values versus observed GPS horizontal velocities projected to LOS. 

The geodetic data comparison results are shown in Figure 2.13. First, we see that the LOS 

projection of horizontal GPS velocities deviate significantly from observed InSAR LOS by the 1:1 

line. This indicates that systematic vertical deformation or orbital residuals exist in the InSAR LOS 

displacements, where the former is most likely the dominant factor. Besides, it is noteworthy that 

adding the leveling-derived vertical velocities leads to higher dispersion between GPS and InSAR 

(Figure 2.13a), implying that 3D deformation (GPS+leveling) are not consistent at 1-2 mm/a level 

with InSAR LOS. The discrepancy might relates to several factors: orbital residuals in InSAR, or 

Distance (km) VS Count 
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leveling measurements could not represent the present-day vertical deformation in the northeastern 

Tibet, or temporal variations in vertical deformation over the past few decades as GPS (1998-2017), 

leveling (1970-2012) and InSAR (2003-2010) covers different periods, or combinations of the 

above factors. Furthermore, 3D GPS velocities could also not be made consistent with InSAR 

(Figure 2.13b). The above factors also apply here; as an possibility, the inconsistence might indicates 

that the conventional nontectonic deformation corrections (especially for campaign-mode GPS sites) 

in GPS vertical velocity estimation, such as atmospheric loading and surface water loading (Liang 

et al., 2013), are insufficient to derive a reliable tectonic vertical velocity solution. Finally, the 

remove-filter-restore method produced a LOS ratemap that reconciles InSAR with the 2D GPS 

velocity (Figure 2.13c), despite short wavelength vertical crustal deformation might be still 

preserved. The above results indicate complicated vertical crustal deformation in the northeastern 

Tibet, and highlight the significance to consider the vertical deformation signals in the observed 

InSAR LOS map. 

 

Figure 2.12. The InSAR displacements from the remove-filter-restore method. 

Considering the above results, the restored LOS ratemap is thus used in my following models. 

That is, along the Haiyuan fault system and the Xianshuihe fault in the following Chapters. As for 

the Altyn Tagh fault, due to the sparse distribution of GPS stations across the fault, I chose to 

compare the GPS and InSAR directly and masked InSAR points that located in regions with 

subsidence or uplift. I will describe in detail the geodetic interpretations and modeling in each 

Chapter. 
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2.3.3. Minor comments 

In the above contents, I introduced three methods to integrate horizontal GPS, Leveling and InSAR; 

despite I did careful works, for example, assess different weights datasets (2D-GPS vs Leveling, 

2D-GPS vs GPS-vertical) and select co-located points (GPS vs Leveling, GPS vs InSAR) at 

different distances, the results show GPS+Leveling and 3D-GPS do not consistent with observed 

InSAR at 1-2 mm/a level. Several factors can cause irreconciliation between the geodetic datasets, 

as I present in the previous section. In Chapter 6, I will present further arguments on the geodetic 

datasets. Here, I argue that, despite the remove-filter-restore method produced a LOS ratemap 

consistent with horizontal GPS, the restored LOS displacements lose the long wavelength vertical 

crustal deformation (from InSAR) but preserve short wavelength vertical crustal deformation (from 

InSAR). As a result, I propose that the remove-filter-restore method is not the ultimate but a trade-

off choice to combine GPS with InSAR. I expect more efforts to solve this issue. 
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Chapter 3∙ Measuring the crustal 

deformation along the Altyn Tagh fault 

using GPS and InSAR 

 

 

The work in this chapter consists of two parts, the first part focuses on using 3D block 

model, only with GPS data, to invert the fault coupling along the Altyn Tagh fault. I 

discuss the seismic potential along the Altyn Tagh fault, and implications for the 

kinematic crustal deformation mechanism of the Tibetan Plateau. This work has been 

published as: Li, Y., Shan, X., Qu, C., Liu, Y., & Han, N. (2018). Crustal deformation of 

the Altyn Tagh fault based on GPS. Journal of Geophysical Research: Solid Earth, 

123(11), 10309-10322. 

The second part mainly focuses on using GPS and InSAR to measure the crustal 

deformation across the western Altyn Tagh fault (longitude 86°E). First, I present the 

GPS and InSAR data that are used. Then, using the 2D buried infinite screw dislocation 

model, the fault locking depth and slip rate of the western Altyn Tagh fault are inverted. 

In the last, I discuss the interseismic faulting behavior of the western Altyn Tagh fault. 

The first part of the above was done while I was in China in 2017, and was 

published in November 2018. After one month when I arrived in France in December 

2017, the InSAR result from Daout et al. (2018) was published. So, I continued the 

study on the Altyn Tagh fault by simultaneously using GPS and InSAR, within the 

framework of Bayesian method. 
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First part 

 

Crustal deformation of the Altyn Tagh fault 

system based on GPS 

 

 

This work has been published as: Li, Y., Shan, X., Qu, C., Liu, Y., & Han, N. (2018). 

Crustal deformation of the Altyn Tagh fault based on GPS. Journal of Geophysical 

Research: Solid Earth, 123(11), 10309-10322. Therefore, I present in the following as 

the published version. 
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Second part 

 

Measuring the crustal deformation across 

western Altyn Tagh fault (longitude 86°E) 

using GPS and InSAR 

 

 

Motivations: 

In the first part, I used elastic block model to invert for the slip rate and 

interseismic fault coupling along the Altyn Tagh fault (Li et al., 2018). Modeling results 

show a slip rate of ~10-11 mm/a across the western Altyn Tagh fault (longitude 86°E). 

Even though we used the updated GPS velocity solution, a low spatial resolution of 

GPS stations might bring uncertainties. Moreover, my results lack detail discussions of 

the crustal deformation across the western Altyn Tagh fault (longitude 86°E). 

Daout et al. (2018) published the InSAR velocity solution across the western Altyn 

Tagh fault. They adopted a fault model consisting of a vertical fault plane under the 

Altyn Tagh fault and a shallow flat décollement ending in a steeper ramp on the Tarim 

side. Their Bayesian inversion results, using GPS and InSAR, show 10.5 mm/a of left-

lateral strike-slip movement on the Altyn Tagh fault, below a 17 km locking depth. 

There are two imperfections: the first is they used the GPS velocity solution from He 

et al. (2013), which suffers from a short time span (2009-2011); the second is they did 

not consider the potential vertical deformation across the Altyn Tagh fault in the InSAR 

LOS. 

Considering the above works, we decided to further study the crustal deformation 

across the western Altyn Tagh fault (longitude 86°E) by combining the updated GPS 
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velocity solution (Li et al., 2018) and InSAR velocity solution (Daout et al., 2018). To 

consider the potential vertical deformation in InSAR and to fully consider the 

observation data uncertainties, we started with comparing and integrating GPS and 

InSAR, then using a Bayesian approach to conduct kinematic inversions. We seek to 

conduct a fine study of the crustal deformation in northwestern Tibet and across the 

western Altyn Tagh fault (longitude 86°E). Furthermore, we seek any new information, 

perspectives, and understanding that might be learned from the study. 
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3.1. Abstract 

We combine the Global Positioning System (GPS) velocity field from Li et al. (2018) with 

Interferometric Synthetic Aperture Radar (InSAR) from Daout et al. (2018) to study the interseismic 

deformation across the western Altyn Tagh fault (longitude 86°E). GPS and InSAR data are 

consistent after correcting for contributions from the localized deformation, this has enabled us to 

robustly estimate the slip rate and locking depth for the western Altyn Tagh fault using a simple 2-

D elastic dislocation model. Results indicate a strike slip rate of 8.1 ± 0.4 mm/a and locking depth 

of 15.1 ± 3.4 km for the fault. Our estimated slip rate is 11-36% lower than some previous geodetic 

estimates, with implications for both seismic hazards and regional tectonic, implying a relative slow 

strain accumulation rate along the western Altyn Tagh fault. Results also show two regions with 

apparent uplift and one with subsidence, highlighting the importance of accounting for the vertical 

deformation during the interseismic InSAR data interpretations. Moreover, our results indicate no 

apparent asymmetric interseismic velocities across the western Altyn Tagh fault, ruling out the 

requirement of lateral variations in elastic strength and/or dislocation shift with respect to the fault 

trace. A quantitative analysis of the GPS and InSAR data suggests the crustal deformation in the 

northwestern Tibetan Plateau is a combination of strike-slip faulting, localized crustal shearing, 

shortening, subsidence and uplift. 
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3.2. Introduction 

The ~1600 km long Altyn Tagh fault (Figure 3.1) separating the Tibetan Plateau from the 

undeformed Tarim basin (Molnar and Tapponnier, 1977; Burchfiel et al., 1989; Yin and Harrison, 

2000; Yin et al., 2002) and defines a major boundary accommodating the eastward motion of the 

Tibetan Plateau (e.g., Molnar and Tapponnier, 1975). 

The present-day slip rate of the Altyn Tagh fault has been considered as a key-parameter to 

discriminate among models on active continental deformation in Asia (e.g., Molnar and Tapponnier, 

1975; Avouac and Tapponnier, 1993; Houseman and England, 1993; England and Molnar, 1997; 

Tapponnier et al., 2001). During the last 20 years, Global Positioning System (GPS) measurements 

(e.g., Bendick et al., 2000; Shen et al., 2001; Wallace et al., 2004; Zhang et al., 2004; Zhang et al., 

2007; He et al., 2013; Li et al., 2018) and Interferometric Synthetic Aperture Radar (InSAR) 

observations (e.g., Wright et al., 2004a; Elliott et al., 2008; Jolivet et al., 2008; Zhu et al., 2016; 

Daout et al., 2018) have provided constraints on the Altyn Tagh fault slip rate from the present-day 

interseismic surface motion (Figure 4 of Li et al., 2018). Although we present an improved GPS 

velocity field across the Altyn Tagh fault (86°E; Li et al., 2018), GPS stations are still too sparse to 

investigate the localized crustal deformation. InSAR observations have higher spatial resolution, 

however, the sharp topography gradient of up to 4 km over 20 km across the Altyn Tagh fault results 

in an elevation-dependent atmospheric perturbation, particularly from tropospheric water vapor, 

which may impact on InSAR interseismic velocity estimates (e.g., Puysségur et al., 2007). 

Furthermore, previous studies (e.g., Wright et al., 2004a; Elliott et al., 2008; Jolivet et al., 2008; Zhu 

et al., 2016; Daout et al., 2018) usually assume all the InSAR-derived displacements are horizontal 

and parallel to the fault. Neglecting the vertical deformation could lead to overestimation of the fault 

slip rate or underestimation of the fault locking depth, as the line-of-sight (LOS) displacements are 

more sensitive to vertical deformation than horizontal deformation (Wright et al., 2004b). It is thus 

critical to effectively combine GPS with InSAR, which corrected for the vertical deformation, to 

estimate the slip rate of the Altyn Tagh fault. 

Previous geodetic profiles across the Altyn Tagh fault also suggested asymmetric interseismic 

strain accumulation (e.g., Jolivet et al., 2008; He et al., 2013), implying a rigidity contrast within 

the upper crust between the blocks on either side of the fault (e.g., Elliott et al., 2008; Vernant, 2015). 

In order to account for the apparent asymmetry of the GPS velocities relative to the surface fault 

(86°E) in their screw dislocation model (Savage and Burford, 1973; Savage, 2006), He et al. (2013), 

Vernant (2015), and Zheng et al. (2017) shifted the position of the dislocation at depth to the south 

relative to the fault trace by distances of 13 km, 12.5 km, and ~20 km. Their models therefore imply 

a fault dip angle of ~45 ° in the upper crust, a result at odds with the high dip angle structure of the 

Altyn Tagh fault inferred from magnetotelluric data (e.g., Zhang et al., 2015; Xiao et al., 2017) and 

geomorphic observation (e.g., Molnar et al., 1987). 
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In this study, we focus on a segment of the western Altyn Tagh fault located at longitude 86°E. 

The work is motivated by several scientific questions, which are not resolved in our recent paper 

(Li et al., 2018): (1) Could we obtain a high spatial resolution interseismic geodetic velocity field 

by effectively combining GPS with InSAR? (2) What is the high spatial resolution crustal 

deformation across the western Altyn Tagh fault? (3) Could we use simple 2-D elastic dislocation 

models to delineate the faulting behaviors of the Altyn Tagh fault? In the following sections, we 

compare our recently published GPS horizontal velocity result (Li et al., 2018) with the InSAR LOS 

rate map result recently published by Daout et al. (2018). The combined velocity field not only show 

that vertical deformation likely occurs in the northern Tibet, but also enables us to robustly estimate 

the slip rate, locking depth and re-assess the possible asymmetry of the velocity field across the 

Altyn Tagh fault using a simple 2-D model. 

 

Figure 3.1. Active tectonic map of the northwestern Tibetan Plateau. (a) White triangles indicate the 

location of Global Positioning System (GPS) sites used in this study. Black and grey solid lines indicate 

major and secondary faults respectively. Blue focal mechanism solutions (Global Centroid Moment 

Tensor, GCMT) are earthquakes with moment magnitudes of greater than 6 from 1976 to 2017. Red focal 

mechanism solutions correspond to the 1997 Mw 7.5 Manyi earthquake and the Yutian earthquakes in 

2008 (Mw 7.2) and 2014 (Mw 6.9). Thin white circles represent earthquakes with magnitudes between 

5 and 6 from 2009 to 2017 (U.S. Geological Survey, USGS). The red solid line represents the surface 

rupture of the 1997 Mw 7.5 Manyi earthquake (Ryder et al., 2007). The blue rectangles show the InSAR 

frame for T348 and T119 Envisat descending tracks used by Daout et al. (2018). The red rectangle 

corresponds to the area shown in Figure 1b. (b) Enlarged view of GPS sites locations together with their 

names. 

3.3. Geodetic data and analysis 

3.3.1. GPS measurements and data processing 
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I have introduced the GPS measurements and data processing across the western Altyn Tagh fault 

in Chapter 2. To avoid excessive duplication, I present several main points here. 

A total of 17 GPS stations was deployed across the western Altyn Tagh fault by He et al. (2013) 

(Figure 3.1). They measured the GPS stations 2–3 times in the period 2009–2011. In October 2017, 

we remeasured 16 GPS sites that are well preserved. We used Trimble NetR9 receiver with Trimble 

GNSS Choke Ring Geodetic Antenna and collected continuous observations for 72 to 240 hours at 

the GPS sites (30s sampling rate). 

We processed the campaign-mode GPS data measured in 2017 together with those data 

collected between 2009 and 2011, and with seven regional CMONOC sites (continuous+compaign-

mode) using the GAMIT/GLOBK 10.6 software. Firstly, the GPS network was enlarged to include 

40 globally distributed International Global Navigation Satellite System Service (IGS, 

http://www.igs.org/) sites. IGS precise orbits and Earth orientation parameters, absolute antenna 

phase center calibrations, and the Finite Element Solution 2004 ocean tide loading model were 

employed during the processing. Secondly, we conducted carefully examinations for the GPS 

position time series for each station to exclude outliers, where we set 3-sigma from the mean as the 

threshold for outlier detection. Thirdly, we estimated the GPS sites velocities and uncertainties using 

the ‘realistic sigma’ algorithm embedded in the GLOBK package. Finally, we transformed the 

velocity field in a Tarim-fixed reference frame, which is determined by minimizing the horizontal 

velocities at GPS sites north of the fault (Figure 3.2a). 

 

Figure 3.2. (a) Obtained GPS velocities from 2009–2017 in the Tarim-fixed reference frame. All GPS 

velocities have uncertainties at the 95% confidence. (b) Line-of-sight (LOS) velocity map of the two 
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tracks 119 and 348. Black solid lines indicate major faults. 

3.3.2. Comparison of GPS and InSAR 

Daout et al. (2018) processed Environmental Satellite (Envisat) descending tracks covering the 

northwestern Tibetan Plateau between 2003 and 2011. They used the ROI_PAC software (Rosen et 

al., 2004) and applied a series of corrections for atmospheric delays, separation of the effects of 

hydrology and permafrost seasonal changes in the high plateau and corrections for the orbital 

residuals. Here, we compare our GPS horizontal velocity field with LOS rate map from Daout et al. 

(2018) for tracks 348 and 119 which overlap our GPS network (Figure 3.2b). 

As the GPS and InSAR data are referenced to different frames, to compare them, we align them 

to the same reference frame. For each GPS site, we first calculate the dispersion of the InSAR LOS 

values for pixels located within a circle radius of 1 to 10 km (Figure A.1). Three GPS stations (AT13, 

AT14 and AT15), where the dispersion of the co-located InSAR LOS values is stable and small, are 

chosen as reference sites to align the two datasets. Horizontal GPS velocities are projected to LOS 

according to the local incidence angles. We estimate a mean InSAR LOS rate inside a circle of 

radius 1 km. An averaged value of offsets between the LOSGPS (GPS velocity in LOS) and the 

LOSInSAR (InSAR LOS velocity) is calculated and added to the LOSInSAR. The comparison allows 

us to quantify the contribution of vertical deformation to InSAR. The procedure used assumes 

negligible relative vertical deformation for the 3 reference GPS sites. Consequently, all the vertical 

deformation discussed in the following are referenced to the 3 GPS sites. 
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3.4. Results 

3.4.1. GPS velocity field 

We compare the GPS velocity solution between 2009 and 2011 from He et al. (2013; Figure 3.3a) 

with the results for the 2009-2017 period (Figure 3.3b; Li et al., 2018). In overall, the two velocity 

solutions show a good agreement in magnitude and direction. However, the 2009-2017 velocity 

field shows a better consistency, especially for velocity magnitudes, for example, between AT03 & 

AT3A (3 km apart) and AT05 & AT06 (17 km apart). These results are more reasonable for crustal 

deformation within a small area, implying an improvement in the GPS velocity quality using longer 

observation time span. The largest velocity difference reaches up to ~5 mm/a (Figure 3.3c). 

Furthermore, the velocity residuals (velocity solution of 2009-2017 minus velocity solution of 2009-

2011) show a systematic east-west trend near the fault. As the occupation of the GPS benchmarks 

was in September 2009 and April 2011, an interval of 1.7 years, the data could be perturbed by 

annual errors in the GPS data time series (Blewitt and Lavallée, 2002). As a result, the longer-period 

GPS velocity solution (2009-2017) provides a more consistent and robust GPS velocity field across 

the western Altyn Tagh fault. 

 

Figure 3.3. GPS velocities for sites across the western Altyn Tagh fault from (a) 2009-2011 (He et al., 

2013) and (b) 2009-2017. (c) Velocity differences between the two solutions (velocity solution of 2009-

2017 minus the velocity solution of 2009-2011). All GPS velocities are under the Tarim-fixed reference 

frame, with uncertainties at the 95% confidence level. 

The GPS velocities (2009-2017) across the Altyn Tagh fault shows a clear decrease in the fault-

parallel velocities from south to north, consistent with the left-lateral motion of the Altyn Tagh fault 
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(Figure 3.2a). A simple reference frame translation relative to the AT15, which is located ~200 m 

south of the fault trace, highlights the velocity gradient across the fault (Figure 3.4a, 3.4b). While 

gradual changes in site velocities are observed south of AT01, a sharp change in velocities is 

observed between AT01 and I408 (30 km apart), giving rise to an upper limit of the fault zone width 

in the region where most interseismic gradient is accommodated. The fault-perpendicular velocities 

show ~0.3 mm/a motion across the fault in the 250 km width region (AT08-XJQM; Figure 3.4c), 

less than the velocity uncertainties and only accounting for ~4% of the strike-slip rate, implying 

negligible thrusting movement across the fault and a reasonable assumption of pure strike-slip 

motion across the western Altyn Tagh fault. A ~3 mm/a fault-parallel shear deformation rate and ~6 

mm/a fault-perpendicular crustal shortening rate is found between 150 km and 250 km south of the 

fault (AT11-AT08, Figure 3.4b, 3.4c). We do not have an explanation for such a motion, which may 

either be related to secondary faults or other unknown factors, such as unstable benchmark. 

Therefore, we remove those sites from our model in the following. We also note that the velocity 

for site AT07 is inconsistent with adjacent stations (AT06 and AT08), and we discard it in our model. 

The northernmost site (AT16) exhibits like an outlier especially for the fault-perpendicular 

component, this may be due to its short time span (only two epochs, in 2009 and 2011). 

 

Figure 3.4. (a) GPS velocities for sites across the western Altyn Tagh fault referenced to the AT15 site. 

(b) Fault-parallel and (c) fault-perpendicular components. 

3.4.2. Corrections of the geodetic data for block-rotation 

The fault-parallel velocity profiles are show in Figure 3.4b. We notice that the fault-parallel 

component north of the Altyn Tagh fault shows a systematic trend away from the fault. We suspect 
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that this trend, which is seen far away from the Altyn Tagh fault, might be related to the block 

rotation on a profile rather than a consequence of actual strain rate. In order to test this hypothesis, 

we use the Euler poles from Wang et al. (2017), which introduced a wider range of GPS data, 

especially to the south of the Altyn Tagh fault, for the Tarim and Qaidam blocks to calculate the 

fault-parallel and fault-perpendicular components induced by block rotations (Figure A.2). Results 

show that to the south of the Altyn Tagh fault, the rotation south of the Altyn Tagh fault contributes 

~0.3 mm/a to the fault-parallel and ~0.1 mm/a to the fault-perpendicular velocities along the ~160-

km-long profile (Figure A.2a, A.2b), which are negligible compared with the GPS velocity errors 

(0.4 mm/a). However, north of the Altyn Tagh fault, the rotating Tarim block results in ~1.3 mm/a 

fault-parallel gradient and <0.1 mm/a to the fault-perpendicular velocities over the ~100-km-long 

profile, which would bias the Altyn Tagh fault slip rate estimate (Figure A.2c, A.2d). Consequently, 

we correct the Tarim block rotation from the GPS velocities north of the Altyn Tagh fault and obtain 

a corrected fault-parallel velocity profile (Figure 3.5a, 3.5b). The corrected fault-parallel velocity 

profile shows better consistency and trend. We suggest that such a simple test should be performed 

for all across-fault geodetic profile before using the data as input for 2-D models. 

 

Figure 3.5. Fault-parallel components of GPS velocities across the western Altyn Tagh fault (a) 

before and (b) after the correction for the contribution from the Tarim block rotation. Comparison 

between GPS and InSAR (c) before and (d) after masking out the InSAR data points in the localized 

uplift and subsidence regions. The InSAR data have been projected to the fault-parallel direction. 

For the NEE strike-slip Altyn Tagh fault, InSAR LOS displacement is more sensitive to the 

vertical signal than the horizontal signal (Wright et al., 2004b). It is, therefore, critical to correct the 

vertical velocity from the InSAR LOS. No leveling measurements has been implemented across the 

western Altyn Tagh fault, and only the descending InSAR data is available for the moment. Thus, 

we quantify the vertical deformation from a direct comparison of GPS and InSAR. We first use the 

2-D model (presented in section 3.3; Savage and Burford, 1973) to fit the fault-parallel GPS 

velocities and obtain the optimal fault parameters (slip rate, locking depth and dislocation shift) for 

the western Altyn Tagh fault; then using the GPS derived fault parameters, we calculate the fault-
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parallel velocities at each InSAR point; finally, we project the fault-parallel velocities to LOS and 

compare with the observed InSAR data (Figure 3.5). The differences between the GPS predicted 

LOS rates and the observed InSAR LOS rates should mainly related to vertical motion. Note that 

only fault-parallel components contribute to the predicted LOS rates, and we assume that long-wave 

length errors, such as orbit errors, are small compared with the vertical signals in the observed 

InSAR data. The resulting vertical velocity field (Figure 3.5c, 3.5f) show two regions with 

noticeable uplift and one region with subsidence, where the deformation rates are larger than the 

uncertainties (~1.0 mm/a). Consequently, we suggest that those three areas with apparent, localized 

vertical deformation, and the InSAR data located in those regions should be masked out when used 

to model the horizontal Altyn Tagh faulting behaviors. Following the procedures of block rotation 

correction for GPS site velocities, we also correct the block rotation contributions for the InSAR 

data. GPS and InSAR data show better consistency after correcting the block rotation and masking 

the data in the localized deformation regions (Figure 3.4c, 3.4d), highlighting the importance of 

accounting for the vertical deformation during the InSAR data interpretations. More analyses of the 

vertical deformation as well as its contribution to the fault parameter inversions are given in the 

discussion section. 

3.4.3. Modeling results 

The fault-perpendicular GPS velocities (Figure 3.4c) show ~0.3 mm/a relative motion across the 

western Altyn Tagh fault, accounting for ~4% of the strike-slip rate, implying negligible thrusting 

movement across the fault and a reasonable assumption of pure strike-slip motion across the fault. 

Therefore, we model the western Altyn Tagh fault as a buried infinite screw dislocation in an elastic 

half-space, where the interseismic left-lateral aseismic slip occurs at a rate of V0 below a locking 

depth of D. A dislocation shift (d) from the fault trace is introduced to account the possible geodetic 

data asymmetry across the fault. For a displacement V(x) at a perpendicular distance x from the 

fault, V(x) = (V0 π⁄ ) ∗ arctan((x − d) D⁄ )  (Savage and Burford, 1973). We use a Bayesian 

approach to derive the posterior probability density function (PDF) of the model parameters 

(Minson et al., 2013), p(m|d) is defined as: p(𝐦|𝐝)~p(𝐦)exp[(𝐝 − 𝐩)TC−1(𝐝 − 𝐩)], with d and 

p vectors containing the observations and model predictions, C−1 the inverse of the covariance 

matrix of the data, and p(m) the prior PDF of the model parameters. We use uniform prior 

distributions and construct the covariance matrix as diagonal matrix using the GPS and InSAR data 

uncertainties. Results presented below are derived from a total of 10,000 sampling from the Markov 

chain. 

For the GPS only fitting solution, results show a strike-slip rate of 8.6 ± 0.9 mm/a and a locking 

depth of 21.9 ± 7.4 km along the western Altyn Tagh fault (Figure 3.6a). The results obtained by 

only using the InSAR data show discrepancies (Figure 3.6b), with the fault slip rate and locking 

depth estimated to be 8.0 ± 0.6 mm/a and 13.5 ± 4.1 km, respectively. Joint inversion of GPS and 
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InSAR data shows a better estimation of locking depth and slip rate (Figure 3.6c). The slip rate 

estimate is 8.1 ± 0.4 mm/a with a fault locking depth of 15.1 ± 3.4 km. Integrating the fault locking 

depth and the dislocation offset (0.6 km to the south), the dip angle of the Altyn Tagh fault is 

estimated to be ~87° above the locking crust and agrees with fault structure from magnetotelluric 

data interpretations (e.g., Zhang et al., 2015; Xiao et al., 2017). Note that as the GPS sites are 

relatively sparsely distributed (0-25 km) in the near-field of the western Altyn Tagh fault, the 

improvement for joint inversion is significant over the GPS-only model. Our inversion parameters 

show overall consistency with previous geodetic results (e.g., Elliott et al., 2008; He et al., 2013; 

Vernant, 2015; Daout et al., 2018; Li et al., 2018), yet with some discrepancies, which are discussed 

below. 

 

Figure 3.6. Observed and calculated fault-parallel velocities across the western Altyn Tagh fault. 

Red and blue diamonds with 1σ uncertainty error bars show the fault-parallel velocity component of the 

GPS and InSAR respectively. Black solid lines represent best fitting curves for (a) GPS data only, (b) 

InSAR data only, and (c) joint inversion of GPS and InSAR. The velocity of each InSAR data point is 

calculated using the median rates and their standard deviation of all the pixels (gray dots) within a 4-km-

wide bin along the profile. The bottom panels show posterior marginal Probability Density Functions 

(PDFs) using GPS data only, InSAR data only and GPS+InSAR data. The parameters of the best-fit 

results are show in each sub graph. 
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3.5. Discussion 

3.5.1. Slow strain accumulation rate along the western Altyn Tagh fault 

The slip rate of the Altyn Tagh fault has long been studied. Early geological results (e.g., Peltzer et 

al., 1989; Mériaux et al., 2004) reported as high as 20-30 mm/a long-term slip rate along the fault, 

implying fast strain accumulation rate on the fault plane. Over the last 20 years, with improved 

interpretations of the ages and offsets of Quaternary geomorphic features, geologists (e.g., Mériaux 

et al., 2005, 2012; Cowgill, 2007; Cowgill et al., 2009; Zhang et al., 2007; Gold et al., 2009) revised 

the multi-millennial slip rate of the Altyn Tagh fault to be ~10 mm/a along the central segment, 

which is consistent with the geodetic results (e.g., Bendick et al., 2000; Shen et al., 2001; Wallace 

et al., 2004; Wright et al., 2004a; Elliott et al., 2008; He et al., 2013; Daout et al., 2018; Li et al., 

2018). 

Using the relatively short time-span (2009-2011) GPS sites velocities, He et al. (2013) reported 

a slip rate of 9.0 ± 4.0 mm/a, a fault locking depth of 14.5 km and a dislocation offset of 13 km for 

the western Altyn Tagh fault. Our GPS+InSAR results (Figure 3.6c), especially the fault slip rate 

(11% lower) and dislocation offset, show discrepancies with that of He et al. (2013) and Vernant 

(2015), which are due to different dataset. Moreover, the geodetic data selection matters. If the 

southernmost GPS sites (AT11, AT09, J344 and AT10, Figure 3.4), which located in localized crustal 

shearing and shortening deformation regions, are included in our model, the fault slip rate (10.8 ± 

1.3 mm/a) and fault locking depth (24.7 ± 9.8 km) will be overestimated by 33% and 64% 

respectively (Figure A.3a). Consequently, the resulting strain accumulation rate as well as the 

seismic potential on the western Altyn Tagh fault would be overestimated. We also conduct the 

inversion without masking out the InSAR data located in the localized uplift and subsidence regions. 

The results infer a fault slip rate of 7.5 ± 0.9 mm/a and fault locking depth of 7.6 ± 6.7 km (Figure 

A.3b), biased from our preferred model results (Figure 3.6c) and show asymmetry with an offset of 

5.8 km northwards of the fault, contradictory to what is expected for a more rigid Tarim basin and 

high dip angle of the Altyn Tagh fault (e.g., Zhang et al., 2015; Xiao et al., 2017). Also note that 

although we use the same InSAR data with Daout et al. (2018), the resulting fault slip rate and 

locking depth of the western Altyn Tagh fault are different (slip rate of 10.5 mm/a and locking depth 

of 17 km in Daout et al. 2018), the discrepancies may either be related to the model or the GPS 

velocity dataset. Discrepancies also exist between 2-D and 3-D model results, as 3-D block model 

show a slip rate of 11.0 ± 0.7 mm/a (Li et al., 2018). In conclusion, quantitative comparisons show 

that previous geodetic results (2-D model results) have overestimated the slip rate of the western 

Altyn Tagh fault up to 36% (e.g., 11±5 mm/a of Elliott et al. 2008), implying a relatively slow strain 

accumulation rate (~8 mm/a) than expected along the fault. 

3.5.2. Do asymmetric patterns of interseismic velocity exist across the western 
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Altyn Tagh fault? 

Asymmetric patterns of interseismic geodetic velocities across the strike-slip fault could result from 

varied 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). 

Asymmetry in the interseismic strain across the San Andreas Fault (e.g., Savage et al., 2004; Fialko, 

2006) and the North Anatolian Fault (e.g., Meade et al., 2002) have been reported by interpreting 

GPS velocities. Along the strike-slip Altyn Tagh fault, Lasserre et al. (2007) processed 15 

interferograms of European Remote Sensing (ERS) and Envisat radar data and obtained a fault-

parallel velocity map in the Aksay region (94°E). Clear asymmetry with respect to the northern 

Altyn Tagh fault was identified and suggests the Tarim Basin behaves as a rigid block (Zhang et al., 

2004). Subsequently, Elliott et al. (2008) processed 26 ERS-1/2 SAR data for the period 1993-2000 

across the western Altyn Tagh fault (85°E, ~150 km west of our GPS profile). Their derived rate 

map also shows asymmetry with an offset in the maximum deformation gradient ~10 km northwards 

of the fault. However, the sense of asymmetry is in the opposite direction to what is expected for a 

more rigid Tarim Basin. A shift in the freely slipping dislocation at depth relative to the surface fault 

trace to the south would also give the opposite sense of asymmetry. These results remain 

unexplained. Moreover, owing to the loss of coherence in InSAR interference, the InSAR 

deformation signal is missing to the south of the fault, as a result, the existence of asymmetrical 

interseismic velocities to the south of the Altyn Tagh fault (85°E) is unresolved. Jolivet et al. (2008) 

applied a thin-plate model sheared at its base to interpret the asymmetric InSAR data of Lasserre et 

al. (2007) across the Altyn Tagh fault (94°E). They proposed that the asymmetric patterns of 

interseismic velocities reflected the joint effects of a rigidity decrease from Tarim to Qaidam and a 

southward offset of 5-7 km from the northern Altyn Tagh fault to the southern Altyn Tagh fault. He 

et al. (2013) also reported apparent asymmetry of the shear strain across the Altyn Tagh fault (86°E) 

by interpreting cross-fault GPS velocities. Their best fault-parallel velocity fitting solution was 

obtained by shifting the position of the dislocation at depth to the south relative to the fault trace by 

13 km, implying that a position shift of the dislocation at depth was responsible for asymmetric 

velocities. However, the resulting dip angle (~48°) for the Altyn Tagh fault is inconsistent with 

magnetotelluric data interpretations (e.g., Zhang et al., 2015; Xiao et al., 2017).  

To test how such a rigidity contrast could impact our results, we invert the data profile again 

for slip rate, locking depth, and rigidity ratio K according to the equations (e.g., Jolivet et al., 2008): 

𝑉(𝑥) = {

2KV0

π
arctan (

x-d

D
) , if x>d

2(1-K)V0

π
arctan (

x-d

D
) , if x<d

 

where K is the asymmetry coefficient, ranging from 0 to 1. This coefficient also represents the 

rigidity ratio between the upper crust on each side of the fault. A value of K = 0.5 indicates no 
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rigidity contrast between two sides of the fault. 

 

Figure 3.7. Observed and calculated fault-parallel velocities across the western Altyn Tagh fault. 

Red and blue diamonds with 1σ uncertainty error bars show the fault-parallel velocity component of the 

GPS and InSAR respectively. Black solid lines represent best fitting curves for (a) GPS data only, (b) 

InSAR data only, and (c) joint inversion of GPS and InSAR. The velocity of each InSAR data point is 

calculated using the median rates and their standard deviation of all the pixels (gray dots) within a 4-km-

wide bin along the profile. The bottom panels show posterior marginal Probability Density Functions 

(PDFs) using GPS data only, InSAR data only and GPS+InSAR data. The parameters of the best-fit 

results are show in each sub graph. 

The rigidity contrast between the northern Tibetan Plateau and the southern Tarim Basin is 

estimated to be 0.47 ± 0.02 - 0.50 ± 0.03 from the different datasets (Figure 3.7), implying the north 

side of the fault (the Tarim Basin) roughly 0-11% more rigid than the south side (the northern 

Tibetan Plateau). Including a rigidity contrast in our model gives values for fault slip rates, fault 

locking depths and dislocation offsets that are within the error bounds (Figure 3.6c). Consequently, 

we propose that no apparent asymmetric interseismic velocities across the western Altyn Tagh fault 

(86°E), ruling out both a lateral variation in the elastic strength and a dislocation shift across the 

fault. 

3.5.3. High spatial resolution crustal deformation in the northwestern Tibet 
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A three-dimensional velocity field is obtained by quantitative comparison of the GPS and InSAR 

across the western Altyn Tagh fault (Figure 3.8). The first-order features of the horizontal velocity 

field are the steep gradient across the western Altyn Tagh fault both for GPS and InSAR, showing 

the strike-slip faulting behavior of the Altyn Tagh fault. The relatively low slip rate (8.1 ± 0.4 mm/a) 

along the Altyn Tagh fault do not support the lateral extrusion (e.g., Avouac and Tapponnier, 1993; 

Tapponnier et al., 2001; Mériaux et al., 2005) as the primary crustal deformation mode of the Tibetan 

Plateau. Our proposed separation for vertical motion highlights three regions with localized vertical 

deformation (Figure 3.8d, 3.8i). It’s intriguing that a subsidence region located 150 km south of the 

Altyn Tagh fault, bracketed by the tail of the Kunlun fault and the Manyi fault (Manyi north branch, 

Figure 3.1). The localized subsidence may be either related to the seasonal deformation due to the 

freeze and thaw cycles of the permafrost active layer or the complex interactions of secondary faults. 

To the south of the subsidence region, between AT08 and AT11, a localized 6 mm/a crustal 

shortening and 3 mm/a left-lateral shear deformation (Figure 3.4b, 3.4c) may either reflect the 

faulting behaviors of the Manyi fault or the distributed deformation. The interaction and influence 

between the two localized regions are still unknown, a larger range of 3-dimensional deformation 

fields, especially extends to the east, will help to decipher the origin of such signal. 

 

Figure 3.8. Comparison between data and model from the Bayesian inversion. (a) and (e) are the 

observed GPS and InSAR data (T348 in the upper panel and T119 in the lower panel). (b) and (f) are the 

model predictions. (c) and (h) are the residuals between observation and prediction. (d) and (i) are the 

vertical displacements from the InSAR and GPS, the color bar has been modified to mask out points with 

values smaller than its uncertainties (1.0 mm/a). Red and blue ellipses show the approximate location of 
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the localized subsidence and uplift regions. 

There are also two regions with apparent uplift, one of which located 25-70 km to the south of 

the Altyn Tagh fault, overlapping the Qiman Shan (Figure 3.1 and Figure 3.8d). Daout et al. (2018) 

interpreted the velocity changes associated with the slight change of azimuth of the western Altyn 

Tagh fault and its connection with the Qiman Shan and eastern Kunlun Shan thrusts. They propose 

a south dipping thrust, north of the Qiman Shan, should be responsible for the vertical deformation. 

However, only slightly crustal shortening (<1 mm/a) and shear deformation (~0.2 mm/a) are 

observed in our GPS profile across the apparent uplift region, which could not account for the 

vertical uplift (1.5-2 mm/a) by a dipping thrust. Whether the surface uplift is controlled by regional 

faults or activities of the upper crust remains unknown. Detailed field tectonic investigations could 

help to verify potentially active faults. Another region with apparent uplift deformation located north 

of the Altyn Tagh fault, south of the Cherchen fault (Figure 3.8i). Daout et al. (2018) interpreted the 

low velocity gradient by introducing a shallow flat décollement ending in a steeper ramp in the north 

of the Altyn Tagh fault. Their model predicts 0.7 mm/a crustal shortening rate between the Altyn 

Tagh fault and the Cherchen fault, which account only half of the uplift rate (~1.5 mm/a). Besides, 

our GPS fault-perpendicular velocities show a roughly 0-1 mm/a tension rate between AT12 and 

I036 (50-80 km), suggesting normal faulting for the ramp, which is contradictory to the model of 

Daout et al. (2018). Consequently, we suggest that either the uplift region is related to the regional 

unmapped faults or activities of the upper crust. Our results highlight the complexity of three-

dimensional crustal deformation in the northwestern Tibetan Plateau.  

In conclusion, the above analyses indicate that the crustal deformation in the northwestern 

Tibetan Plateau is a combination of strike-slip faulting, localized crustal shearing, shortening, 

subsidence and uplift. Our current study calls for additional GPS stations, multiple InSAR 

observations and detailed field investigations to better delineate the crustal deformation of the 

northwestern Tibetan Plateau. 
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3.6. Conclusions 

We combine two tracks of interseismic InSAR data with an improved GPS velocity data across the 

western Altyn Tagh fault. The geodetic data are consistent after masking out the (InSAR) points in 

localized crustal deformation regions. We correct for the block rotation contributions to the fault-

parallel geodetic velocities, this has enabled us to robustly estimate the slip rate and locking depth 

of the western Altyn Tagh fault using a simple 2-D elastic dislocation model. A best fit is obtained 

with a left-lateral strike-slip rate of 8.1 ± 0.4 mm/a and locking depth of 15.1 ± 3.4 km. Our result 

implies that previous studies (2-D model results) have overestimated the slip rate of the western 

Altyn Tagh fault up to 36% and a relatively slow slip deficit accumulation rate is found. Moreover, 

our results show three regions with localized vertical deformation, of which two apparent uplift 

regions and one subsidence region, reinforcing the importance of accounting for the vertical 

deformation during the interseismic InSAR data interpretations. 

We also show no apparent asymmetric interseismic velocities across the western Altyn Tagh 

fault, ruling out the requirement of lateral variations in elastic strength and/or dislocation shift with 

respect to the fault trace. The three-dimensional velocity field derived from quantitative comparison 

of the GPS and InSAR suggests that the crustal deformation in the northwestern Tibetan Plateau is 

a combination of strike-slip faulting, localized crustal shearing and shortening. It further suggests 

that vertical motion is not directly controlled by crustal fault activity. 
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Chapter 4∙ Surface creep on the Haiyuan 

fault system, northeastern Tibet, 

constrained from GPS and InSAR 

 

 

The work in this chapter is a further extension my previous work (Li, Y., Shan, X., Qu, 

C., Zhang, Y., Song, X., Jiang, Y., Zhang, G., J-M, Nocquet., Gong, W., Gan, W., Wang, 

C., 2017. Elastic block and strain modeling of GPS data around the Haiyuan-

Liupanshan fault, northeastern Tibetan Plateau. Journal of Asian Earth Sciences, 150, 

87-97). In my previous work, I used GPS data only to invert for the interseismic fault 

coupling (ISC) along the Haiyuan fault system. It suffers from a low spatial resolution 

close to the fault and failed to capture any creep signal. To improve the ISC resolution, 

InSAR data is needed. 

In this chapter, I use GPS and InSAR data to study the interseismic fault 

deformation along the Haiyuan fault system, northeastern Tibetan Plateau. Similar to 

the structure of the previous chapter, I first introduce the GPS and InSAR data that are 

used. Then, I present comparison methods and results of the GPS, InSAR and leveling 

data. I use both 2D and 3D kinematic models to investigate shallow creep along the 

fault system. In the discussion section, I present arguments on the mechanisms of 

shallow creep, the correspondence between present-day fault deformation and historical 

earthquakes, and implications for earthquake scenarios along the fault system. 

The work is still in process, and I present in this chapter the results of the first 

stage.  
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4.1. Abstract 

We analyze Global Positioning System (GPS) data (1999–2017) combined with Interferometric 

Synthetic Aperture Radar (InSAR) data (2003–2010) in northeastern Tibet to investigate the 

interseismic deformation along the Haiyuan fault system. The comparison between GPS, Leveling 

and InSAR Line Of Sight (LOS) rates show discrepancies at a few mm/a level, reflecting long-

wavelength systematic errors or vertical deformation in InSAR and levelling data. We solve this 

problem by combining GPS with high-pass filtered InSAR data to produce a continuous LOS rate 

map around the Haiyuan fault system. Our geodetic data reveals three creeping segments separating 

four locked asperities. We confirm previous studies showing surface creep on the Laohushan fault 

(~103.6°E–103.9°E). We further identify 3–5 mm/a surface creep along a 10 km long segment for 

the western Haiyuan fault (HYW, ~104.2°E–104.3°E) and 2–4 mm/a surface creep along a 43 km 

long segment for the eastern Haiyuan (HYE, ~105.3°E–105.7°E) segments. Both present-day 

creeping segments are located along the surface rupture trace from the M~8 1920 earthquake and 

they experienced 3 m and 3 to 10 m of co-seismic offsets respectively. This observation suggests 

that either the M~8 1920 earthquake was able to cross pre-existing creeping segments or that large 

earthquakes show heterogeneous relocking, with creep lasting decades along some parts of the 

rupture. 
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4.2. Introduction 

In a simple view, faults are locked over the entire seismogenic zone during the interseismic phase, 

eventually slip fast during earthquakes (e.g., Reid, 1910). However, during the last decade, high 

spatial resolution observations highlighted that some continental faults exhibit a dual mechanical 

behavior, where locked segments coexist with section where slip occurs aseismically and steadily 

in the seismogenic zone of the fault. Creeping faults are thought to limit the ability of the fault to 

generate major earthquakes (e.g., Avouac, 2015; Harris, 2017). Indeed, when the rate of aseismic 

creep is equal or larger than the relative motion of surrounding blocks, little or no elastic strain 

accumulates on the fault. Examples of this behavior are the Greenville fault in California (e.g., 

Lienkaemper et al., 2013), the Chaman fault in Pakistan and Afghanistan (e.g., Barnhart, 2016) and 

the Laohushan fault in northeastern Tibet (e.g., Jolivet et al., 2012, 2013). Oppositely, when the fault 

segment slips at a creep rate lower than the tectonic loading rate, slip deficit accumulates. In that 

latter case, many examples show that earthquakes can still occur, such as the central San Andreas 

fault (e.g., Lyons and Sandwell, 2003; Moore and Rymer, 2007; Ryder and Bürgmann, 2008; Gratier 

et al., 2011; Lindsey et al., 2014; Jolivet et al., 2015), the Hayward and Calaveras faults (e.g., 

Bürgmann et al., 2000; Chaussard et al., 2015), the Imperial fault (e.g., Lyons et al., 2002; Bilham 

et al., 2004; Lindsey and Fialko, 2016), the North Anatolian fault (e.g., Cakir et al., 2005; Karabacak 

et al., 2011; Bilham et al., 2016) and the Longitudinal Valley fault (e.g., Lee et al., 2003; Rau et al., 

2007; Chen et al., 2008; Thomas et al., 2014). Furthermore, aseismic creep could be the triggering 

factor for small to moderate-size earthquakes, such as the two creep-driven earthquakes (Ml 4.6–4.7 

in 2016–2017) on the Laohushan fault (Jolivet et al., 2013). Aseismic creep could also impede the 

propagation of the earthquake rupture, as it has been proposed for the 2017 Mw 6.5 Ormoc 

earthquake on the creeping segment of the Philippine fault (Yang et al., 2018). Thus, identifying and 

quantifying the spatial distribution, rates, and depths of aseismic slip is essential to propose 

scenarios of future ruptures, estimate the seismic potential of a fault and more generally for 

understanding the physics of earthquake (e.g., Bürgmann et al., 2000; Cetin et al., 2014). Here, we 

focus on the interseismic behavior of Haiyuan fault system, northeastern Tibetan Plateau, where 

creep has been previously identified along the Laohushan fault (Cavalié et al., 2008) (Figure 4.1). 

The ~1000-km-long, active, left-lateral strike-slip Haiyuan fault system is one of a main 

structure in the northeastern Tibetan Plateau that accommodates the eastward motion of Tibet (e.g., 

Gaudemer et al., 1995; Tapponnier et al., 2001; Figure 4.1). From west to east, it consists of the 

Lenglongling fault, the Jinqianghe fault, the Maomaoshan fault, the Laohushan fault and the 

Haiyuan fault (note the differences of Haiyuan fault system and Haiyuan fault). The Haiyuan fault 

is further segmented into western (HYW), middle (HYM) and eastern (HYE) segments. The 

remaining faults constitute the Tianzhu seismic gap, where no M 7+ earthquakes have been recorded 

over the past few centuries despite clear geomorphic evidence of Holocene large earthquakes 

(Gaudemer et al., 1995; Liu-Zeng et al., 2007; Figure 4.1). Two M 8+ earthquakes occurred along 
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the Haiyuan fault system during the last century. The 1920 M~8.0 earthquake generated ~240 km 

of surface ruptures, with a maximum slip of ~10 m at its center, on the Haiyuan fault (Deng et al., 

1986; Zhang et al., 1987). 

Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar (InSAR) have 

been extensively used along the Haiyuan fault system to quantify its interseismic deformation. 

Depending on the data used and inversion results, the slip rates were estimated to be between 5 and 

10 mm/a (e.g., Gan et al., 2007; Cavalié et al., 2008; Jolivet et al., 2012, 2013; Daout et al., 2016; 

Li et al., 2016, 2017, 2018). Recent studies highlight along strike changes of locking depth from 2 

to 22 km depth (Li et al., 2017; Song et al., 2019), with a 35 km-long creeping segment at the eastern 

end of the Laohushan fault (hereafter referred to the Laohushan creep segment; Cavalié et al., 2008; 

Jolivet et al., 2012; Daout et al., 2016). 

Despite these extensive studies, interseismic fault coupling (ISC) along the rupture of the M~8 

1920-ruptured Haiyuan fault earthquake remains poorly constrained. A first-order fault locking on 

the Haiyuan fault system derived from GPS data only has been proposed in Li et al., (2017), but 

their study suffers from a low spatial resolution close to the fault and failed to capture any creep 

signal. InSAR data certainly provide a way to constrain the ISC with dense near fault observation. 

However, one open question in using InSAR is to evaluate and separate vertical deformation that 

has could map into the Light Of Sight (LOS). Indeed, vertical deformation across the Haiyuan fault 

system might exist in the InSAR displacements, which would bias the creep-related interpretations. 

A limiting factor of InSAR is that an interferogram only measures one component of the surface 

deformation. Consequently, previous studies assume the InSAR displacements as fault-parallel and 

horizontal (Cavalié et al., 2008; Jolivet et al., 2012, 2013; Song et al., 2019). Such an assumption is 

valid only if there is no/negligible vertical deformation. However, long-term leveling measurements 

(1970–2012) have reported ~1–2 mm/a vertical velocity across the Haiyuan fault system despite of 

a spatial resolution to the levelling profiles (Figure B.1; Hao et al., 2014). In the case of descending 

Environmental Satellite (Envisat; incidence angle of 23° and azimuth of 193°) that adopted by 

previous studies (Cavalié et al., 2008; Jolivet et al., 2012, 2013; Daout et al., 2016; Song et al., 

2019), 𝑑𝐿𝑂𝑆 = [𝑑𝑁, 𝑑𝐸 , 𝑑𝑈] ∙ [−0.094,0.391,0.916]
𝑇. The inference is that the LOS displacement 

is twice more sensitive to vertical deformation than horizontal. Considering the non-negligible 

vertical crustal deformation in northeastern Tibet (Hao et al., 2014), more careful work should be 

conducted in terms of interseismic InSAR LOS map interpretation. 

The physical mechanism of shallow creep along the Laohushan fault remains controversial. 

Jolivet et al. (2013) reported that the creep rate scales logarithmically with the friction coefficient, 

in agreement with the rate-and-state friction law in a rate strengthening regime. On the other hand, 

Chen et al. (2018) proposed that the current creep motion may be transient due to afterslip following 

either the moderate 2000 Jingtai Mw 5.5 earthquake or in response to the great 1920 M~8 Haiyuan 

earthquake (Figure 4.1). To distinguish between the two mechanisms, more investigation is needed. 
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It would also be interesting to explore if any potential creeping segments exist along the 1920-

ruptured Haiyuan fault, similarly as we observe along the ruptured North Anatolian Fault (e.g., Cakir 

et al., 2005; Karabacak et al., 2011; Bilham et al., 2016) or the Hayward Fault (e.g., Bürgmann et 

al., 2000; Chaussard et al., 2015). 

 

Figure 4.1. Regional tectonic map of the northeastern Tibetan Plateau. Bold red lines correspond to 

surface ruptures during the 1920 Haiyuan earthquake (Zhang et al., 1987). Bold black lines represent the 

Tianzhu seismic gap (Gaudemer et al., 1995). Thin black solid lines indicate regional major faults. Thin 

white circles represent earthquakes with magnitude smaller than 5.0 from the year 1970 to 2017 from 

China Earthquake Administration (http://data.earthquake.cn/). Light blue circles correspond to 

earthquakes with magnitude equal or greater than 5.0 between 1920 and 2017 from United States 

Geological Survey (USGS). Yellow circles represent historical earthquakes with magnitudes larger than 

6.0 between 780 BC and 1967. Blue focal mechanism solutions (Mw≥5.5, 1976-2018) come from Global 

Centroid Moment Tensor (GCMT). Red diamonds show the location of main cities in northeastern Tibet. 

The blue polygons show the coverage of InSAR data used in this study. The inset map shows the study 

area. JQH: Jinqianghe fault, MMS: Maomaoshan fault, LHS: Laohushan fault, HYW: Western Haiyuan 

fault, HYM: Middle Haiyuan fault, HYE: Eastern Haiyuan fault, LPSF: Liupanshan fault; ATF: Altyn 

Tagh fault; KLF: Kunlun fault; XSHF: Xianshuihe fault; LMSF: Longmenshan fault. 
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To address the above issues, we use geodetic data composed of new/dense GPS velocity 

solution (1998–2017), long-term leveling velocity solution (1970–2012; Hao et al., 2014), and 

Envisat ASAR LOS map (2003–2010; Song et al., 2019) acquired along six tracks across the 

Haiyuan fault system. We first combined the GPS horizontal velocities and InSAR LOS 

displacements to investigate any creep segments along the fault system and to recover more realistic 

fault creep rates. We then inverted the geodetic data in order to model the spatially variable fault 

coupling and thus explore the potential correlation between present-day fault deformation and 

historical earthquake ruptures. Finally, we combined geodetic and seismic observations and 

modeled fault coupling to infer the physical mechanisms of the shallow creep and earthquake cycles 

along the Haiyuan fault system.  
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4.3. Geodetic data 

4.3.1. GPS data and processing 

The GPS data come from two sources: ①  the majority comes from the Crustal Movement 

Observation Network of China (CMONOC I/II), including 24 continuous stations from 2010 to 

2017 (of which 2 sites started to operate from 1999), 164 campaign-mode stations (conducted 5 to 

10 campaigns between 1999 and 2017); ② 14 newly-built campaign-mode stations across the 

Haiyuan fault, near the Haiyuan County (Figure 4.2). These sites were installed in 2013 and 

measured every year (2013–2017) during summer in order to reduce potential biases induced by 

seasonal variations. We used Trimble NetR9 and Topcon NetG5 receivers with choke ring antennas 

to perform continuous observations of no less than 72 hours per site during each campaign. 

The GAMIT/GLOBK 10.6 software (Herring et al., 2016) was used to process the GPS data. 

Raw pseudo-range and phase observations were first processed together with 20 International GNSS 

Service (IGS) stations, which are distributed around mainland China, to obtain daily loosely-

constrained station coordinates and the satellite orbits parameters. We employed IGS precise orbits 

and earth orientation parameters, absolute antenna phase center calibrations, and the Finite Element 

Solution (FES) 2004 ocean tide-loading model during daily data processing (Lyard et al., 2006). 

The position time series of each site was carefully inspected to detect and remove outliers by using 

the GPS time series analysis software, PYACS (Nocquet and Trong, in preparation). Then, the daily 

solutions were transformed into the International Terrestrial Reference Frame 2014 (ITRF 2014) by 

estimating 7 transformation parameters (orientation, translation, and scale) using the 20 IGS stations. 

Finally, the GPS site velocities were transformed into a Eurasia-fixed reference frame using the 

Euler vector for Eurasia (Altamimi et al., 2017; Figure 4.2a). The least squares fitting results in an 

average velocity uncertainty of 0.4 mm/a. To avoid underestimation, we reweighted our sites 

velocity uncertainties by multiplying the standard deviations with a scale factor between the average 

uncertainty in Kreemer et al. (2014) and ours. The factors are 2.6 and 2.5 for the east and north 

components respectively, leading to uncertainties of in order of 1.0 mm/a (1-sigma). 

During the GPS data span (1999–2017), several destructive earthquakes occurred in and around 

mainland China, including the 2001 Mw 7.8 Kokoxili earthquake, the 2008 Mw 7.9 Wenchuan 

earthquake and the 2011 Mw 9.0 Tohoku (Japan) earthquake. Among them, the Wenchuan 

earthquake and the Tohoku earthquake produced obvious coseismic deformation in northeastern 

Tibet (e.g., Wang et al., 2011). Therefore, we added offset parameters to the GPS position time series 

to correct for those coseismic deformations. Our study region is more than 500 km away from the 

epicenter of the Wenchuan earthquake, which generated postseismic displacements within a ~200 

km area around the surface ruptures (e.g., Huang et al., 2014; Diao et al., 2018). Therefore, we did 

not consider the postseismic transients of the Wenchuan earthquake in our GPS data processing. 
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Processing results of positions and velocities relative to the stable Eurasia for all stations used in 

this study are presented in the supplementary material. 

 

Figure 4.2. InSAR displacements and GPS velocity field in the northeastern Tibet. (a) GPS 

velocities with respect to the stable Eurasian plate. Arrows in red represent newly-built station velocities. 

Error ellipses indicate the 95% confidence levels. Blue rectangles indicate the location of GPS velocity 

profiles in Figure 4. Background color represent the observed InSAR displacements. (b) The InSAR 

displacements from the remove-restore method. (c) Enlarged view of the InSAR displacements across 

the HYE. (d) and (e) show the InSAR displacements across the LHS and HYW. Red dotted ellipses 

outline the shallow creep segments. 

4.3.2. InSAR data 

The six tracks of descending Envisat SAR strip-map images, spanning from 2003 to 2010, were 

processed by Song et al. (2019). They used the ROI_PAC software to compute interferograms 

(Rosen et al., 2004). During the data processing, atmospheric corrections are crucial for retrieving 

small ground displacements of a few millimeters per year across the Haiyuan fault system. 
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Tropospheric delays can be considered as the sum of a contribution of turbulent delays and a 

contribution from delay in a stratified troposphere. Turbulent delays are mostly spatially random 

and uncorrelated from one acquisition to the next. Thus, they are removed efficiently by stacking 

independent interferograms. Moreover, Song et al. (2019) used independent atmospheric data from 

the European Centre for Medium-Range Weather Forecasts (ECMWF) to simulate and correct for 

the stratified atmospheric delays. Subsequently, a ramp simulating any orbital linear residues was 

fitted and removed for each interferogram. Finally, stacking all interferograms allowed to infer the 

LOS rate map (Figure 4.2b). 

The final LOS rate map includes contributions from horizontal and vertical deformation, and 

also non-tectonic spatially correlated noises. As in this study we focus on tectonics deformation, we 

masked InSAR data located in regions with obvious subsidence, which are related to groundwater 

extraction or coal mining. In the next section, we evaluate the consistency of the data sets in order 

to combine GPS and InSAR data. 

4.3.3. Geodetic data comparison and combination 

As a preliminary step, we evaluate the consistency between GPS, Levelling results (Hao et al., 2014) 

with InSAR LOS rate maps (Song et al., 2019). Three different approaches were used: 

(1) InSAR versus 2D-GPS+leveling. Long-term leveling velocity solution comes from Hao et 

al. (2014), which allows to add a vertical component to the horizontal GPS velocity. The leveling 

benchmarks were measured according to first-order levelling standards, and a total of 2 to 7 

campaigns were conducted during the period of 1970–2012. The linear rate (adjustment) was 

estimated under a regional reference frame, which was realized by nine GPS stations with 

occupations spanning 1998–2008. We show the leveling vertical velocity solution of the 

northeastern Tibet in Figure B.1. In practice, we first selected the leveling sites located in a 5-km 

radius from the GPS stations, and took leveling-derived velocity to simulate the vertical velocity of 

the GPS site. We then projected the 3D velocity into the InSAR LOS according to local incidence 

angles at each GPS sites. The InSAR data, which are located within a 1-km radius around the GPS 

sites, are averaged and used for comparison with the GPS+leveling projection. 

(2) InSAR versus 3D-GPS. We do not estimate the GPS vertical velocities in our data 

processing that is because most of GPS sites were measured in campaign-mode. We instead used 

the GPS velocity solution (horizontal+vertical) of Liang et al. (2013) to test this approach (Figure 

B.2). In Liang et al.’s solution, we selected GPS sites with both horizontal and vertical velocities. 

Similar to the above scheme, we first projected the 3D GPS velocities into the InSAR LOS using 

local incidence angles, and then compare with the observed InSAR LOS values. 

(3) InSAR combined with 2D-GPS. We used the remove-filter-restore method proposed by Wei 

et al. (2010). The basic idea of this method is to combine the long wavelength horizontal 
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displacements from GPS with short wavelength displacements (horizontal+potential vertical) from 

InSAR, and produce a LOS rate map that is free of long wavelength correlated noise, such as orbital 

residuals. Such method ensures that the InSAR velocities agree with the GPS at the longest 

wavelengths, while preserving the short-wavelength features (e.g., creeping signals) that make the 

InSAR contribution valuable in the near field of the fault. For our case, we want to combine 2D 

GPS velocity (horizontal) with the InSAR short wavelength deformation. We first removed an 

interpolated map of the LOS horizontal GPS velocities from the observed InSAR data, then high-

pass filtered the residuals at 50 km wavelength (determined by the average spacing of GPS sites), 

and finally added the result back to the interpolated GPS velocity map. We used GMT gpsgridder 

approach (Sandwell and Wessel, 2016) to interpolate the GPS velocity. The final restored LOS 

velocity map is under the same reference frame with GPS horizontal velocity. That approach not 

only removes bias in the InSAR data but also potential long-wavelength vertical rates in the original 

InSAR LOS rate map. Small scales vertical rates might still be present in the restored InSAR LOS 

rate map. 

 
Figure 4.3. Comparisons between different geodetic dataset. (a) Observed InSAR LOS values versus 

observed GPS horizontal velocities projected to LOS (blue error bars). Observed InSAR LOS values 

versus the ‘GPS horizontal + leveling vertical’ projected to LOS (red error bars). (b) Blue error bars 

represent observed InSAR LOS values versus GPS horizontal velocities projected to LOS (Liang et al., 

2013). Red error bars represent the observed InSAR LOS values versus ‘GPS horizontal + GPS vertical’ 

projected to LOS (Liang et al., 2013). (c) Blue error bars indicate observed InSAR LOS values versus 

observed GPS horizontal velocities projected to LOS. Red error bars represent the restored InSAR LOS 

values versus observed GPS horizontal velocities projected to LOS. 

Results of the three approaches are shown in Figure 4.3. We see that the LOS projection of 

horizontal GPS velocities deviate significantly from observed InSAR LOS (Root Mean Square 

[RMS] of 1.9 mm/a). This indicates that systematic vertical deformation or orbital residuals exist in 

the InSAR LOS displacements, where the former is most likely the dominant factor. Figure 4.3a 

shows that adding the leveling-derived vertical velocities to form 2D GPS velocities then projected 

along the LOS leads to higher dispersion between GPS and InSAR (RMS=3.9 mm/a). The 
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discrepancy might be due to several factors: orbital residuals in InSAR, temporal variations in 

vertical rates over the past few decades as GPS (1999–2017), leveling (1970–2012) and InSAR 

(2003–2010) covers different periods, systematic errors in levelling data, or some combinations of 

the above factors. A similar disagreement between GPS and InSAR is also observed when using the 

velocity solution of Liang et al., 2013 (RMS=2.3 mm/a; Figure 4.3b). The increase of scattering 

suggests that this originates in highly scattered GPS vertical rates. 

Because of these results, the remove-filter-restore method that enforces 2D-GPS and InSAR 

consistency seems to be a reasonable approach (Figure 4.3c). That approach provides an overall 

consistency between GPS and InSAR LOS rate map at the 0.5 mm/a. 

 The above results indicate either complicated vertical crustal deformation in northeastern Tibet, 

and/or complex error structure in InSAR. Whatever, they highlight the significance to account for 

the vertical deformation signals in the observed InSAR LOS map. While not perfect, the restored 

LOS rate map is then used in our following models.  
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4.4. Modeling strategy 

4.4.1. Interseismic horizontal GPS velocities 

To investigate surface shallow creep along the Haiyuan fault system, we first analyze results along 

five profiles perpendicular to the faults. Profiles were selected according to the fault segmentation 

and GPS sites distribution, and we projected the GPS velocities into the local fault-parallel 

component (Figure 4.2a). We fitted a simple 2-D elastic dislocation model (Savage and Burford, 

1973) to the fault parallel velocities (Vpar) (Eq. (4-1)) for profile AA’, BB’, CC’ and EE’, to solve 

for slip rate (S) and locking depth (d1). For profile DD’, we also solved for the creep rate (C) and 

creep depth (d2) (Eq. (4-2)) (Weertman and Weertman, 1964; Segall, 2010). 

𝑉𝑝𝑎𝑟(𝑥) =
𝑆

𝜋
𝑡𝑎𝑛−1 (

𝑥

𝑑1
) + 𝑥𝜗𝑟𝑜𝑡 + 𝑎         (4-1) 

𝑉𝑝𝑎𝑟(𝑥) =
𝑆

𝜋
tan−1 (

𝑥

𝑑1
) +

𝐶

𝜋
tan−1 (

𝑑2

𝑥
) + 𝑥𝜗𝑟𝑜𝑡 + 𝑎    (4-2) 

where a is a constant, x is the perpendicular distance to the fault, and θrot corrects for the rotation of 

the Lanzhou block (south of the Haiyuan fault system) and the Alaxian block (north of the Haiyuan 

fault system) in the Eurasia-fixed reference frame. θrot is calculated for each profile by assuming 

that the pole of rotation is fixed at the location reported by Wang et al. (2017). A Bayesian approach 

was used to derive the posterior probability density function (PDF) of the model parameters (Minson 

et al., 2013; Nocquet, 2018), p(m|d) is defined as: 𝑝(𝒎|𝒅)~𝑝(𝒎)𝑒𝑥𝑝[(𝒅 − 𝒑)𝑇𝐶−1(𝒅 − 𝒑)] , 

with d and p vectors containing the observations and model predictions, C−1 the inverse of the 

covariance matrix of the data, and p(m) the prior PDF of the model parameters. We used uniform 

prior distributions and took the covariance matrix as a diagonal matrix using the GPS data 

uncertainties. Results presented below were derived from a total of 100,000 sampling from a 

Markov chain using the PyMC software (Patil et al., 2010). 

4.4.2. Combined GPS-InSAR inversion 

In a second time, we used the restored LOS velocity data to improve the spatial resolution of the 

surface shallow creep along the Haiyuan fault system. We calculate the ‘creep rate’ based on the 

difference in fault-parallel velocity on each side of the fault. The velocities are taken in small boxes 

crossing the fault (1 km normal to the fault and 2 km along the strike). If the fault segment is creeping, 

the LOS data will show a step across the fault and thus the ‘creep rate’ should be larger than 0. 

Alternatively, if the fault segment is locked in surface, the LOS data will be a smoothed curve across 

the fault, and the ‘creep rate’ should be around 0 within the confidence level (e.g., Tong et al., 2018). 

Apart from the surface shallow creep along the fault system, we are also interested in the 

interseismic coupling on the fault plane. We used the TDEFNODE program to fit the surface 
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geodetic data (horizontal GPS velocities and restored LOS velocities). This method assumes that 

the observed geodetic velocity are a result of block rotation, permanent strain rate within blocks and 

fault locking (McCaffrey, 2009). Interseismic backslip is applied along faults to solve for the fault 

coupling coefficient, a unitless parameter between 0 (fully creeping) and 1 (fully locked). The elastic 

block model is similar to our previous study (Li et al., 2017), except that we adopted four elastic 

blocks in this study (Figure B.3), and set vertical geometry for the Haiyuan fault system (patch size 

of 5 km along strike and 1 km along dip). Moreover, we did not introduce smoothing factors in the 

model to avoid smoothed fault coupling that might smear and hides some creep signals. Weight for 

GPS and InSAR data was set to be equal. We refer the reader to our previous study for detailed 

block modeling information (Li et al., 2017). 
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4.5. Results 

4.5.1. GPS velocity profile fitting 

GPS velocity profile modelling results are shown in Figure 4.4. We obtained far-field relative 

motion ranging of 5.4±1.1 decreasing eastward to 2.7±1.2 mm/a., consistently with previous studies 

(e.g., Li et al., 2009; Li et al., 2017). The PDF distribution highlights two features: the far field 

relative motion is resolved at 1 mm/a level, whereas the fault locking depths are marginally resolved 

due to sparse distribution of GPS sites near the fault. Despite that, GPS velocities (AA’, CC’, EE’) 

seem to confirm the fault segments are locked to surface. The DD’ profile shows an obvious velocity 

offset (~2 mm/a) across the eastern Haiyuan fault, near the Haiyuan County. Two GPS sites, on both 

sides of the fault, are only 1 km from the fault; consequently, we interpret the velocity offset as 

reflecting shallow creep along this segment. The creep rate is estimated to be 2.2±1.8 mm/a, 

accounting for ~55% of the relative far field motion. Note that the BB’ profile cross the Laohushan 

creep segment that was previously reported (Cavalié et al., 2008; Jolivet et al., 2012, 2013; Daout 

et al., 2016), our GPS network is too sparse to capture such signal. 

 

Figure 4.4. AA’-EE’ show the observed and 2D model prediction for fault-parallel GPS velocities 

across the Haiyuan fault. Right panels show the posterior probability density function (PDF) of the 

model parameters. Red histograms represent the PDF of creep depth and creep rate. 
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4.5.2. Fault creep from the restored InSAR 

The ‘creep rate’ results, calculated based on the difference of fault-parallel velocity (restored LOS 

rate map) on opposite sides of the Haiyuan fault system, are shown in Figure 4.5b. Creep rate results 

show 4 main features: ① a ~30 km-long shallow creep segment (~103.6°E–103.9°E) along the 

eastern Laohushan fault, with a rate of ~2–5 mm/a (Figure 4.5b, Figure 4.2d); ② significant 

velocity offsets across the junction of Laohushan fault and the western Haiyuan fault (~104°E), that 

are not confidently interpreted as shallow creep owing to the existence of the Jingtai pull-apart basin 

(Figure 4.5a, 4.5b); ③ the apparent velocity offsets across the western Haiyuan fault (~104.2°E–

104.3°E), with shallow creep rates of ~3–5 mm/a and extend 10 km along strike (Figure 4.5b). We 

note a local subsidence zone located ~3–7 km south of the fault (Figure 4.2e), but it do not affect 

our result; ④ the ~1–3 mm/a velocity offsets across the eastern Haiyuan fault along a 43 km-long 

segment (~105.3°E–105.7°E; Figure 4.2c; Figure 4.5b), which we also interpret as shallow creep 

and in agreement with the horizontal fault-parallel GPS velocities (Figure 4.4‒DD’). 

In short, our results confirms the pre-identified creep segment on the Laohushan fault; 

moreover, we identify two additional creep segments along the Haiyuan fault, with creep rates 

ranging from 1 to 5 mm/a. 

4.5.3. Block modeling of the GPS and restored InSAR 

The block model results are shown in Figure 4.5b, 4.5d. The Haiyuan fault system is dominated by 

the left-lateral strike-slip motion estimated at 4–5 mm/a and decreasing eastwards (Figure 4.5b; 

Figure B.4). Fault normal slip rates were estimated at 0–0.5 mm/a (Figure B.4), which take less than 

10% of the fault motion. The estimated slip rates are consistent with both geological (e.g., Li et al., 

2009) and geodetic (e.g., Li et al., 2017, 2018) studies. Our geodetic data inversion highlights a 

highly heterogeneous fault coupling along the fault system, where low coupling values are found 

along several segments (Figure 4.5d). There are four potential locked asperities separated by three 

shallow locked (creep) segments: ① the asperity on the Laohushan fault, with a width of at least 

50 km and locking depth of approximate 20 km; ② the HYW asperity is locked to ~15 km, 

extending ~40 km laterally; ③ the HYM asperity, which is more superficial (the locking depth is 

less than 10 km but it extends ~70 km along fault strike); ④ finally, the HYE asperity presents a 

high coupling patch between 5 and 25 km at depth, and extends laterally along ~40 km. We show 

the block internal strain rates and GPS residuals in Figure B.3 and Figure B.5 respectively. Further 

discussions of the shallow creep and locked asperities are present below. 
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Figure 4.5. (a) Tectonic map across the Haiyuan fault. Blue dotted rectangles show the pull-apart basins 

along the fault. (b) ‘Creep rate’ along the Haiyuan fault. Error bars in blue represent the calculated ‘creep 

rate’ from the restored InSAR data. Light red background show the inverted creep rate from fault-parallel 

GPS velocities. The blue line corresponds to the block model-predicted fault slip rate, and the purple line 

show the fault creep rate from our block model. Gray histogram shows the creep rate (InSAR surface) as 

a percentage of the far-field loading rate (GPS block model). (c) Black, red, and blue vertical lines 

represent coseismic offset across the Haiyuan fault induced by the 1920, 1888, and 1514 earthquakes, 

respectively. Dotted lines indicate the approximate displacements pattern. (d) Fault coupling along the 

Haiyuan fault. White dots indicate microseism (M≥2) from 1965 to 2019 (http://data.earthquake.cn/). 

Blue lines show fault coupling contours.  
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4.6. Discussions 

4.6.1. Shallow creep segments along the Laohushan fault 

The Laohushan creep segment has been intensely studied by time-series stacking InSAR 

observations (e.g., Cavalié et al., 2008; Jolivet et al., 2012, 2013; Daout et al., 2016). Cavalié et al. 

(2008) first reported shallow creep along the Laohushan fault using European Remote Sensing (ERS) 

SAR data spanning 1993–1998. Their results show fault slip rate of 5 mm/a beneath 15 km, and 

creep rate of 11 mm/a between 2 and 7 km. Subsequently, Jolivet et al. (2012, 2013) used the Envisat 

SAR data (2003–2009 period) to show that the Laohushan fault creeps at a mean rate of 5±1 mm/a 

(maximum rate of 8±2 mm/a) and concentrated between 5 and 15 km depth, and extending 35 km 

laterally. Recently, Daout et al. (2016) obtained similar results by processing SAR data spanning the 

2001–2011 period; they found a fault loading rate of 5.6 mm/a and a creep rate of 4.6 mm/a between 

0.5 km and 24 km depth. Our results show minor differences with those above in creep rate, creeping 

depth and length. Indeed, the ~2–5 mm/a creep rate (from our result; Figure 4.5b) is consistent with 

Jolivet et al. (2012, 2013) and Daout et al. (2016), but smaller than that of Cavalié et al. (2008). A 

difference is that in our results, creep occurs almost along the whole seismogenic zone (0–30 km) 

(Figure 4.5d), whereas only partial of the seismogenic zone is creeping in results of Cavalié et al. 

(2008) and Jolivet et al. (2012, 2013). Finally, results find shallow creep segment extends ~30 km 

laterally in our results (Figure 4.5b), a length slightly shorter than reported by Jolivet et al. (2012). 

The apparent velocity offset across the junction of Laohushan fault and the western Haiyuan 

fault (~104°E; Figure 4.5b) is most probably related to the subsidence of the Jingtai pull-apart basin 

(Institute of Geology, State Seismological Bureau, 1990). Consequently, we do not interpret the 

velocity offsets as related to shallow fault creep. Note that we have masked the InSAR points located 

within the Jingtai basin in our block model inversion. 

4.6.2. Mechanism of shallow fault creep along the Laohushan fault 

Two mechanisms have been proposed to explain the Laohushan creep. Jolivet et al. (2013) proposed 

that the fault creep is reflects a velocity strengthening regime at shallow depths along the fault. 

Therefore, they suggested that the creeping segment may act as a persistent barrier to earthquake 

propagation. On the other hand, Chen et al. (2018) proposed that the shallow creep along the 

Laohushan fault might be the afterslip following the 2000 Jingtai Mw 5.5 earthquake and/or in 

response to the 1920 M~8 Haiyuan earthquake rupture, and would thus reflect a transient behavior.  

Our results show creep accounts for ~40–80% of the loading rate (Figure 4.5b). Thus, the 

remaining slip deficit might be released partially by the continuous ruptures of small asperities 

indicated by a high density of small earthquakes (Figure 4.5d) with occasional moderate-size events 
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as the 1888 M 6.2 earthquake and the 2000 Mw 5.5 earthquake might be such cases. Besides, 

paleoearthquake investigation identified at least two earthquakes (the first one occurred in 143 or 

374 A.D., and the second one in 1902 A.D.) that ruptured the whole Laohushan fault (Liu-Zeng et 

al., 2007; Chen et al., 2018). This observation suggests that the Laohushan creeping segment 

experienced seismic ruptures and hence did not act systematically as a persistent barrier as it has 

been suggested (Jolivet et al., 2013). 

Considering as Chen et al. (2018) suggest that surface creep is mostly afterslip following the 

2000 Mw 5.5 earthquake is unlikely. Indeed, InSAR observations during the 1993–1998 period 

reported the existence of shallow creep at a rate (~11 mm/a; Cavalié et al., 2008) even larger than 

during the 2003–2011 period (~5–8 mm/a; Jolivet et al., 2012, 2013; Daout et al., 2016). 

Limited by the observation time span, we cannot rule out the possibilities that the Laohushan 

creep been activated by the 1920 M~8 Haiyuan earthquake that occurred immediately to the east of 

it, or related to the afterslip of the 1920 event. 

4.6.3. The correlation between fault creep and the M~8 1920 Haiyuan earthquake 

Our results identify segments with shallow creep on HYW (~104.2°E–104.3°E) and HYE 

(~105.3°E–105.7°E; Figure 4.5b), independently in InSAR and block modelling results. InSAR 

rates show steep gradient across HYW and HYE (Figure 4.2c, 4.2e), implying creep motion in the 

seismogenic zone, while coupling inversion find surface slip rate being about half of the relative far 

field motion (Figure 4.5d). Along HYW, we note differences between the InSAR-derived creep rate 

and the block model-derived creep rate (Figure 4.5b). This discrepancy could be due to the block 

model that might smear and mask some more localized creep signals. Along HYE, both GPS and 

InSAR velocities show apparent gradient with a value of 1–3 mm/a (Figure 4.2c; Figure 4.4‒DD’), 

which is larger than the geodetic velocity uncertainties. Consequently, we can rule out that the 

velocity gradient is reflecting noise in the data. 

In order to investigate the mechanisms of shallow fault creeps on the Haiyuan fault and to 

discuss their roles in earthquake ruptures, Figure 4.5c shows the coseismic surface offsets associated 

with the 1920 M~8 Haiyuan earthquake (Ren et al., 2016). We first notice that pull-apart basins 

(Figure 4.5a) correspond well to segments with relatively small coseismic surface offsets, which is 

expected. Besides, we notice that HYW creep segment (~104.2°E–104.3°E) shows a correlation 

with lower coseismic surface offset. Despite the HYE creep segment (~105.3°E–105.7°E) only 

partially overlaps a small coseismic offset segment (~105.4°E–105.6°E), coseismic offsets 

decreased drastically across the creeping segment. Although not a strict correspondence, the above 

comparison seems to show that there might be a correlation between present-day shallow creep and 

the 1920 Haiyuan earthquake.  

Nonetheless, both present-day creeping segments are located along the surface rupture trace 
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from the M~8 1920 earthquake. They experienced large coseismic surface offset with 3 m for the 

HYW and 3 to 10 m for the HYE respectively. This observation suggests that either the M~8 1920 

earthquake was able to cross pre-existing creeping segments or that large earthquakes show 

heterogeneous relocking, with creep lasting decades along some parts of the rupture. In the 

following, I discuss the two alternative views. 

Considering the shallow creeps (HYW, HYE) as being the long-lasting afterslip of the 1920 

M~8 Haiyuan earthquake. We present a simple calculation of the coseismic slip deficit to argue the 

inference. The basic idea is that coseismic slip of the M~8 1920 Haiyuan did not change dramatically 

over a short distance (or on one segment). Along the fault distance, the 1920 earthquake resulted in 

average coseismic offsets of ~2.6 m, ~2.0 m and ~3.6 m in 104.1°E–104.2°E, 104.2°E–104.3°E and 

104.3°E–104.4°E respectively (Figure 4.5c), thus leaving ~1.1 m coseismic surface slip deficit on 

the HYW creep segment. Similarly, we got average coseismic offsets of ~5.1 m , ~2.9 m and ~3.1 

m in 105.2°E–105.3°E, 105.3°E–105.7°E and 105.7°E–105.8°E respectively (Figure 4.5c), and 

calculated ~1.2 m coseismic surface slip deficit on the HYE creep segment. Previous studies show 

3–18% reduction in slip near the surface due to shallow slip deficit for strike-slip earthquakes 

(Mw>7; e.g., Xu et al., 2016). Take the maximum, we expect ~1.3 m and ~1.4 m coseismic slip 

deficit on the HYW and HYE creep segments respectively. We consider is it possible for afterslip 

releasing such amount of slip deficit. We note that among well documented strike-slip earthquakes, 

the Mw 7.6 1999 Chi-Chi earthquake released maximum slip of 0.5 m in the 15 months following 

the main shock (e.g., Yu et al., 2003). The Mw 6 2004 Parkfield earthquake generated afterslips with 

magnitudes 0.1–0.15 m in the first 2 years (e.g., Freed, 2007). Perfettini and Avouac (2007) show 

as much as 1.4 m afterslip on the fault plane 6 years after the Mw 7.3 1992 Landers earthquake. 

More surprisingly, up to 2–3.8 m of afterslip was inferred during 6.5 years following the 1999 Izmit-

Düzce earthquake sequence (M=7.4 and M=7.2; Ergintav et al., 2009). Consequently, we consider 

our above hypothesis is possible. 

Here, the most intriguing issue is what kind of mechanism controls the afterslip lasting for 

about 100 years. Published studies show that the afterslip induced by the 1944 Mw 7.4 Bolu/Gerede 

earthquake on the Ismetpasa segment, North Anatolian Fault, continued probably up to 50–70 year 

after the earthquake (e.g., Cakir et al., 2005; Ozener et al., 2013; Cetin et al., 2014). For our case, it 

might be the frictional nature results in the postseismic afterslip on the Haiyuan fault has much 

longer decay time than the afterslips following regular earthquakes. 

Alternatively, we consider the shallow creeps (HYW, HYE) being persistent, meanwhile, 

allowing earthquake rupture to propagate and generate surface offsets. Indeed, both laboratory 

experiments (Kohli et al., 2011) and numerical simulations (Weng and Ampuero, 2019) show that 

aseismic creep switch to seismic fault behavior is possible (Harris, 2017). In this case, we note that 

~1 m and ~1.7 m coseismic offset decrease after the rupture (1920 Haiyuan earthquake) propagated 

though the HYW and HYE creep segments respectively (Figure 4.5c), this might attribute to the 
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fact that creeping regions could absorb/reduce rupture energy. 

Currently, limited by observational data, we are not able to distinguish between the above two 

hypotheses. More geodetic observations, with long sequence and high spatial resolution, are needed 

in the future. Meanwhile, we know little about the creep mechanisms. Previous studies (e.g., Avouac, 

2015; Harris, 2017) have shown that frictional resistance of specific rock types, chemical reactions, 

dilation of dry rocks, elevated pore pressure, elevated temperatures, fault geometry, or combinations 

of these factors are responsible for fault creep. But those factors have been rarely studied along the 

Haiyuan fault system. 

4.6.4. Earthquake scenarios along the Haiyuan fault system 

In this section, we focus on the implication of present-day fault coupling for future earthquake 

scenarios along the Haiyuan fault system. We first calculate the seismic moment accumulated at the 

identified asperities. Figure 4.5d shows the fault coupling inferred from our block model and the 

microseismicity that occurred between 1965 and 2019, selected within 20 km on either side of the 

Haiyuan fault system. We note that most of the microseismicity occurs around the transition zone 

between locked and freely slipping regions, suggesting that the microseismicity is triggered by the 

higher slip rate gradient (e.g., Stevens and Avouac, 2015). However, we also observe high 

microseismicity activity on the Laohushan fault and the western Haiyuan fault that are highly locked 

patches. This implies that either the high coupling ratio is an overestimation or the coupling ratios 

of these segments are increasing to higher values. 

Assuming that present-day fault coupling is representative of the locking pattern of the fault 

system since the 1920 M~8 Haiyuan earthquake, we estimate the seismic moment accumulation 

rates of 2.36×1016 N∙m/a, 1.27×1016 N∙m/a, 9.14×1015 N∙m/a and 2.03×1016 N∙m/a along the 

Laoshushan, HYW, HYM, and HYE fault segments, respectively. If we consider that the 1092 large 

earthquake (M>8; Liu-Zeng et al., 2007), which might have ruptured the whole Haiyuan fault 

system, reset all the elastic strain on the Laohushan fault and assuming a Mw 6.0–6.5 for the 1514 

earthquake, we find a total cumulated seismic moments of 1.56×1019–2.08×1019 N∙m on the 

Laohushan fault.  This implies potential seismic hazard Mw 6.8–6.9 on the Laohushan fault. 

Similarly, if we consider that the 1920 M~8 Haiyuan earthquake released all elastic stain on the 

Haiyuan fault, we calculate the moment deficit of 1.25×1018 N∙m, 9.05×1017 N∙m and 2.0×1018 N∙m 

on the HYW, HYM and HYE, corresponding to earthquakes of Mw 6.0, Mw 5.9 and Mw 6.2 

respectively. The seismic potential might be overestimated, as the fault coupling changes over time. 

Despite this limitation, the current results emphasize a moderate seismic hazard on the eastern 

Haiyuan fault (the Haiyuan County is nearby) even just 100 years after the 1920 M~8 Haiyuan 

earthquake. 

As discussed above, shallow creep segments and/or pull-apart basins along the Haiyuan fault 

system are likely acting as barriers for earthquake rupture propagation. Consequently, the present-
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day fault coupling highlights potential segmentation or partial failure of future earthquakes on the 

Haiyuan fault system. Specifically, the Haiyuan fault could host earthquakes with magnitude Mw 

ranging from 5.9 to 6.3 depending on whether asperities break alone or as a single event. Actually, 

paleoseismology studies have reported moderate earthquakes (M~6–7) along the Haiyuan fault, and 

suggested that the Haiyuan fault did not always brake as one large multi-segment rupture event (e.g., 

Liu-Zeng et al., 2015). Should we assume the three asperities (HYW, HYM and HYE) are fully 

locked down to 15 km, they are capable of generating earthquakes with magnitudes about Mw 7.3–

7.7 every thousand years. The 1920 Haiyuan M~8 earthquake, which broke multiple segments, 

might be such a large but rare event that occurred on the fault. This raises more challenges for 

paleoseismology and geomorphology studies, especially in identifying and distinguishing the 

surface ruptures and offsets induced by moderate-small earthquakes; and in turn, bring more 

uncertainties in assessing earthquake hazard and determining earthquake recurrence (e.g., Liu-Zeng 

et al., 2007). 
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4.7. Conclusions 

We processed the GPS data (CMONOC+14 new GPS benchmarks) measured in 1999–2017 in 

northeastern Tibet. Complemented by the leveling measurements (1970–2012) and the LOS ground 

velocity map derived from six tracks of descending Envisat/ASAR (2003–2010), we obtained a 

dense interseismic velocity field in northeastern Tibet. Comparisons between GPS, InSAR and 

Leveling highlight either long-wavelength systematic errors or vertical deformation in InSAR and 

levelling data. As a best choice, we combined horizontal GPS with high-pass filtered InSAR data to 

obtain a continuous LOS rate map around the Haiyuan fault system. 

GPS and the combined LOS rate map show three creeping segments separating four locked 

asperities along the Haiyuan fault system. The previously identified Laohushan segment (~103.6°E–

103.9°E) creeps at a rate of ~2–5 mm/a and extends ~30 km long. Two additional creep segments 

(HYW and HYE) were identified, both ruptured in the M~8 1920 Haiyuan earthquake. The HYW 

(~104.2°E–104.3°E) creeps at a rate of 3–5 mm/a, limiting to 10 km along the fault strike. The HYE 

(~105.3°E–105.7°E) creeps at 2–4 mm/a and extends 43 km long laterally. Up to 3 m and 3–10 m 

surface rupture along the HYW and HYE creep segments respectively suggest that the creeps either 

be the long-lasting afterslip of the M~8 1920 Haiyuan earthquake, or persistent creep. The former 

case implies heterogeneous relocking on the Haiyuan fault. The latter case suggests that large 

rupture can cross previously existing creeping segments. 

In calculating the seismic moment deficit along the Haiyuan fault system, we show that the 

Laohushan fault is capable of an Mw 6.8–6.9 earthquake even though its easternmost is creeping. 

The Haiyuan fault could generate an Mw 5.9–6.3 earthquake depending on whether asperities break 

as isolated seismic events or cooperate to produce a larger rupture. Present-day fault coupling along 

the Haiyuan fault system highlights segmentation or partial failure of the fault during earthquakes. 
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Chapter 5∙ Heterogeneous interseismic 

coupling along the Xianshuihe-Xiaojiang 

fault system, eastern Tibet 

 

 

 

This chapter focuses on the interseismic fault deformation along one major fault system 

in the eastern Tibetan Plateau, the Xianshuihe-Anninghe-Zemuhe-Xiaojiang (XAZX) 

fault system. I use multi-temporal GPS and InSAR to map the interseismic faulting 

behavior along this fault system. I start with introductions of the GPS and InSAR data, 

then I present the modeling method and results. In the discussion part, I address the 

seismogenic coupling and moment budget along the fault system, and the implcaitons 

in terms of seismic hazards and earthquake cycle. Finally, I present arguments on the 

shallow creep charectors along the Xianshuihe fault. 

The work in this chapter has been submitted to Earth and Planetary Science 

Letters. 
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5.1. Abstract 

The ~1400 km-long Xianshuihe-Xiaojiang fault system (XXFS) is one of the large strike-slip faults 

that cuts the eastern Tibet and further extends in the highly populated Sichuan and Yunnan provinces 

in southern China. Available historical records attest that the fault has regularly hosted M > 7.5 

earthquakes during the last six centuries, making this fault one of the most seismically active in 

China and one of the potentially most damaging one. Here, we use Global Positioning System (GPS) 

velocity solutions and Interferometric Synthetic Aperture Radar (InSAR) results to quantify the 

interseismic coupling along the XXFS and its change through time. An elastic block model confirms 

predominantly left-lateral strike slip motion with slip rates of 7–11 mm/a along the XXFS. South of 

~29.5°N, high interseismic coupling is found down to 20 km-depth along the 240 km-long 

Anninghe-Zemuhe fault. A second 130 km-long segment, highly coupled down to 10–15 km-depth, 

is identified along the northern Xiaojiang fault. North of 30.2°N, the Xianshuihe fault appears to be 

predominantly creeping. However, the previously observed shallow creep observed during 4 

decades after the 1973 M 7.6 Luhuo earthquake has ended (Allen et al., 1991, Zhang et al., 2018a), 

possibly marking the initial state of one new earthquake cycle and progressive relocking of the fault. 

Farther south along the Xianshuihe fault, we identify a ~30 km-long creep section (latitude 

~30.2°N–30.4°N) overlapping the Kangding-Bamei segment, whose creep rates show a transient 

behavior with a creep rate of 7.4±2.4 mm/a during the 1999–2007 period, 9.0±2.0 mm/a for the 

1999–2014 and 7.3±1.5 mm/a in 2015–2018. Position time series from four GPS sites confirm an 

increase in creep rate during the 2008–2014 period that we tentatively attribute to the Coulomb 

stress failure increment induced by the 2008 Mw 7.9 Wenchuan earthquake that ruptured 200 km 

north of it. The 2014 Mw 5.9 Kangding earthquake occurred along the creeping segment at the end 

of the period of accelerated creep. Finally, the moment released by historical earthquakes and the 

moment accumulation derived from interseismic fault coupling model were quantitatively compared 

to obtain moment balance on the fault plane. The moment balance highlights that along the 

Anninghe, Zemuhe and Xiaojiang faults, moment deficits for M>7 earthquakes has now 

accumulated. 
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5.2. Introduction 

The left-lateral strike-slip Xianshuihe fault is one of the large strike-slip faults cutting through the 

eastern Tibetan Plateau and contributing to the eastward motion of Tibet (e.g., Tapponnier and 

Molnar, 1977; Allen et al., 1991; Tapponnier et al., 2001). The Xianshuihe fault extends over several 

hundreds of kilometers farther east outside the Tibetan Plateau along the Anninghe, Zemuhe and 

Xiaojiang segments in the Sichuan and Yunnan provinces, where the fault finally merges with the 

Red River fault (Figure 5.1). The 1400 km-long Xianshuihe-Xiaojiang fault system (XXFS) has 

been one of the most seismically active faults in mainland China. The fault benefits from a detailed 

history of past earthquakes for the last three centuries (e.g., Larson et al., 1999; Deng et al., 2014; 

Wen et al., 2008a). During that period, macro-seismic intensities based on historical records indicate 

more than 35 earthquakes with magnitude estimated to be larger than 6. Additional historical records 

dating back to the XIVth century indicate that each of the four main segments have hosted at least 

one large M > 7.5 earthquake and the largest event occurred in 1833 along the Xiaojiang fault in 

Yunnan with a proposed magnitude of 8.0. According to the earthquake history summarized by Wen 

et al. (2008a), the Xianshuihe segment in the eastern Tibetan Plateau hosted regular large events 

with M > 7.5 earthquakes in 1327, 1786, 1816, 1955 and 1973 (Figure 5.1). 

 

Figure 5.1. Regional tectonic map of the eastern Tibetan Plateau. Bold black lines correspond to the 

Xiaoshuihe-Anninghe-Zemuhe-Xiaojiang fault system (XXFS). Thin black lines indicate active faults 

(Deng et al., 2003). Gray focal mechanism solutions (Mw > 6, 1976–2015) come from the Global 
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Centroid Moment Tensor (GCMT). Thin white circles represent earthquakes (Mw > 5, 1960–2015) from 

the United States Geological Survey (USGS). Red stars mark the epicenters of historical earthquakes 

(M > 6; Wen et al., 2008a). Triangles show the locations and populations of cities (cyan: < 0.5 million; 

blue: > 0.5 million). Blue rectangle shows the InSAR coverage. Cyan ellipse indicates creeping segments 

proposed by Allen et al. (1991) and Zhang et al. (2018a). LMSF denotes the Longmenshan fault. The 

inset map shows the study area. 

Since the 1973 M 7.6 Luhuo earthquake, the XXFS has been relatively silent with only two 

earthquakes with moment magnitude of 6.5 (1981) and 5.9 (2014) that occurred along the 

northwestern segments. Several studies assessed the short-term seismic potential along XXFS. Ran 

et al. (2008) and Wen et al. (2008a) show that for the Xianshuihe fault, from the Kangding County 

to Bamei town (hereafter refer to the Kangding-Bamei segment) and for the Anninghe fault, the 

time elapsed since the last large earthquake is close to the average earthquake recurrence time 

derived from paleoseismology studies. Interseismic fault coupling inversion of GPS velocity 

solution for the 1999–2013 period also find that the Kangding-Bamei segment and the Anninghe 

fault are very close to the time of rupture for a characteristic earthquakes (Jiang et al., 2015). Since 

the region crossed by the XXFS hosts a dense population of more than 50 million, assessing the 

seismic potential of the XXFS is a major issue in a rapidly developing area in China. 

The Xianshuihe fault further allowed to study the fault behavior following the large M 7.6 

Luhuo earthquake. From an analysis of short-baseline (~130 m) geodetic resurvey data (1976–1984), 

Allen et al. (1991) found up to ~6 mm/a of surface creep at Xialatuo site (longitude 100.75°E and 

latitude 31.28°N; Figure 5.1) along the Luhuo earthquake surface rupture. Recently, Zhang et al. 

(2018a) reprocessed the short-baseline and short-leveling arrays data (1976–2014) at seven sites 

along the Xianshuihe fault between latitudes ~30.5°N and 31.6°N, and reported an average creep 

rates of 1.3–3.5 mm/a during the observation span, decaying through time at a logarithmic rate. 

However, Wang et al. (2009) interpreted the fault segment between ~31°N and 31.8°N along the 

Xianshuihe fault be locked to a depth of 3–6 km by processing the ERS-1/2 and Envisat SAR data 

for the 1996–2008 period. These different results may reflect a progressive relocking of the segment 

ruptured during the Luhuo earthquake. 

In this study, we first derive GPS velocity solutions for eastern Tibet, spanning three different 

periods 1999–2007, 1999–2014 and 2015–2018, whose density is almost twice that of previous 

studies (e.g., Jiang et al., 2015; Zhao et al., 2015; Zheng et al., 2017). Then, using elastic block 

modeling (McCaffrey et al., 2007), we estimate the spatial distribution of interseismic fault coupling 

(ISC) along the XXFS. Using the available earthquake history, we derive balances of moment 

accumulation vs release and discuss the implications in terms of seismic potential. We also identify 

a ~30 km-long creeping segment on the Xianshuihe fault, which does not overlap and is located 

south of the creep area described in Allen et al. (1991) and Zhang et al. (2018a). We investigate the 

temporal variations in creep rate and its implication for the fault behavior. 
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5.3. Data and model 

5.3.1. GPS data processing 

We use three different GPS velocity solutions spanning the 1999–2007, 1999–2014 and 2015–2018 

respectively to investigate the potential time variations of coupling and slip rate along the XXFS: 

(1) The 1999–2007 GPS velocity solution, which is used in section 4.2 and 4.3 for cross-fault 

velocity profiles, is derived from Zhang et al. (2013). This solution represents interseismic velocities 

for eastern Tibet before the 2008 Mw 7.9 Wenchuan earthquake. 

(2) The 1999–2014 GPS velocity solution, used as constraints for block model in section 3, 

consists of two parts: (a) The Crustal Movement Observation Network of China and the Tectonic 

(CMONOC I/II) GPS data were acquired between 1999 and 2014, including a total of 300 sites in 

the study area (244 campaign and 56 continuous stations); these data were processed by Wang et al. 

(2017) (see Wang et al., 2017 for details; Text C.1). (b) The Sichuan GNSS/GPS Network of the 

Sichuan Earthquake Bureau and the Sichuan Surveying and Mapping Bureau, including 177 new 

sites that were occupied between 2004 and 2014. These GPS observations were processed by Rui 

and Stamps (2016) (see Rui and Stamps, 2016 for details; Text C.1). The two GPS velocity solutions 

were originally referenced to different frames. We combine them into a single consistent solution 

by solving for an Euler vector, which minimize the velocity residuals between common sites. We 

chose the Wang et al. (2017) solution as the master solution and rotated the Rui and Stamps (2016) 

solution onto it. We selected a total of 197 common sites and the Root Mean Square (RMS) of the 

velocity residuals was 0.86 mm/a. We averaged the velocities for the co-located sites; the final GPS 

site velocities under the South China reference frame are shown in Figure 5.2. 

(3) The 2015–2018 GPS velocity solution, which is also used in section 4.2 and 4.3 for cross-

fault velocity profiles, was derived from our own processing of CMONOC GPS data in the study 

area. Following the GPS data processing strategies of Li et al. (2018), we obtained the geodetic 

velocity field in eastern Tibet and China in a Eurasia-fixed reference frame (Altamimi et al., 2011). 

In August 8, 2017, a Mw 6.5 earthquake struck the Jiuzhaigou County (epicenter 103.861°E, 

33.198°N), about 350 km away from XXFS. During our data processing, we corrected the coseismic 

offsets for GPS stations located within 150 km from the epicenter. Considering that the magnitude 

of the earthquake is relatively small and that there were no continuous GPS stations near the 

epicenter (within 50 km), we ignored the postseismic transients in our GPS velocity solution. 
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Figure 5.2. Global Positioning System (GPS) velocity fields (1998–2014) with respect to the South 

China block. Error ellipses show 68% confidence levels. Arrows in blue represent the velocity solution 

from Wang et al. (2017); arrows in black represent the velocity solution from Rui and Stamps (2016). 

Gray lines correspond to active faults. 

5.3.2. GPS data modeling 

We evaluate time variations of slip rate at specific locations along the fault using two-dimensional 

buried dislocation models. The 2-D elastic dislocation model (Weertman and Weertman, 1964; 

Segall, 2010) fits the fault parallel velocities (Vpar) and solve for a slip rate (S), a locking depth (d1), 

a creep rate (c) from the surface to depth (d2): 

𝑉𝑝𝑎𝑟(𝑥) =
𝑆

𝜋
𝑡𝑎𝑛−1 [

𝑥

𝑑1
] +

𝐶

𝜋
𝑡𝑎𝑛−1 [

𝑑2

𝑥
] + 𝑎        (1) 

where a is a constant and x is the distance from the fault. We use a Bayesian approach to derive 

posterior probability density functions (PDF) of the model parameters (e.g. Minson et al., 2013; 

Nocquet, 2018), p(m|d) is defined as: 𝑝(𝒎|𝒅)~𝑝(𝒎)𝑒𝑥𝑝[(𝒅 − 𝒑)𝑇𝐶−1(𝒅 − 𝒑)], where d and p 

are vectors containing the observations and model predictions, C−1 is the inverse of the data 

covariance matrix, and p(m) is the prior PDF of the model parameters. We used uniform prior 

distributions and took the covariance matrix as a diagonal matrix using the GPS data uncertainties. 

Results presented below were derived from a total of 50,000 sampling from a Markov chain 
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implemented in the PyMC Python package (Patil et al., 2010). 

We also use the elastic block modelling implemented in DEFNODE package (McCaffrey et al., 

2007) to obtain a regional kinematic model. We simultaneously solve for block rotations rate, strain 

rate within blocks, and the spatial distribution interseismic coupling (ISC) along block-bounding 

faults. We show the detailed modeling strategies in Figure C.1 and Text C.2. 

We assess the spatial resolution of our ISC model by performing checkerboard tests with 

increasing size of individual elements from 20 to 70 km (Figure C.2). The results show that lateral 

variations of 20 km are recovered all along the fault above a depth of ~10 km, whereas poorer 

resolution is found below a depth of ~10 km. However, compared with previous studies (Jiang et 

al., 2015), our denser GPS network provides better spatial resolution. 

5.3.3. InSAR data and processing 

We compile interseismic InSAR LOS (Line of Sight) rate (data span: 13 December 2014 to 26 

November 2016; Figure 5.3a) from Zhang et al. (2018b) covering the Xianshuihe fault between 

~30.5°N and 31.6°N. We adopt the remove-filter-restore approach proposed by Wei et al. (2010) to 

integrate GPS (1999–2014) and InSAR. Then using the integration (Figure 5.3b) to calculate the 

‘surface creep rates’ along the Xianshuihe fault. The detailed strategies are present in Text C.3. 

 

Figure 5.3. (a) InSAR LOS rate map across the Xianshuihe fault from Zhang et al. (2018b). (b) High-

pass filtered InSAR LOS rate map across the Xianshuihe fault. Black rectangles show the locations of 

velocity profile across the Xialatuo site, with Line of Sight (LOS) velocities below. Red lines are linear 
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fitting. (c) Along fault variations of creep rates for the Xianshuihe fault. The blue error bars represent 1σ 

uncertainties. 
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5.4. Interseismic coupling results 

We obtained the angular velocities, internal strain parameters of each block, and ISC along the block 

bounding faults in our best fitting model (𝜒𝑛
2= 2.7; GPS velocity residuals are shown in Figure C.1). 

The angular velocities were used to calculate the slip rate along the XXFS (Figure 5.4). The XXFS 

is dominated by left-lateral strike-slip motion with the fastest rates of 10–11 mm/a found along the 

northwesternmost segment of the Xianshuihe fault, progressively decreasing to 7 mm/an along the 

Anninghe, Zemuhe and Xiaojiang faults. These estimates are consistent with both geological (~9–

10 mm/a; e.g., Yan and Lin, 2017; Bai et al., 2018) and previous geodetic (~7–13 mm/a; e.g., Shen 

et al., 2005; Loveless and Meade, 2011; Wang et al., 2017) results. Our ISC model highlights two 

opposite behaviors. From latitude 32°N to latitude 30°N, the Xianshuihe fault appears to be 

predominantly creeping, while the Anninghe, Zemuhe and Xiaojiang faults show significant 

coupling. In the detail, high coupling occurs along three locked regions hereafter referred as A1, A2, 

and A3 (A is an abbreviation for Asperity), separated by narrow segments of shallower (~5 km depth) 

or weaker coupling (Figure 5.4). Asperity A1 located along the southernmost part of the Xiaojiang 

fault appears to be locked down to ~20 km depth. However, since this location corresponds to the 

edge of the model, we cannot rule out the possibility of boundary effects and will not interpret this 

pattern in the following discussion. Asperity A2 along the Xiaojiang fault is confined to ~10 km 

depth but spans ~130 km along strike. The largest asperity A3 is found to be locked down to ~20 

km and extends laterally over ~240 km-along the Anninghe and Zemuhe faults. According to our 

checkerboard tests (Figure C.2), A2 and A3 are robust features, each extends hundreds of kilometers. 

 

Figure 4. Fault slip and interseismic fault coupling (ISC) along the Xianshuihe-Anninghe-Zemuhe-

Xiaojiang fault system (XXFS). (Upper panel) Estimated total magnitude of fault slip rate along the 

XXFS is shown with color, with black arrows indicates direction. Red stars denote locations of historical 

earthquakes. The approximate location of the surface ruptures come from Wen et al. (2008a). (Middle 
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panel) ISC distribution on the XXFS plane. Blue dots indicate epicenters of microseismicity (1970–2015), 

for which data come from the China Earthquake Data Center (http://data.earthquake.cn). Thick black 

dotted lines outline the asperities, which are named as A1, A2 and A3 respectively. (Lower panel) 

Enlarged view of the ISC distribution on the Xianshuihe fault. The red star represents the epicenter of 

the 2014 Mw 5.9 Kangding earthquake, and the black circle outlines the coseismic slip contour (Jiang et 

al., 2015). 

Additional remarkable features of the fault coupling are the shallow locking depth found along 

several segments (hereafter refer to S1, S2, S3 and S4; S is an abbreviation for Segment; Figure 5.4). 

S1 is located along the northwestern segment of the Xianshuihe fault between latitude 30.4°N to 

32°N, with a very shallow locking depth of 2–3 km. It overlaps the segment experiencing surface 

creep found by Allen et al. (1991) and Zhang et al. (2018a). Adjacent to S1, the S2 segments extends 

~30 km along the Xianshuihe fault between latitude 30.2°N to 30.4°N and overlaps the Kangding-

Bamei segment. ISCs along S2 are estimated to be smaller than 20%, possibly reflecting creep 

reaching the surface. From our block model, the surface creep rate is estimated to be ~7.5 mm/a, 

comparable with the estimated long-term slip rate (7.9±1.6 mm/a). S3 and S4 are short segments 

separating the locked asperities A1–A2 and A2–A3 respectively, with fault locking depths in the 

range of ~2–5 km. 

We show the block internal strain rates and GPS residuals in Figure C.1; block rotation and 

strain rate parameters are provided as Supplementary Material. The principal strain rates are 7.4/0.04, 

3.3/8.0, 1.0/3.9, 2.4/10.1 (compressive/tensile in nanostrain per year) for the South Yunnan block, 

the North Yunnan block, the Longmenshan block, and the Bayanha block respectively. These strain 

rate values highlight submillimeter per year internal deformation at the scale of the blocks in eastern 

Tibet. GPS velocity residuals follow a Gaussian distribution, are spatially randomly distributed 

without systematic misfits and are within their uncertainties. This indicates that no significant signal 

has been left out by the model and show a reasonable consistency between observations and model. 
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5.5. Discussion 

Our results show highly heterogeneous fault locking along the XXFS. The difference of present-day 

slip mode might reflect different friction properties or show a behavior at different stages of an 

earthquake cycle. Given the relatively complete historical earthquake records for the past centuries 

and the fact that the time elapsed since the last large earthquake is different from one segment to 

another, the present ISC result provides an opportunity to explore the fault behavior at different 

stages of the earthquake cycle. In the following sections, we use the ISC results to quantitatively 

calculate moment budget along the different segments and infer areas with a higher probability of 

future seismic ruptures. Finally, we discuss the shallow creep detected along the Xianshuihe fault 

in the context of the earthquake sequence, and evaluate its decadal and more recent temporal 

variations. 

5.5.1. Fault behavior and moment budget along the XXFS 

5.5.1.1. Overall characteristics 

We first evaluate the overall reliability of our fault coupling, its consistency or differences with the 

results of previous studies. Our block model results highlight four fault segments (S1, S2, S3 and 

S4) with shallow fault locking depth and two highly locked potentially seismogenic asperities (A2 

and A3) along the XXFS (Figure 5.4). Although consistent with previous results at the first order 

(Jiang et al., 2015; Zhao et al., 2015), our model has a better spatial resolution and identifies a newly 

creeping segment (latitude 30.2°N–30.4°N; S2) along the Xianshuihe fault. As an external 

verification, Figure 5.4 shows the fault coupling together with the background seismicity. 

Earthquakes from the China Earthquake Data Center catalogue were selected from within 15 km 

width on either side of the XXFS from January 1970 to November 2014. Despite the uncertainty of 

location especially for their depths, most of these minor earthquakes appear to occur around the 

transition zone between locked and slipping segments. This observation is consistent with the view 

that slip gradient induce larger shear stress rate than locked or slipping area. The correspondence of 

seismicity and the edge of the locked zones has been observed on the main Himalayan thrust for 

instance (Stevens and Avouac, 2015). 

In the next section, we take the opportunity of the available earthquake history to quantitatively 

assess the seismic moment budget on main segments, that we then use to quantify the seismic 

potential. Our calculation, to some extent, relies on the completeness and reliability of the historical 

earthquake catalogue. Despite some inherent limitations, the long history of written records in the 

relatively densely populated Sichuan and Yunnan regions makes it among the best fault to attempt 

to calculate a seismic moment budget over time. It’s unlikely that large earthquakes (M > 7) would 

have been missed. As a check, we calculate the frequency-magnitude plot of earthquakes for the 
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whole XXFS. We find a Gutenberg-Richter (Gutenberg and Richter, 1944) distribution of 

earthquakes with a b-value of 1.01 for earthquakes with magnitude larger than 6.5 (Figure 5.5), 

suggesting that the earthquake catalogue is complete above this magnitude. Below M 6.5, Figure 

5.5 indicate that the frequency of moderate-size earthquakes is underestimated. Owing to their small 

magnitudes and limited moment release, they do not affect significantly the moment budget. 

 

Figure 5.5. Gutenberg-Richter law showing the relation between the frequency and magnitude for 

earthquakes in 1937–2015 along the XXFS. Blue line represent the linear fitting for earthquakes with 

magnitudes larger than 6.5. 

5.5.1.2. Northern Xianshuihe fault 

The ISC result shows significant lateral variations along the Xianshuihe fault (Figure 5.4). Guided 

by the historical earthquakes (Figure 5.6), we divide the Xianshuihe fault into 2 sub-segments Sa1 

& Sa2. Sa1 is located north of the Bamei town and encompasses lowly-locked segment S1 (Figure 

5.4). Sa2 from Bamei town to Shimian County, encompasses the creeping segment S2 and part of 

Asperity A3 (Figure 5.4). 

Along segment Sa1, at least 12 earthquakes with magnitudes larger than 6 occurred during the 

past 300 years (Figure 5.6). The present-day fault locking depth of 2–3 km indicates that the fault 

is predominantly creeping at depth and is at odd with the earthquake history. Segment Sa1 has been 

last ruptured in 1893 (M 7) for the southern part, 1923 (M 7.3) and 1981 (Mw 6.9) for the central 

part and in 1967 (M 6.8) and 1973 (M 7.6) for the northern part. For the latter segment, shallow 

creep has been observed from short baseline geodetic measurements since 1976 (Allen et al., 1991, 

Zhang et al., 2018a). Figure 5.7 summarizes these measurements. Its shows that surface creep 

following the 1973 M 7.6 Luhuo earthquake lasted more than 4 decades after the earthquake, with 

a logarithmic decay of creep rate through time, indicating a progressive relocking of the fault at 

shallow depth. Maximum creep is observed along the southern part of the 1973 earthquake rupture 

and to a lesser extent in the northern part, whereas the central part had much little motion if any. 

Surface creep was also documented south of the 1973 rupture segment after the 1981 M 6.9 

earthquake. Along the 1893 earthquake rupture trace, short-baseline measurements do not show 

significant surface creep. However, our ISC model finds a still weak coupling with an average 

coupling coefficient of ~20–40% in that area (Figure 5.4, 5.6e). 
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To go one step further, we compare the rate of moment accumulation predicted by our model 

to the moment released in large earthquakes. Taking a length of 205 km and an elastic shear modulus 

of 30 GPa, our model indicates an accumulation rate of moment deficit rate at 4.68×1017 N∙m/a. The 

amount of moment released by earthquakes since 1700 is 7.26×1020 N∙m, corresponding to ~1500 

years of moment accumulated at the present-day rate with no earthquakes. There is clearly a 

discrepancy here, which originates from either an abnormally high frequency of earthquakes during 

the last three centuries or a too weak amount of present-day accumulation moment rate that would 

then not be representative of the longer term average fault coupling. As a point of comparison, if we 

assume the 205 km-long fault to be entirely locked down to 15–20 km depth, a moment 

accumulation rate of 9.23–12.3×1017 N∙m/a (10 mm/a*15–20 km*205 km*30 GPa) leads to a 

moment deficit of 6.03–8.04×1020 N∙m over the 1327–1981 period, a value fully consistent with the 

moment released by earthquakes over the same period. 

Together with the transient creep from short baseline geodesy, this calculation supports the 

view that at the scale of several centuries, the northern Xianshuihe fault is locked and that the current 

behavior represent a transient behavior, progressively moving towards a relocking of the fault and 

initiating a new super cycle. 

This interpretation raises several questions. First, afterslip here appears to be long lasting 

compared to previous results, which indicate decay-time of a few years. Here, accelerated surface 

creep lasted several decades after the 1973 and 1981 earthquakes and our ISC model indicate that 

aseismic slip still prevails at depth even for the segment ruptured in 1893. The Xianshuihe case of 

long-lasting afterslip might not be so uncommon however. For instance, the afterslip following the 

2004 Mw 6.0 Parkfield strike-slip earthquake lasted ~6–12 years (e.g., Lienkaemper and McFarland, 

2017). The 1944 (Mw 7.2) and 1951 (Mw 6.9) strike-slip earthquakes along the North Anatolian 

Fault generated afterslip continuing during at least 20 years, probably up to 50–70 year, on the 

Ismetpasa segment, where is still creeping nowadays (e.g., Cakir et al., 2005; Ozener et al., 2013; 

Cetin et al., 2014; Bilham et al., 2016). Second, although the lack of coseismic slip models for 

previous earthquakes and the resolution of our model both prevent to document the spatial 

relationship between rupture and long lasting afterslip, our result still indicates that on average from 

20 km depth to the surface, the fault should be slipping. This certainly encompasses areas that were 

locked before the earthquake and seismically ruptured. So, the observation here suggests that 

progressive slow relocking is taking place and ruptured area did not relocked immediately after the 

seismic rupture. Lasting several decades, this slow process of progressive relocking is not short with 

respect to the average recurrence time between successive earthquakes. 
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Figure 6. (a–d) Maps for four historical periods of relative severely damaged areas of 36 M > 6 

earthquakes along the XXFS (modified from Wen et al. 2008a). Gray ellipses relative severely damaged 

areas of earthquakes with date and magnitude indicated. The red, blue, yellow and green lines correspond 

to the Xianshuihe fault, the Zemuhe fault, the Anninghe fault and the Xiaojiang fault respectively. (e) 

Red line corresponds to the vertical averaged coupling coefficients above 20 km depth. Grey histograms 

represent cumulative seismic moments every 0.2° bin. (f) Cumulative moment deficit corrected from 

large earthquakes moment released since 1563. 

5.5.1.3. Southern Xianshuihe fault 

Along the segment Sa2, our ISC result shows two opposite behaviors, with almost full decoupling 

(locking coefficient of < 20%) along the Bamei-Kangding segment (i.e., S2 in Figure 5.4), and a 

transition towards full coupling down to ~10–20 km depth along the Kangding-Shimian segment 

(Figure 5.4, 5.6e). Our results show discrepancies with previous results from Jiang et al. (2015), 

who reported 60–100% locking along the Bamei-Kangding segment and a shallow fault locking 

depth of 0–10 km along the Kangding-Shimian segment. The discrepancies attribute to different 
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models and model resolutions along this segment (Sa2). Our checkerboard tests indicate a fairly 

good resolution along this segment (Figure C.2). 

 

Figure 5.7. (a) Surface creep rate from short baseline measurements as a function of time along the 

rupture area of the 1973 Mw 7.6 Luhuo earthquake. Dot color show the measurements at different sites, 

whose location and color code are shown in the inset. Vertical dotted lines represent the date of 

earthquakes. Vertical error bars show 3-σ uncertainty, while horizontal error bar show the period used to 

estimate the surface creep rate. (b) Error bars show the average surface creep rate during the whole 

observation period. Dotted line indicates the overall shape of the creep distribution along the fault. 

Background color corresponds to the average surface offset of each earthquake (Papadimitriou et al., 

2004). 

We show in section 4.2 additional results for the Bamei-Kanding segment showing that this 

segment is also experiencing surface creep. South of it, the Kangding-Shimian segment hosted an 

M 7.7 earthquake in 1955. Unlike the Sa1 segment, this segment appears to be now in a state of full 

coupling. In addition to the 1955 M 7.7 earthquake, this segment experienced large earthquakes in 

1327 (M 7.5) and in 1786 (M 7.7; Figure 5.6). Such magnitudes are consistent with a full rupture of 

its 165 km length, according to the earthquake scaling relationships (Wells and Coppersmith, 1994). 

This allows to test whether the moment released in earthquakes over 7 centuries is consistent with 

the present day geodetically derived model. Our model provides an accumulation rate of moment 

deficit rate at 1.87×1017 N∙m/a, equivalent to a total moment of 1.17×1020 N∙m between 1327 and 

1955. This amount is less than 15% of the released moment through earthquakes (8.41×1020 N∙m) 

during the same period. Now considering that this fault segment is 100% coupled down to 15–20 
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km, the accumulation rate of moment deficit is 5.57–7.43×1017 N∙m/a, resulting in a moment of 

3.50–4.66×1020 N∙m for the 1327–1955 period. Such values are 70–90% of the moment release in 

earthquakes and can be considered as being consistent to a first order, given the uncertainty for 

magnitudes of historical earthquakes. 

This result suggests that the present-day rate of moment deficit accumulation is also somehow 

transient along this segment. More specifically, the newly creeping section identified here along the 

Bamei-Kanding segment is probably also a transient feature and we show in section 4.2 that it also 

undergoes slip rate variation at the time scale of a few years. Combining the results for both Sa1 & 

Sa2 segment, the Xianshuihe fault appears to be in a transient state following a rich sequence of 

earthquakes for the last three centuries, and then initiating a new cycle of progressive increasing 

locking. Overall, given the past sequence of earthquakes and the still low rate of moment deficit 

accumulation, the seismic potential appears weaker than for the other segments of the XXFS. For 

the most locked area, if we assume the 1955 M 7.7 to have reset all the previously accumulated 

elastic strain along the segment, the current moment available for an earthquake is Mw 6.7. 

5.5.1.3. Anninghe-Zemuhe fault 

The Anninghe-Zemuhe fault involves the main coupled part of the XXFS system (asperity A3), 

where full locking down to depth ~20 km-depth along a 240 km-long segment is obtained from our 

block model (Figure 5.4, 5.6e). The history of earthquakes shows that the northern segment from 

Shimian to Xichang towns did not experienced any large earthquake for more than 4 centuries (last 

M > 7 earthquake occurred in 1563), while the southern segment last ruptured on 1732. A roughly 

slip deficit of 2–4 m is thus expected along the Anninghe-Zemuhe fault, corresponding to high 

potential of earthquake hazard, that is consistent with the seismic gap proposed by Wen et al. 

(2008b). 

The northern segment (Sb1) has a length 150-km able to host a magnitude 7.6 earthquake 

according scaling laws (Wells and Coppersmith, 1994). For our moment balance, we therefore 

assume the 1563 M 7.5 earthquake reset all the accumulated moment for this segment. Under this 

assumption, we find a geodetic total moment deficit of 1.85×1020 N∙m for the 1563–2050 period at 

an accumulation rate of 4.06×1017 N∙m/a from our block model. This amount is equivalent to an 

Mw 7.5 earthquake if released in a single event (Figure 5.6f). 

Along the southern segment Sb2, with reference to the scaling relationship between earthquake 

magnitude and rupture length (Wells and Coppersmith, 1994), the 130 km-long segment could host 

an Mw 7.5 earthquake. We consider that the 1850 M 7.5 earthquake as our starting date for the 

moment balance assessment. Our model predicts a moment deficit accumulation rate of 3.54×1017 

N∙m/a. By 2050, this amount leads to a moment of 7.08×1019 N∙m (Mw 7.2) available for an 

earthquake (Figure 5.6f). 
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In overall, the Anninghe-Zemuhe shows a much larger seismic potential than the Xianshuihe 

fault. 

5.5.1.4. Xiaojiang fault 

The southern part of the XXFS fault shows along strike varying ISC with a highly ~180 km-long 

locked segment (A2 in Figure 5.4) terminating at both ends by relatively narrow shallowly locked 

segments (S3 and S4 in Figure 5.4). High locking close to the southern tip of the XXFS is also 

imaged but with a lower resolution due to possible side effects at the merging of the Xiaojiang fault 

with the Red River fault (A1 in Figure 5.4). 

From the past history of earthquakes dating back to the XVIth century, we do not observe a 

clear segmentation of earthquakes with the one suggested by our ISC models. Indeed, segments S3 

and S4 were at least partially ruptured in the 1733 M 7.5 and 1833 M 8 earthquakes respectively. 

Given the time elapsed since these earthquakes, shallow locking here probably reflects long term 

frictional variations along the Xiaojiang fault rather than transient creep following large earthquakes. 

Here, for the moment budget calculation, we assume that the 1833 M 8 earthquake released all 

elastic strain along the Xiaojiang fault. At the estimated moment deficit rate from our GPS model, 

we find an equivalent single event with moment magnitude of 7.4 period to be required in 2050 to 

balance the accumulated moment since 1833 (Figure 5.6f). 

5.5.1.5. Seismic potential along XXFS 

Earthquake rupture length-magnitude scaling relationships (Wells and Coppersmith, 1994) indicate 

maximum magnitude will be Mw 8.1, Mw 7.6 and Mw 7.5 along the Xiaojiang fault (Sc), the 

Anninghe fault (Sb1) and the Zemuhe fault (Sb2), respectively. Comparing with the accumulated 

moment (Figure 5.6f), the above calculation indicates that the Anninghe and Zemuhe faults are quite 

mature and possess a higher seismic potential. Our results agree with previous studies (e.g., Ran et 

al., 2008; Wen et al., 2008a; Jiang et al., 2015). Besides, we also find that the Xiaojiang fault has a 

relatively high seismic potential with an accumulated moment deficit allowing for an M > 7 

earthquake to happen. 

In the northern part, the Kangding-Bamei segment between latitude ~30.0°N–30.5°N, has been 

interpreted to be very close to rupture from both paleoseismological investigations (e.g., Ran et al., 

2008; Wen et al., 2008a) and geodetic inversions (e.g., Jiang et al., 2015). However, our block model 

results indicate that this segment has very shallow fault locking depths (0–5 km), and includes a 

creeping segment (S2; Figure 5.4) between latitude ~30.2°N–30.4°N. This suggests that large 

earthquakes are unlikely along this part of the fault system. 

5.5.2. Shallow creep along the Xianshuihe fault 
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Moment budget along the Xianshuihe fault suggest that the shallow creep documented along several 

segments of the fault is transient at the scale of the earthquake cycle. Here, we focus on shorter time 

scale variation of the creep. Recently, Zhang et al. (2018a) collected and processed the short-

baseline and short-leveling data (1976–2014) measured at seven sites along the Xianshuihe fault 

(Figure 5.7). They proposed that spatio-temporal variations in surface creep rates occur between 

latitudes ~30.5°N and 31.6°N. In Figure 5.8a, we summarize existing estimates of the creep rate at 

Xialatuo site as a function of time together with our estimates from our GPS study and InSAR 

analysis. The rate of creep appears to have exponentially decay with time since the 1973 M 7.6 

Luhuo earthquake from ~8 mm/a to ~2 mm/a or less. Extrapolated to the date of the earthquake, the 

surface creep rate is 12 mm/a, barely exceeding the loading rate due to the relative velocity of the 

two blocks separated by the Xianshuihe fault. This result is surprising since afterslip induced by co-

seismic stress increment appear to be at least several times the relative block velocity. 

Modern geodesy observations, to some extent, show discrepancies with repeated short-baseline 

measurements results for the latest period (Zhang et al., 2008a). For instance, Wang et al. (2009) 

reported that the fault segment between ~31.0°N and 31.8°N along the Xianshuihe fault be locked 

to a depth of 3–6 km by processing SAR data acquired in 1996–2008. Our block model results also 

show a shallow yet apparent fault locking depth (2–3 km) along this fault segment (Figure 5.4). To 

provide another independent reference for the existence of creep segment as well as the creep rate, 

we fitted a simple 2-D elastic dislocation model to the fault parallel GPS velocities across the 

Xialatuo site (Figure 5.8b–d; fault normal GPS velocities are shown in Figure C.3). The curve fitting 

results in a creep rate of 1.5±1.2 mm/a for the 1999–2007 period, 0.5±2.8 mm/a for the 1999–2014 

and 0.2±0.4 mm/a for the 2015–2018 period. These results suggest that creep rates at Xialatuo sites 

ended during the 2010–2018 period. To further investigate if there is any creep signal along the 

Xianshuihe fault segments between ~30.5°N and ~31.6°N, we adopted the InSAR data (2014–2016; 

Figure 5.3b) across the fault and calculated the ‘creep rates’ on the fault. The result (Figure 5.3c, 

5.8a) also shows no apparent creeping signal. Space geodetic creep results (0–1.5 mm/a) are smaller 

than obtained by ground short-baseline measurements results (2–3 mm/a, Zhang et al., 2018a) in 

1996–2018. The above discrepancies might be explained in two ways. Either, the discrepancies 

reflect the different datasets and the temporal scale. As predicted by the exponential function (Figure 

5.8a), the average creep rate in 1996–2008 is ~2 mm/a, which is at the same precision level with 

geodetic observations (i.e., GPS and InSAR), thus, the creep signal is hardly detected or probably 

be ignored. Such case suggests that the fault is progressively relocking, being at the end of 

postseismic phase, and initiating of a new cycle. Alternatively, the surface creep might have ended 

before 1996, after the 1973 M 7.6 Luhuo earthquake; the creeping results derived from short-

baseline measurements are limited by their spatial coverage (baseline length < 300 m), thus the 

observations are probably related to a shattered or damaged fault zone in the shallow sediments (e.g., 

Hamiel et al., 2018). Such interpretation implies that the Xianshuihe fault experienced postseismic 

deformation in a period shorter than proposed by Zhang et al. (2018a). In summary, despite these 
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subtle differences between our results and Zhang et al. (2018a), both show that shallow creep along 

the Xianshuihe fault (~30.5°N–31.6°N) is afterslip during the years following the 1973 and 1981 

earthquakes, and is at present in a state of progressive relocking of the shallow part of the fault. 

 
Figure 5.8. (a) Fault creep rate at the Xialatuo site as a function of time. Blue solid line is the fitting of 

short-baseline results. Error bars show 1-σ uncertainty. (b) GPS velocity solution in 1999–2007 and 

corresponding fault parallel velocities across the Xialatuo site, with its locations shown in red rectangles 

in the left panel. Blue solid line represent the best fitting curve. (c) and (d) are GPS velocity solutions in 

1999–2014 and 2015–2018 respectively. 

The other creep segment highlighted by our GPS results lies in ~30.2°N–30.4°N along the 

Bamei-Kangding segment, which extends ~30 km-long (Figure 5.4). To provide independent 

reference for the existence of creep segment as well as the creep rate, we also fitted 2-D elastic 

dislocation model to the fault parallel GPS velocities (Figure 5.9a). Results show sharp, yet 

continuously gradient across the fault for AA’ and CC’ north and south of the creeping section, 
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indicating locked fault segments with locking depths of 5.9±2.1 km and 7.1±4.3 km respectively. 

The estimated values overlap with the 2–3 km fault locking depth from our block model. However, 

for profile BB’ crossing our proposed creep segment, GPS velocities show apparent offset across 

the fault, indicating creeping fault segment. The creep rate is estimated to be 9.0±2.0 mm/a 

(Posterior marginal Probability Density Functions [PDFs] are shown in Figure C.5); this is larger 

than the result from the block model (~7.5 mm/a) but similar to the estimated far-field loading rate 

(8.8±1.0 mm/a). 

 

Figure 5.9. (a) (Left panel) Enlarged map of GPS velocity fields (1998–2014) across the Xianshuihe 

fault, with error ellipses show 68% confidence levels; orange ellipse indicates creeping segments 

proposed by Allen et al. (1991) and Zhang et al. (2018a); (Right panel) observed and calculated fault-

parallel velocities across the Xianshuihe fault, with its locations shown in red rectangles in the left panel. 

Red diamonds with 1σ uncertainty error bars show the fault-parallel velocity components of GPS data. 

Blue solid lines represent best fitting curves. (b) Enlarged map of GPS velocity fields (1998–2007) across 

the Xianshuihe fault, the observed and calculated fault-parallel velocities across the fault are shown 

below. (c) Enlarged map of GPS velocity fields (2015–2018) across the Xianshuihe fault, the observed 
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and calculated fault-parallel velocities across the fault are shown below. 

One intriguing issue here is whether the shallow creep (~30.2°N–30.4°N) is a permanent or 

long-term or also shows a time-decaying rate as found for the northwestern Xianshuihe fault. 

Paleoseismological investigations identified 17 earthquake with magnitudes greater than 6.0 along 

the Xianshuihe fault during the past 700 years (Figure 5.4, 5.6). 16 of them terminated on either 

sides of the creeping segment. Only the 1748 M 6.7 earthquake appears to have occurred at the 

creeping segment. Such medium earthquake is unlikely to produce afterslip after 270 years. The 

above evidence suggests the fault creep to be long-existed. Modern microseismicity show cluster 

beneath the creeping segment, indicating abundant ruptures of small-sized asperities. The 22 

November, 2014 Mw 5.9 Kangding earthquake ruptured slightly north on the creeping segment at 

10 km depth (Figure 5.4). Consequently, it is likely that the creep segment have been one barrier for 

large earthquakes (M > 7), with potential slip deficit released by ruptures of medium-small-sized 

asperities, and both the 1748 M 6.7 earthquake and the 2014 Mw 5.9 earthquake might be such 

cases. 

Another possibility is that shallow creep on this segment has been activated as a propagation 

of the afterslip along the northwestern Xianshuihe. Such inference requires observational evidences 

at least prior to the 1981 M 6.9 earthquake, we will try to collect available data in our future work. 

5.5.3. Temporal variation in creep rate along the Xianshuihe fault (~30.2°N–30.4°N) 

We further investigate if temporal variation in surface creep rate along the Xianshuihe fault 

(~30.2°N–30.4°N) could be detected in our data. We first fitted 2-D elastic dislocation model to the 

fault parallel GPS velocities (1999–2007; Figure 5.9b; fault normal GPS velocities are shown in 

Figure C.4) and found a creep rate of 7.4±2.4 mm/a, smaller than the averaged creep rate (9.0±2.0 

mm/a) during the 1999–2014 period (Figure 5.9a, 5.10a) but consistent with the ~7.5 mm/a 

estimation by block model. This comparison in turn implies that the creep rate during the 2008–

2014 period should be larger than 9.0 mm/a. We also fitted the fault parallel GPS velocities between 

2015 and 2018 (Figure 5.9c), the result shows an average creep rate of 7.3±1.5 mm/a, which is 

compatible with that in 1999–2007. The above results therefore indicate an increase in creep rate 

for the 2008–2014 period, hence is transient (Figure 5.10a). To provide independent reference for 

the temporal variations in creep rate, we fitted the linear velocities for four GPS sites that observed 

in 1999–2015 and that are adjacent to the creep segment in different time bin (Figure 5.10c). The 

results show an obvious velocity acceleration (2008–2014) in the fault parallel direction, especially 

for sites H066 and H079, which are ~8 km to the fault. Moreover, time series of H067 and JB35 

(~220 km away from the Wenchuan earthquake surface rupture) indicates that the postseismic 

transients of the 2008 Mw 7.8 Wenchuan earthquake had scarcely effects on the velocity (2008–

2014), strengthening our conclusion that the temporal variations in GPS sites velocities are most 

likely related to the shallow creep rate acceleration. Although the few GPS campaigns does not 
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allow us to determine the full time behavior of displacement, we note that the velocity change is 

consistent with an onset following the 2008 Mw 7.9 Wenchuan earthquake. 

 

Figure 5.10. (a) Creep rate along the Xianshuihe fault as a function of time. Black (red) arrows show the 

time of large earthquake in eastern Tibet. Light green rectangle indicates the inferred creep rate in 2008–

2014. (b) Coulomb failure stress (CFS) on the Xianshuihe caused by the 2008 Mw 7.9 Wenchuan, 2010 

Mw 6.8 Yushu earthquake and the 2013 Mw 6.5 Lushan earthquake. The stress state was in 2013 (Shan 

et al., 2013). Orange ellipse indicates the proposed creep segment. (c) GPS sites distribution along the 

Xianshuihe fault, and time series of the fault parallel component in 1999–2015. 

We attribute the temporal variation in creep rate to stress perturbations from nearby large 

earthquakes, i.e., the 2008 Mw 7.9 Wenchuan earthquake, the 2010 Mw 6.8 Yushu earthquake and 

the 2013 Mw 6.5 Lushan earthquake, which occurred in eastern Tibet between 2008 and 2014 and 

overlap the creep rate acceleration period. We show the Coulomb failure stress changes (ΔCFS) due 

to those earthquakes (co- and post-seismic stress; mostly induced by the 2008 Wenchuan Mw 7.9 

earthquake) in Figure 5.10b (Shan et al., 2013); it is obvious that positive ΔCFS along the creep 

segment (~30.2°N–30.4°N), implying that the stress changes may have effects on the Xianshuihe 

fault creep rate (e.g., Xu et al., 2018). 

Another intriguing issue is the 2014 Mw 5.9 Kangding earthquake, which occurred along the 

creep segment and just after the increase of creep rate. Although the relationship between the 

earthquake and creep on the Xianshuihe fault remains to be understood, there have been evidences 

on other continental faults that shallow fault creep rate acceleration could trigger medium-small 
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earthquakes, such as along the Haiyuan fault (e.g., Jolivet et al., 2012). Moreover, by comparing the 

coseismic slip of the 2014 Mw 5.9 Kangding earthquake with our preferred fault coupling derived 

from block model (Figure 5.4), we note that the earthquake ruptured at least part of creep regions, 

although data resolution does not allow to better constrain the creep distribution at depth. 
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5.6. Conclusions 

In this study, we present a detailed description of the crustal deformation along the XXFS, which is 

one of the most seismically active and potentially most damaging one in China. Firstly, using the 

GPS velocity solution (1999–2014) for eastern Tibet and the elastic block model, we obtained left-

lateral slip rates of 7–11 mm/a, decreasing with strike, along the fault system. In the northern part 

of the XXFS from latitude 32°N to latitude 30°N, the Xianshuihe fault appears to be predominantly 

creeping, whereas the Anninghe, Zemuhe and Xiaojiang faults show significant coupling.  

Shallow creep appears to be long-lasting afterslip following the large (M 7.6 in 1973) and 

moderate-size (M 6.9 in 1981) earthquakes. Several arguments also indicates that relatively weak 

coupling further south also contain a transient contribution arousing from past earthquakes in 1955 

and even 1893. This view is further supported by surface creep rate decaying through time and 

possibly having stopped during the last years, therefore starting a new cycle of increasing slip deficit 

accumulation. 

We further identify that the Kangding-Bamei segment includes a ~30 km-long creeping section 

(latitude 30.2°N to 30.4°N) and find that creep rate accelerated during the 2008–2014 period, 

possibly as a result of stress increments induced by surrounding large earthquakes and among them 

the 2008 Mw 7.9 Wenchuan earthquake. Finally, quantitative calculation of moment budget 

highlights relatively high seismic potential on the Anninghe, Zemuhe and Xiaojiang faults, where 

the elastic strain deficit could be balanced by Mw 7.5, Mw 7.2 and Mw 7.4 earthquakes respectively. 
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Chapter 6∙ Discussions and conclusions 

 

 

 

In this concluding chapter, I summarize what we learned from the fault behavior and 

their seismic potential in the Tibetan Plateau. I discuss the importance of fault creeping 

along the Haiyuan fault system and the Xianshuihe fault, and rephrase it in the context 

of creeping observations worldwide. Then, I present short comments on the geodetic 

data and their current level of confidence. Finally, I finish by discussing the limitations 

and future works. 
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6.1. Fault coupling and seismic potential 

From the perspective of elastic rebound (Davison, 1901), the slip deficit accumulated on the locked 

(coupled) patch will be eventually released in a large earthquake or several small earthquakes. The 

inference is that, to some extent, we could evaluate future earthquake potential or derive rupture 

scenarios from interseismic locking distribution (e.g., Yang et al., 2019). 

Over the last 30 years, benefiting from a wealth of new geodetic observation data, the 

interseismic fault coupling on crustal faults have been derived systematically. Among them, the 

Japan subduction zone (e.g., Loveless and Meade, 2010), the Sumatra subduction zone (e.g., Chlieh 

et al., 2008), the Andes subduction zone (e.g., Nocquet et al., 2014), the North Anatolian Fault (e.g., 

Bulut et al., 2019), the San Andreas Fault (e.g., Jolivet et al., 2015), and the Main Himalayan Thrust 

(e.g., Stevens and Avouac, 2015) have all been studied. The relationship between high coupling and 

earthquake is, to some extent, easier to test and verify in subduction zone; this is mainly because 

fast convergence rate lead to short earthquake reoccurrence time and frequent earthquakes; what’s 

more, because shallow dip allows a good resolution of interseismic coupling map, at least for the 

downdip part (e.g., Kaneko et al., 2010; Perfettini and Avouac, 2014; Nocquet et al., 2017). For 

instance, Nocquet et al. (2017) show that the 2016 Mw 7.8 Pedernales earthquake ruptured two 

patches on the Ecuador subduction plate interface that were locked prior to the earthquake. Using 

the GPS data, Loveless and Meade (2011) show that the coseismic rupture extent for the March 11, 

2011 Mw 9.0 earthquake Tohoku-oki earthquake may be spatially correlated (0.26 ± 0.05 to 0.82 ± 

0.05) with a region estimated to be partially to fully coupled during the interseismic period preceding 

the event, though there is substantial variation in the estimated distribution and magnitude of 

coseismic slip. Compared to well-studied subduction zones, despite intensive studies focused on the 

fault deformation using geodetic measurements (i.e., GPS and InSAR) in the Tibetan Plateau, the 

interseismic fault coupling on main crustal faults are largely understudied. For instance, incomplete 

knowledge of the fault deformation along the Longmenshan fault led us to ignore the seismic 

potential for an Mw 7.9 (2008 Wenchuan) earthquake that actually occurred (Zhang, 2013). 

This work, at least contribute to improve the knowledge along three major strike-slip faults in 

China, the Altyn Tagh fault, the Xianshuihe-Xiaojiang fault system and the Haiyuan fault system. 

My results show that the majority of the Altyn Tagh fault is locked, whereas only certain segments 

of the Xianshuihe-Xiaojiang fault system and the Haiyuan fault system are locked. Benefiting from 

the intensive geomorphology and paleoearthquake studies and abundant geodetic observations 

along the latter two fault systems, I identify locked segments corresponding to either ‘seismic gap’ 

or fault portions with historical earthquake elapsed for centuries, implying high seismic potential on 

these segments. More specifically, the Laohushan segment on the Haiyuan fault system and the 

Anninghe-Zemuhe fault on the Xianshuihe-Xiaojiang fault system seem to ready for a large 

earthquake to happen in the next decades. However, although large portions of the Altyn Tagh fault 
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appear locked, limited by the sparse GPS station coverage across the fault and incomplete 

knowledge of the rupture histories, I prefer to regard the coupling result as a first-order behavior. 

My quantitative calculation of the seismic moment deficit along the Altyn Tagh fault provide us 

with, at least, a sense of rupture potential. More geodetic observations and geological investigations 

are needed across the Altyn Tagh fault. Moreover, we learn from the limited case studies that the 

interseismic fault coupling along crustal faults in Tibet is highly heterogeneous, implying 

heterogeneous interseismic deformation behaviors and thus seismic potential. The interseismic fault 

coupling results in my work could provide reference to earthquake studies, guidance to the 

construction of high-rate GNSS stations aiming at Earthquake Early Warning, and useful 

information to disaster relief related departments. 

We need to keep in mind that the fault coupling result in my study represents only a part of the 

seismic potential of the whole Tibetan Plateau. My studies also suffer from limitations, as I only 

focus on three main crustal faults in Tibet. There are other crustal faults that are understudied, such 

as the Longmenshan fault system and the Kunlun fault. Both faults hosted large earthquakes a few 

years ago, i.e., the 2001 Mw 7.8 Kokoxili earthquake on the Kunlun fault and the 2008 Mw 7.9 

Wenchuan earthquake on the Longmenshan fault, investigating into the fault coupling could provide 

us with information about the onset of relocking and rupture area. Moreover, not all destructive 

earthquakes occur on known faults. Actually, quite a few moderate size earthquakes occurred in 

unexpected locations, like the 2013 Mw 6.9 Lushan earthquake, the 2015 Mw 6.5 Pishan earthquake 

and the 2017 Mw 6.5 Jiuzhaigou earthquake. All these events ruptured unmapped faults. 

Furthermore, there are cases of earthquakes occur on secondary faults in Tibet, such as the 1997 

Mw 7.6 Manyi earthquake on the ~200 km-long Manyi fault and the 2016 Mw 6.6 Muji earthquake 

on the ~100 km-long Muji fault. To some extent, investigating the interseismic deformation along 

these unmapped and secondary faults is a real challenge for us. Currently, the CMONOC GPS 

network covering Tibet is still suffering from a limited spatial resolution. InSAR might bring new 

contribution but is largely affected by atmospheric errors and loss of coherence. Knowledge of 

rupture history along crustal faults is still limited, and the modeling of the complicated faults in 

Tibet needs a new generation of dynamic models, possibly incorporating strength variations and 

strain-weakening mechanisms. All these factors limit us in deriving an accurate fault-locking-map 

of the Tibetan Plateau. 
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6.2. What we learn about the shallow fault creep in Tibet 

In my studies, one most important contribution is that I found two additional shallow creeping 

segments along the Haiyuan fault and one creeping segment on the Xianshuihe fault. Creeping faults 

have been discovered more than 50 years ago in the central part of California, i.e., the San Andreas 

Fault (e.g., Louderback, 1942; Steinbrugge et al., 1960; Tocher, 1960; Whitten and Claire, 1960). In 

Tibet, shallow fault creep was first reported by Allen et al. (1991) along the Xianshuihe fault and 

Cavalié et al. (2008) along the Haiyuan fault. My results complement previous studies, yet raising 

questions regarding the creep mechanism, implications for earthquake cycle.  

6.2.1. Interseismic fault creep on crustal faults in Tibet 

My results show that the Altyn Tagh fault is locked to the surface (Chapter 3), implying no surface 

creep along the fault. Here, considering the fact that I used sparsely distributed GPS sites in my 

inversion, my results do not necessarily rule out the possibility that shallow creep exists along the 

Altyn Tagh fault. Recently, Xu and Zhu (2019) used InSAR data spanning 1996-2017 to investigate 

the interseismic fault deformation across the western Altyn Tagh fault (longitude 83°E-86°E), their 

results show surface creep rate of ~2.0 mm/a with a creep extending at 1.0–2.0 km depth. However, 

cautions should be paid regarding their modeling method; instead of analyzing the creep signal using 

data near the fault surface (several kilometers), they conducted cross-fault profiles extending 100 

km long and tens of kilometers wide, and fitted the data using a buried infinite screw dislocation 

(Segall, 2010). Such a simple modeling method would bring large uncertainties to their results. 

Figure 6.1 shows one example from Xu and Zhu (2019). 

It is obvious that no significant LOS rate gradient is found across the Altyn Tagh fault; besides, 

the simple arctangent curve fitting would mathematically produce the ‘creep rate’ result, which is 

worth considering regarding its physical meaning. Thus, it’s dangerous to interpret shallow creeps 

exist along the Altyn Tagh fault. With reference to what I did (Chapter 4 and Chapter 5), I propose 

that more careful works should be done. 

Surface fault creep has long been identified. Creeping faults have been observed in the USA, 

Mexico, Italy, Turkey, Israel, Afghanistan, Pakistan, mainland China, Taiwan, the Philippines, and 

Japan. With the advance of high resolution space geodetic observations, it is now possible to map 

surface creeps in great detail. Figure 6.2 shows the known creeping fault world-wide. Table 6.1 

summaries key point about these creeping faults (from Harris, 2017). There are quite a few 

similarities and differences between the creeping faults in Tibet and other creeping faults world-

wide. 



Chapter 6 ∙ Discussions and conclusions 

147 

 

 

Figure 6.1. (a) Profiles and weighted average profile (dark blue line) with the 2σ deviation (light blue 

line) for the ENVISAT data. All the points shown on the left are projected onto the profile as gray dots. 

The red line denotes the best-fitting model with a slip rate of 7.4 mm/year and a locking depth of 18.0 

km. (b) Simulation map generated from the best-fitting model values. (c) Residuals between the 

modeling and observation results. From Xu and Zhu (2019). 

 

Figure 6.2. A global view of the locations of many of the world’s well-documented shallow 

continental creeping faults (circles). Key: Flt = fault, FZ = Fault Zone. From Harris (2017). 
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Table 6.1. Well-documented shallow continental creeping faults (update from Harris, 2017) 

Fault Name 
Fault 

Type* 

Creep 

Length† 

Creep 

Depth† 

Fault 

Base† 

Creep Rate/ 

Deep Rate 
Creep Mechanism 

San Andreas fault, 

creeping section 
S 100 0–20 20 0.8–0.9 

Talc-bearing serpentinite, chlorite-

smectite clay minerals, pressure 

solution creep 

San Andreas fault, 

southern section 
S 50 0–3 12 0.2 Water saturated sediments 

Hayward and Calaveras 

Faults 
S 185 0–7 12 0.3–0.6 Serpentinite, hydrothermal fluids 

Rodgers Creek Fault S 25 0–6 10 0.3–0.4 Fault geometry 

Bartlett Springs Fault S 85 0–5 13 0.5 Antigorite serpentinite 

Greenville Fault S 20 0–14 15 0.8–1.0 
Mineralogy, smooth fault geometry, 

heat flow 

Green Valley Fault S 75 0–8 14 0.4–0.6 
Mineralogy, smooth fault geometry, 

Heat flow 

Maacama Fault S 110 0–5 9 0.4–0.5 
Mineralogy, smooth fault geometry, 

heat flow 

Superstition Hills Fault S 20 0–4 6 0.2–0.8 
Elevated pore pressures in 

unconsolidated sediments 

Imperial Fault S 20 0–4 6 0.2–0.3 
Elevated pore fluid pressure in the 

sediments 

Alto Tiberina Fault N 30 >4 4 0.9 

Phyllosilicate-minerals CO2 -rich 

hydrous fluids decrease fault 

friction, Fluid overpressures 

North Anatolian fault, 

Ismetpasa region 
S 100 0–5 15 0.3 

Serpentinite, downward circulation 

of meteoritic fluids, limestone and 

pressure solution creep 

North Anatolian fault, 

Destek region 
S       0.3–0.4   

Dead Sea Fault, Jordan 

Valley section 
S 40 0–1.5 10 0.6 Thick salt layers, high heat flow 

Chaman Fault, southern 

and central sections 
S 125 (340) 0–? <1 ?–1.0 Ophiolite, serpentinite bodies 

Philippine Fault S 600     0.3–1.0 
Low rock strength, high 

hydrothermal flow 

Xianshuihe Fault S       0.4–0.6   

Haiyuan Fault, Lao Hu 

Shan segment 
S 35 5–15 20 1 Frictional properties 

Longitudinal Valley 

Fault 
R 75 0–26 26 0.8–0.9 

Lichi Melange Pressure solution 

creep 

Atotsugawa Fault S       <0.1 Graphite 

* S=Strike-slip, N=Normal, R=Reverse; † in kilometers. 
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Similarities: 

(1) Shallow creeps occur along large-scale strike-slip faults in Tibet. Except for the Alto 

Tiberina Fault (normal) and the Longitudinal Valley Fault (thrust/reverse), the remaining well-

documented shallow continental creeping faults are strike slip faults. In Tibet, both the Haiyuan 

fault and the Xianshuihe fault are large-scale strike-slip faults, where shallow creeps occur. There 

are other strike-slip faults, such as the Altyn Tagh fault, where shallow fault creeping might exist 

but needs further study. The strike-slip Kunlun fault, similar to the Haiyuan fault and the Xianshuihe 

fault, has repeated ruptures, might also be one candidate. Besides, by analyzing the rocks in the fault 

surface, the Guanxian-Anxian Fault (the frontal fault of the Longmen Shan thrust belt) was proposed 

to be creeping at long-term at shallow depths and locked at greater depths (He et al., 2018); such an 

inference needs more evidence from creepmeter measurements, alignment array measurements, 

repeating earthquakes, and/or satellite geodetic measurements (GPS and InSAR). Although there is 

no firm evidence, creeping seems to easier be seen/observed along strike-slip faults. 

(2) Slip deficit occur along the creeping segments. As seen from Table 6.1, almost all creeping 

faults have slip deficit, that is, the ratio of creep rate to loading rate is less than 100%. My results 

along the Haiyuan fault system show that shallow creep segments release around 20–100% of the 

loading rate, implying slip deficit accumulation on the fault plane and the ability of rupture. In the 

discussion section of Chapter 4, I present arguments about the rupture characters on the creeping 

segments along the Haiyuan fault system. In the study on the Xianshuihe fault (Chapter 5), despite 

my results show the creep rate account for 109% of the loading rate, considering its transient 

behavior, I could not rule out the possibility that slip deficit accumulate on the fault plane. This 

suggests that the potential slip deficit on the creeping segment could be released by ruptures of 

medium-small-sized asperities. Both the 1748 M 6.7 earthquake and the 2014 Mw 5.9 earthquake, 

occurred on the creeping segment of the Xianshuihe fault, might be such cases. The above arguments 

suggest regular earthquakes could occur on the creeping segments. I present more arguments in the 

next section. Actually, Harris and Abrahamson (2014) investigated the ground motions from the 11 

largest well-recorded earthquakes (M 5.0–6.7) on shallow creeping faults in the San Andreas Fault 

system; they found that the peak ground motions generated by the creeping fault earthquakes are 

similar to the peak ground motions generated by earthquakes on locked faults. 

Differences: 

(1) Surface creep along the Haiyuan fault and the Xianshuihe fault are relatively short in length. 

Three creeping segments along the Haiyuan fault system have lengths of 10–43 km, and only a 35 

km-long segment of the Xianshuihe fault is creeping. Despite the majority of the Xianshuihe fault 

appears to be loosely coupled, we are prone to regard the mild fault coupling as associated with the 

long-term afterslip of the 1973 M 7.6 Luho earthquake (Chapter 5). Globally, the Philippine Fault 

has creep length of 600 km, 100 km-long segment of the North Anatolian fault is creeping, and the 

creeping segments along the San Andreas Fault system have lengths ranging from 20 to 185 km. 
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(2) Surface creeps along the Haiyuan fault and the Xianshuihe fault extend to the bottom of the 

seismogenic portion. This means that no locked patches exist on the creeping segments, as we show 

in Chapter 4 and Chapter 5. We note that, currently, creeps along the creeping section of the San 

Andreas Fault and the Longitudinal Valley Fault were reported to extend to the bottom of the 

seismogenic portion, whereas other creeping faults (segments) extend 15-90% of the seismogenic 

depth (Table 6.1). 

(3) The mechanism of shallow creep along the Haiyuan fault system and the Xianshuihe fault 

system has yet to be understood. As shown in Table 6.1, a range of physical and chemical processes 

have been proposed to explain the occurrence of fault creep, including the frictional resistance of 

specific rock types, chemical reactions, dilation of dry rocks, elevated pore pressure, elevated 

temperatures, fault geometry, or combinations of these factors. Along the Haiyuan fault system 

(Chapter 4), we propose the creeps to be related to fault frictional properties. Along the Xianshuihe 

fault (Chapter 5), we suggest the creep might be activated by postseismic deformation induced by 

previous earthquakes, or activated by stress (e.g., Coulomb failure stress) perturbations from 

preceding earthquakes, or related to tectonic loading. Here, I have to stress that a large range of 

factors that might cause the shallow creep along the Haiyuan fault system and the Xianshuihe fault 

system still remains to be understood. Our above hypotheses need more detailed geological and 

geomorphological investigations in the future. 

(4) Transient creep behaviors along the Haiyuan fault system and the Xianshuihe fault system. 

Along the Laohushan fault (Haiyuan fault system), Jolivet et al. (2013) used InSAR data to map the 

spatio-temporal evolution of shallow creep and reported that the creep rate accelerated in 2007; the 

transient behaviors were coeval with the largest earthquakes (M ~4–5). Along the Xianshuihe fault, 

my results (Chapter 5) also show an increase in creep rate during the 2008–2014 period that might 

related to the Coulomb failure stress increment induced by the 2008 Mw 7.9 Wenchuan earthquake. 

What is interesting is the 2014 Mw 5.9 Kangding earthquake occurred along the creeping segment 

at the end of the period of accelerated creep. Published studies show transient creep behaviors have 

been observed along the Ismetpasa segment of the North Anatolian Fault, the Parkfield region of 

the San Andreas Fault and the Hayward fault. Although I am not sure if other creeping faults have 

the transient behavior, it seems to be a common feature. 

In general, still too little is known about the spatial distribution of creep along the Haiyuan 

fault and the Xianshuihe fault, the physical mechanisms of the fault creep, and the role of creep in 

major ruptures, to draw conclusions of a predictive nature. 

6.2.2. Very long-term creep/afterslip on crustal faults in Tibet 

Among the creep mechanisms that I proposed for the creeps on the Haiyuan fault system and the 

Xianshuihe fault, postseismic afterslip following a large earthquake might be one candidate. 

However, the classic view hold that that afterslips only lasts a few years after the mainshock. Thus, 
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the question is whether it is possible for afterslips lasting for several decades (46 years for the 

Xianshuihe fault and 98 years for the Haiyuan fault). In that case, what mechanism does control 

such a long-lasting aseismic slip? The case of the North Anatolian Fault might help to understand 

these questions. 

There is a hypothesis that the observed long-lasting (10–100 years) fault creep is a continuation 

of postseismic fault slip, which is perhaps then loaded by other, deeper relaxation processes in the 

Earth’s lower crust and upper mantle. Cakir et al. (2012) suggested this hypothesis for the Izmit 

section of the North Anatolian Fault, and Cakir et al. (2005) and Cetin et al. (2014) discussed this 

hypothesis for the Ismetpasa section that is hundreds of kilometers to the east, on the same fault. 

However, new ideas do not agree with the above hypothesis. Bilham et al. (2016) showed that 

although there may indeed be some long-lasting effects from the 1944 magnitude 7.4 earthquake, 

most of the creep along the Ismetpasa section of the North Anatolian Fault that is observed today is 

due to tectonic loading. Similarly, Hussain et al. (2016) showed that the actual postseismic creep 

rate for the Izmit section of the North Anatolian Fault is much slower than that originally inferred 

by Cakir et al. (2012) and that this slower postseismic creep rate is consistent with a creep rate that 

decays with time following a large earthquake. 

I propose that long-lasting afterslip is possible. As I showed for the creep rate at the Xialatuo 

site on the Xianshuihe fault, it is quite obvious that the observed surface creep was associated with 

the afterslip of the 1973 M 7.6 Luhuo earthquake (Chapter 5). Despite we are not sure about the 

mechanism of the creep that we identified along the Bamei-Kangding segment, currently, we have 

no reason to rule out that creep was activated by the afterslip of the 1973 M 7.6 Luhuo earthquake 

or related to the event. Actually, there have been studies showing that earthquakes could trigger fault 

creep. The 2014 Napa, California, earthquake, a magnitude 6.0 event northeast of San Francisco, 

triggered sizable postseismic fault slip (creep) in a fault zone that lacked notable (>2 mm/a) preevent 

fault creep (Lienkaemper et al., 2016). The recent 2019 Ridgecrest, California Earthquake sequence 

(Mw 6.4 and Mw 7.1) triggered aseismic slip along 20–25 km of the central Garlock fault (Barnhart 

et al., 2019); as of now, no study has been published to investigate its temporal variations. Along 

the Haiyuan fault, comparisons between creep-distribution and historical earthquake ruptures 

indicate that the observed surface creep might be related to the 1920 M~8 Haiyuan earthquake 

(Chapter 4). The long-lasting afterslip, as an alternative, gives a reasonable explanation for the 

current datasets. I suggest that fault frictional properties might be the mechanism controling the 

long-lasting aseismic slip. That means, the aseismic slip on the Haiyuan fault might has much longer 

decay time than the afterslips following regular earthquakes. 

6.2.3. The role of shallow creeping in seismic behavior 

I have discussed in Chapter 4 and Chapter 5 regarding the implications of interseismic creep and 

afterslip on the earthquake occurrence and rupture location. Here, I address two issues: are regular 
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earthquakes occur on creeping segments? Could coseismic rupture propagate through creeping 

segments; in other words, could creeping segments act as permanent barriers? 

Although it is generally thought that a large earthquake would not occur on a creeping fault 

section, it has been observed that medium earthquakes occur on shallow creeping faults, such as the 

M 5.0-6.6 earthquakes (1966-2007) recorded on shallow creeping faults in the San Andreas Fault 

system (Harris and Abrahamson, 2014). It is also recognized that small earthquakes occur at the 

boundaries between creeping and locked parts of faults (Stevens and Avouac, 2015). Harris (2017) 

argue that “it appears that well-recorded creeping fault earthquakes of up to magnitude 6.6 that 

have occurred in shallow continental regions produce similar fault-surface rupture areas and 

similar peak ground shaking as their locked fault counterparts of the same earthquake magnitude. 

The behavior of much larger earthquakes on shallow creeping continental faults is less well known, 

because there is a dearth of comprehensive observations”. I acknowledge that, at least for now, we 

could not rule out the possibility that large earthquakes could occur on creeping faults. But I think 

this possibility is relatively small. The study of Wei et al. (2013) may provide us with some clues. 

In a study of creep events on two California faults, Wei et al. (2013) propose that the frictional 

behavior of the crustal layers may be a complex depth-dependent layering of aseismic (velocity-

strengthening) and seismic (velocity-weakening). That is to say, even creeping regions of faults have 

locked patches sprinkled among them, and thus ensuring earthquake nucleation and rupture 

propagation. From my perspective, it is relatively easier for small locked patches rupture and results 

in medium-small earthquakes; whereas producing a large earthquake requires the cooperation of 

several asperities, which needs complex rate-weakening and kinematic triggering processes. Here, 

what is intriguing is that we hardly see locked patches sprinkled in creeping regions (from kinematic 

inversions), that is probably indicates geodesy observations (even high spatial resolution InSAR) 

have limited resolution in depth. Studying repeated earthquakes on creeping segments may be a way 

to verify the above hypothesis. Also note, in Chapter 4 and Chapter 5, I propose little seismic 

potential on the creeping segments along the Haiyuan fault system and the Xianshuihe fault. This 

inference is based on observational data and inversion results, and is not contradictory to the point 

I am discussing. 

Hypothesis has been proposed that earthquakes nucleate in a locked part of a fault and 

propagate into or through a creeping part of a fault. Such an inference has been confirmed in higher 

fault slip rate (above 0.1 m/s) rotary shear laboratory experiments on serpentinite (Kohli et al., 2011). 

Continuing on this theme, McLaskey and Kilgore (2013) observed on laboratory experiments that 

small earthquakes may occur solely due to a high stressing rate (regardless of creeping fault or 

locked fault). Such an inference might also applies to larger earthquakes. Consistent with these 

studies, Weng and Ampuero (2019) conducted numerical simulations to earthquake rupture and 

concluded that the energy release rate of a long steady state rupture depends on rupture width, stress 

drop, and shear modulus, and is independent of propagation distance and rupture speed. The 

inference is that earthquake rupture through a creeping fault segment cannot be ruled out on the 
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physical grounds of the present model. 

In general, the above discussions suggest that earthquakes could occur on and propagate 

through a creeping part of a fault. My studies on the relationship between historical ruptures and 

shallow creeps on the Haiyuan fault system and the Xianshuihe fault are consistent with this view. 

Therefore, although I suggest small seismic potential on the creeping faults in my studies, we cannot 

completely discard that earthquakes might happen on the creeping segments in the future. 
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6.3. What we learn about the geodetic data 

In this section, I stress the lessons that we learned from comparing and incorporating different source 

of geodetic data (GPS, InSAR and Leveling). 

The vertical deformation in the observed InSAR LOS displacements could not be ignored. In 

previous studies, a conventional practice was to ignore the vertical deformation in InSAR, which 

might lead to erroneous conclusions. An example showing the contribution of vertical deformation 

in InSAR is presented in Chapter 2. In Tibet, the convergence between the Indian plate and the 

Eurasian plate is accommodated by crustal shortening, thickening and lateral extrusion, thus 

inevitably causes vertical deformation. For instance, leveling results show that the eastern and 

northeastern Tibet have a vertical velocity of up to ~6 mm/a relative to the stable Sichuan Basin 

(Hao et al., 2014). Unfortunately, so far, kinematic models (e.g., block model, fault dislocation 

model) could not effectively incorporate vertical deformation. As an option, as I show in Chapter 4 

and Chapter 5, the remove-filter-restore method could separate long wavelength vertical 

deformation from the observed InSAR LOS ratemap, despite short wave length vertical deformation 

might still be preserved. To sum up, I propose that a preprocessing of the observed InSAR data is 

needed before further interpreting. 

 

Figure 6.3. Comparison of GPS vertical velocities from different studies. (a) The black arrows show 

GPS vertical velocities from Liang et al. (2013), red arrows show GPS vertical velocities from Pan et al. 

(2018), and blue arrows represent GPS vertical velocities from Su et al. (2019). (b) The black arrows 

show GPS vertical velocities from Liang et al. (2013), red arrows show GPS vertical velocities from Hao 

et al. (2016). The regions are outlined in (c). GPS vertical velocities are in the ITRF 2008. 

The vertical GPS velocity in Tibet should be used with caution. I show in Chapter 4 that the 

conventional nontectonic deformation corrections (especially for campaign-mode GPS sites) in GPS 

vertical velocity estimation, such as atmospheric loading and surface water loading (Liang et al., 
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2013), are insufficient to derive a reliable tectonic vertical velocity solution. Actually, different 

studies have significantly different vertical velocities even for the same continuous GPS stations. I 

show the published results in Figure 6.3. It is obvious that different GPS vertical velocity solutions 

differ significantly. Currently, we could not determine which solution is more reliable; my study 

stresses the need for a uniformed GPS vertical velocity solution of the Tibetan Plateau. 

 

Figure 6.4. Map showing leveling routes and their surveying time spans. The dots show the locations 

of the leveling benchmarks, whose colors denote the number of survey epochs. The numbers next to the 

routes indicate the duration years between the first and last observations. The red solid circles denote the 

three earthquakes which contaminated the leveling measurements. Figure from Hao et al. (2014). 

The long-term leveling vertical velocity solution (1970-2012) should also be used with caution. 

In Chapter 4, I also stress the inconsistency between Leveling and GPS/InSAR. There are several 

factors controlling the reliability of the leveling velocity solution: coseismic/postseismic 

contribution, route of the leveling measurements, time-varying vertical deformation, and systematic 

errors. Figure 6.4 shows the leveling routes and their surveying time spans in Tibet (Hao et al., 2014). 

During the 1970-2012 period, several earthquakes (Ms≥6) occurred adjacent to the route of the 
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leveling measurements (Hao et al., 2014), limited by the data observations of coseismic and 

postseismic deformation, source models of these earthquakes were inaccurate. Therefore, it is risky 

to adopt simple source models to account for the contributions from these earthquakes. The route of 

the leveling measurements also play a part. Basically, the leveling route is along the roads and 

villages, and thus inevitably affected by human factors, such as groundwater pumping. Time-

varying vertical deformation, such as annual cycle nontectonic loading, may also contribute to the 

uncertainty of the leveling velocity solution (campaigns of only 2–7 times); despite we generally 

regard both vertical and horizontal deformation are linear, the influence of nonlinear factors, 

especially in vertical, is significant and cannot be excluded. Furthermore, systematic error is an 

inherent problem with leveling measurements (e.g., Reilinger and Brown, 1981). While various 

instrumental and procedural modifications designed to enhance leveling precision have been 

introduced over the years, the basic measurement system has remained virtually unchanged since 

the mid-nineteenth century. The physical source(s) of systematic errors remain poorly understood, 

yet topography dependent errors are an exceptionally troublesome type for leveling. Other varieties 

of systematic error also contribute, such as the large, long baseline accumulations of error (Vanicek 

et al., 1980). 
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6.4. Future work 

Summarizing what we found and discussed regarding the crustal deformation along the Altyn Tagh 

fault, the Haiyuan fault system and the Xianshuihe-Xiaojiang fault system, I propose further works 

for future. 

First of all, large scale SAR data crossing the Altyn Tagh fault, the Xianshuihe-Xiaojiang fault 

system and the Longmenshan fault could be processed. As I show in Figure 1.8, a large portion of 

the Altyn Tagh fault remain unmapped by InSAR; furthermore, whether shallow creeping exists 

along the fault is unclear, thus leaving more uncertainties and possibilities in interpreting earthquake 

cycles on the fault. Similar to the Altyn Tagh fault, the majority of the Xianshuihe-Xiaojiang fault 

system has been unmapped by InSAR; despite dense GPS stations have been deployed across the 

fault system, we still have a limited ability in addressing the creeping behaviors on the Kangding-

Bamei segment, and thus unclear about its relationship with major earthquakes. To further 

investigate the role of shallow creep in earthquake rupture, the Longmenshan fault system provides 

a rare opportunity, because of the occurrence of the 2008 Mw 7.9 Wenchuan earthquake. The 

Guanxian-Anxian fault zone, the frontal fault of the Longmen Shan thrust belt, was reported to be 

creeping at shallow depths and locked at greater depths. During the Wenchuan earthquake, the 

shallow creeping section of the Guanxian-Anxian fault ruptured seismically accommodating 4 m of 

seismic slip, however, a much larger amount of slip was accommodated by the Yingxiu-Beichuan 

fault (up to 11 m; He et al., 2018). To verify the above inference, geodetic observations (i.e., InSAR) 

crossing the fault zone prior to the 2008 Wenchuan earthquake are needed. 

A second perspective is to investigate the temporal creep/afterslip behaviors on the Haiyuan 

fault system and the Xianshuihe fault. One certain question is to know whether the creep on the 

Haiyuan fault and the Xianshuihe fault are long-term or the afterslip of preceding earthquakes. 

Geodetic observations spanning tens of years could help. Thanks to the accumulation of SAR data 

(e.g., ENVISAT and ERS) from the late 90s and the open access of the Sentinel SAR data, we could 

address the above issues. This is a good hint for further study. 

Third, more accurate nontectonic corrections are needed when processing GPS data for the 

vertical velocities. Currently, surface mass changes (usually derived from GRACE data) and 

seasonal oscillations (polynomial fitting) are the two main corrections when deriving the vertical 

GPS sites velocities. However, several other factors contribute the uncertainty of vertical velocity 

(especially on campaign-mode stations), i.e., the relation between GPS station and denudated 

surface, truncation errors in computing GRACE loading effect, non-strict annual and semi-annual 

variations, among others. We expect more efforts will be made in GPS data processing. 

Last, as noticed in my studies, kinematic models incorporating vertical deformation are needed. 

Currently, we are still not sure about the role of vertical deformation in the crustal deformation of 
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the Tibetan Plateau, thus resulting in vague understandings of the crustal deformation mechanisms, 

such as lithosphere extrusion model and continuum model, especially in determining the existence 

of lower crustal flow. 

For sure, we will get a long way to solve the above issues. I expect with the development of 

the discipline, more and more people could participate in the study of earth science. 
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Appendix A-Appendix for Chapter 3 

 

 

Figure A.1. From top to bottom, standard deviations (represented by error bar length) of InSAR 

data, near the GPS sites, within a radius from 1km to 10km.
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Figure A.2. Fault-parallel and fault-perpendicular components from block rotation. (a) and (b) are 

the forward model results in the south of the Altyn Tagh fault; (c) and (d) are the results in the north 

of the Altyn Tagh fault. 

 

Figure A.3. Observed and calculated fault-parallel velocities across the western Altyn Tagh fault. 

Red and blue diamonds with 1σ uncertainty error bars show the fault-parallel velocity component 

of the GPS and InSAR respectively. Black solid lines represent best fitting curves for (a) GPS data 

only, (b) InSAR data only. The velocity of each InSAR data point is calculated using the median 

rates and their standard deviation of all the pixels (gray dots) within a 4-km-wide bin along the 

profile. The parameters of the best-fit results are show in each sub graph. 
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This appears as the Supplementary materials in Li et al. (2018). 

Table A.1. Block strain rate and rotation parameters 

Block strain rates (nanostrain/yr) 

S# Block Long. Lat. Exx Eyy Exy Sxx Syy Sxy Cxx-yy Cxx-xy Cyy-xy 

1 TMBK 86.9730 39.6530 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

2 QDBK 92.6170 37.1490 -0.4800 -15.4700 -6.3300 0.3200 0.9400 0.5900 0.0000 0.0000 0.0000 

3 QLBK 98.8660 38.9370 -2.7000 -9.2800 -10.6400 1.3800 1.8400 1.2100 0.0000 0.0000 0.0000 

4 TIBK 79.2960 36.0490 -7.4700 -46.2900 -11.2900 9.8800 17.4700 10.3100 0.0000 0.0001 0.0000 

5 ALBK 100.2190 41.5920 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

6 TSBK 83.7510 42.2060 -0.4600 -21.4400 5.2800 0.2100 0.7800 0.3800 0.0000 0.0000 0.0000 

7 PABK 72.3320 37.3460 -10.2400 -21.9300 -8.8500 7.5300 4.7100 4.6300 0.0000 0.0000 0.0000 

Block principal strain rates (nanostrain/yr) 

S# Blok Long. Lat. E1 SigE1 E2 SigE2 A1 SigA1 

1 TMBK 86.9730 39.6530 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

2 QDBK 92.6170 37.1490 -17.7800 0.9200 1.8300 0.4900 20.0900 1.6400 

3 QLBK 98.8660 38.9370 -17.1300 1.7100 5.1500 1.5900 36.4100 2.9400 

4 TIBK 79.2960 36.0490 -49.3400 16.1800 -4.4300 10.4900 15.0900 13.3900 

5 ALBK 100.2190 41.5920 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

6 TSBK 83.7510 42.2060 -22.6900 0.7700 0.8000 0.2700 -13.3500 0.9500 

7 PABK 72.3320 37.3460 -26.6900 5.4900 -5.4800 6.7000 28.2900 11.3600 

Block residual principal strain rates (ns/yr) and rotations (nanoradians/yr) 

Block E1 SigE1 E2 SigE2 A1 SigA1 Rot SigRot 

TMBK -1.49 0.33 -0.22 0.18 -26.48 8.87 -0.71 0.17 

QDBK -0.96 0.26 6.18 0.82 -95.38 3.57 -3.79 0.44 

QLBK -5.05 1.27 0.74 1.37 -130.00 7.45 -2.31 1.02 
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TIBK 7.97 18.76 28.48 21.31 -55.19 29.03 0.40 16.68 

ALBK -5.50 0.70 3.74 0.70 42.90 2.18 -2.50 0.51 

TSBK -0.90 0.38 2.94 0.52 -125.24 4.70 -1.20 0.32 

PABK 1.94 4.67 45.51 7.51 -17.89 6.05 -2.10 4.43 

Rotation of blocks relative to reference frame 

Name Wx Wy Wz Sx Sy Sz Sxy Sxz Syz 

TMBK 0.0470 -0.4895 -0.4135 0.0031 0.0155 0.0134 0.0000 0.0000 0.0002 

QDBK 0.0921 -0.2615 -0.1405 0.0035 0.0327 0.0253 -0.0001 -0.0001 0.0008 

QLBK -0.0222 0.2045 0.1864 0.0091 0.0549 0.0460 -0.0005 -0.0004 0.0025 

TIBK -0.0669 -1.0379 -0.8085 0.1078 0.5581 0.4053 0.0600 0.0436 0.2262 

ALBK 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

TSBK 0.0557 -0.1085 -0.0947 0.0033 0.0220 0.0201 0.0000 0.0000 0.0004 

PABK 0.1457 -0.2717 -0.2031 0.0453 0.2038 0.1646 0.0090 0.0073 0.0332 

Rotation of blocks relative to reference frame 

Name Lon. Lat. Omega SigOm Emax Emin Az  

TMBK 95.4806 40.0562 -0.6425 0.0206 0.2800 0.1300 96.9400 6.5600 

QDBK 109.4061 26.8650 -0.3108 0.0397 3.0700 0.5600 134.2600 17.5200 

QLBK 96.1967 42.1858 0.2776 0.0720 1.3600 0.4500 317.3400 3.8300 

TIBK 86.3135 37.8606 -1.3173 0.6939 4.6900 0.3100 249.9600 5.9000 

ALBK 180.0000 0.0000 0.0000 0.0000 0.0000 0.0000 90.0000 82.3500 

TSBK 117.1697 37.8486 -0.1544 0.0280 5.7000 0.5200 111.6700 25.8600 

PABK 118.2036 33.3814 -0.3692 0.2225 30.2100 4.0100 110.3800 37.3400 

Abbreviation of block names: TMBK: Tarim; QDBK: Qaidam; QLBK: Qilian; TIBK: Tianshuihai; ALBK: Alashan (the reference); TSBK: Tien Shan; PABK: Pamir 
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Appendix B-Appendix for Chapter 4 

 

 

Figure B.1. (a) Observed InSAR displacements and GPS velocity field in the northeastern Tibet. (b) 

Vertical velocity field from leveling measurements (Hao et al., 2014). 
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Figure B.2. Observed InSAR displacements and three dimensional GPS velocity field in the 

northeastern Tibet (Liang et al., 2013). 

 

Figure B.3. Blocks used in this study. Bold black lines represent block boundaries. Blue triangles 

show the position GPS sites. Red arrows show the inverted block internal strain rates. 
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Figure B.4. Inverted fault slip rates along the Haiyuan fault. Black numbers represent strike-slip 

rates, and blue numbers represent thrust slip rates. Red arrows show the Lanzhou block motion 

relative to the Alaxian block. 
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Figure B.5. (a) The observed GPS velocities and InSAR displacements. (b) Block model predictions. 

(c) Residuals. Gray lines represent block boundaries. Error ellipses indicate the 95% confidence 

levels. 
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Appendix C-Appendix for Chapter 5 

Text C.1. 

GPS data processing 

Wang et al. (2017) used the Bernese 5.0 GPS software (Dach et al., 2007) to process the 

CMONOC GPS data. During data processing, they corrected coseismic offsets for GPS stations 

affected by large earthquakes that in and around mainland China between 1998 and 2015, such as 

the 2001 Mw 7.8 Kokoxili earthquake, the 2008 Mw 7.9 Wenchuan earthquake and the 2011 Mw 

9.0 Tohoku, Japan earthquake. For the postseismic perturbations of large events, they removed the 

post-earthquake data of near-field stations. 

Rui and Stamps (2016) used the GAMIT/GLOBK 10.4 software (Herring et al., 2010) to 

process the Sichuan GNSS/GPS Network GPS data. They also corrected the coseismic offsets for 

GPS stations. In addition, they evaluated time series (11 continuous GNSS/GPS stations) for 

postseismic transients following the 2008 Mw 7.9 Wenchuan earthquake and the 2013 Mw 6.9 

Lushan earthquake, and solved for relaxation times and amplitudes of transients. The time series 

showed unresolvable postseismic transients 9 months after the Wenchuan earthquake; consequently, 

they removed 9 months of data after both events for their final velocity solution. In summary, we 

regard the above GPS solutions represent interseismic velocities in 1999–2014. 
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Text C.2. 

GPS data modeling 

We use the elastic block modelling implemented in DEFNODE package (McCaffrey et al., 

2007) to obtain a regional kinematic model. In the model, faults are represented by a set of 3-D 

nodes defining the fault surface and the ISC at each node is estimated during the inversion. The fault 

surface between the fault nodes is divided into patches of 10 km length along strike and 1.7 km 

along dip. A bilinear interpolation is applied to obtain the ISC for each rectangle. We minimized 

data misfit, defined by the reduced chi-squared statistic (𝜒𝑛
2): 

𝜒𝑛
2 = ∑ (

𝛾𝑖

𝜎𝑖
)
2
/(𝑛 −𝑚)𝑛

1           (1) 

where n is the number of observations, m is the number of free parameters, 𝛾𝑖 is the residuals 

(observed minus calculated velocities), and 𝜎𝑖 is the data uncertainty for observation i. 

Following previous studies (e.g., Loveless and Meade, 2011; Wang et al., 2017; Figure C.1), 

we divide the eastern Tibetan Plateau into five tectonic blocks: the South China block, the 

Longmenshan block, the Bayanha block, the North Yunnan block, and the South Yunnan block. 

Block boundaries follow the surface traces of major active faults. The South China block is assumed 

to be rigid and we solve internal strains for the Longmenshan block, the Bayanha block, the North 

Yunnan block and the South Yunnan block respectively. In the model, the Longmenshan fault was 

modeled to be listric in shape, consistent with the geometry proposed in previous studies (Thompson 

et al., 2015). As in previous studies (e.g., Allen et al., 1991; Deng et al., 2003; Jiang et al., 2015; 

Wen et al., 2008), we model the XXFS as a 80° southwestward dipping fault while other block 

bounding faults are taken vertical (89.9°). In order to account for the elastic contribution of locked 

faults surrounding the XXFS, we first solve for the mean fault locking depth for all of the block 

bounding faults using a grid search method (between 0.1 and 30 km with a step of 1 km). The 

optimal result providing the minimum misfit is 20 km. Therefore, a uniform fault locking depth of 

20 km was used for the block bounding faults, except for the Longmenshan fault to be consistent 

with previous studies and the XXFS, where ISCs are estimated parameters in the inversion. 
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Text C.3. 

InSAR data processing 

In order to make InSAR and GPS consistent, we adopt the remove-filter-restore approach proposed 

by Wei et al. (2010). We first remove an interpolated map of the horizontal GPS velocities from the 

InSAR data set, then high-pass filter the obtained residual LOS rate map with a cut-off distance of 

50 km, and finally add the result back to the GPS velocity map. Such procedure ensures that the 

InSAR velocities agree with the GPS at the longest wavelengths, while preserving the short-

wavelength features that make the InSAR contribution valuable in the near field of the Xianshuihe 

fault. The corrected data set is shown in Figure 3b. We calculate the ‘surface creep rates’ as the 

difference in fault-parallel velocity averaged in 1 km normal and 2 km along the strike bins on 

opposite sides of the fault (e.g., Tong et al., 2018; Xu et al., 2018). If the fault segment is creeping, 

the ‘creep rate’ should be larger than 0, and if the fault segment is coupled at the surface, the ‘creep 

rate’ should be around 0 within it confidence level. 
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Figure C.1. Global Positioning System (GPS) velocity residuals associated with the block 

kinematic model and their statistical histogram. Error ellipses indicate the 95% confidence levels. 

Black lines represent the block boundaries. Red arrows show principal strain rate. 
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Figure C.2. Resolution test, with increasing checkerboard lengths, for interseismic fault coupling 

on the XXFS. 
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Figure S3. Fault normal GPS velocities. From top to bottom, subfigures correspond to (b), (c) and 

(d) in Figure 5.8. 
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Figure S4. Fault normal GPS velocities. From top to bottom, subfigures correspond to GPS profiles 

AA’, BB’, CC’, DD’ and EE’ in Figure 5.9. 
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Figure C.5. Posterior marginal Probability Density Functions (PDFs) of: (a-d) GPS velocities in 

1998-2014, (e-f) GPS velocities in 1998-2007 and (h-i) GPS velocities in 2015-2018. 
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Table C.1. Block rotation poles 

Block name Longitude (°) Latitude (°) Rotation rate (Ma/a) 

Bayanha 280.672±0.070 -29.107±0.377 2.248±0.250 

Longmenshan 279.401±1.030 -18.347±4.593 0.425±0.146 

North Yunnan 250.369±12.033 12.936±17.468 0.238±0.068 

South Yunnan 269.704±2.076 -19.138±1.359 0.550±0.094 

South China 113.938±0.294 47.298±0.498 0.165±0.004 

 

Table C.2. Block internal strain rates 

Block name 
Longitude 

(°) 

Latitude 

(°) 

Compressive 

(nanostrain/a) 

Tensile 

(nanostrain/a) 

Azimuth 

angle (°) 

Bayanha 99.362 32.917 2.376E-10 -1.015E-08 36.9212 

Longmenshan 102.565 30.986 1.008E-09 -3.887E-09 -3.9980 

North Yunnan 100.956 30.264 3.316E-09 -8.018E-09 -13.2690 

South Yunnan 102.534 26.668 7.426E-09 -3.897E-11 19.5465 
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