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Active deformation of the Qaidam Basin in the north east Tibetan 

Plateau

Abstract

This study conducts joint analyses of GPS velocities, seismicity and 

topography in the north east of Tibet to examine the processes of shortening that 

occur at the surface and at depth. The north eastern margin of the Tibetan Plateau 

is theorised to be an area of active northwards growth of the plateau (Tapponnier 

et al., 2001). Crustal shortening and thickening in the region is a far field effect of 

the India-Eurasia collision and appears to be mediated by several large, left lateral 

strike slip faults surrounding the Qaidam Basin (the Altyn Tagh, Kunlun and 

Haiyuan faults). Existing structural and kinematic models for deformation (eg 

Meyer et al., 1998; Yin et al., 2008) are examined in light of this new evidence 

and an alternative structural model for the Qaidam Basin is proposed, eliminating 

the need for a basin wide sub-horizontal decollment. Below the seismogenic limit 

of thrusting (around 20km depth) it is speculated that deformation may well occur 

in a ductile manner.



3

0 Abstract 2

1 Introduction 5

1.1 Location 5

1.2 Geological background 6

1.2.1 Tectonics 6

1.2.2 Basin evolution 7

1.2.3 Present day sedimentary environment 8

1.2.4 Underlying basement 9

1.2.5 Structure 11

1.3 Aims 15

2 Methodology 15

2.1 Earthquake catalogue 15

2.1.1 Criteria for inclusion 15

2.1.2 Fault plane solutions 17

2.1.3 Global CMT solutions 17

2.1.4 USGS/NEIC 18

2.1.5 Subset of Sloan et al. (2011) 18

2.2 Slip vector azimuths 19

2.2.1 Thrusts events 19

2.2.2 Strike slip events 19

2.2.3 'Corrected' rake 19

2.3 Cross sections 20

2.4 Seismic moment tensors 21

2.5 Topography 21

2.5.1 Digital elevation model 21

2.5.2 Elevation profiles 22

3 Results 23

3.1 Earthquake focal mechanisms 23



4

3.2 Earthquake depths 26

3.3 Earthquake slip vectors 29

3.3.1 GPS velocity vectors 30

3.3.2 Dip of slip vectors 31

3.4 Strain partitioning 33

3.5 Projected focal mechanisms 34

4 Discussion 35

4.1 Topography and geomorphology 35

4.2 Kinematic model for deformation 36

4.3 Deformation at depth 37

4.3.1 Distribution of earthquake depths 39

4.3.2 Thrust dips 40

4.3.3 Strength of the lithosphere 40

4.3.4 Alternative model for deformation at depth 41

4.4 Summary of deformation 44

4.5 Future research 44

5 Conclusions 45

5.1 Seismicity data and the existence of a detachment 45

5.2 Near surface deformation 46

5.3 Relation to the Tibetan Plateau as a whole 47

6 Acknowledgements 47

7 References 48

8 Appendices 52

8.1 Raw Earthquake data 52

8.2 GPS data 55



5

Introduction

The Tibetan Plateau is widely accepted to have formed as a result of the India-Eurasia 

collision around 55Ma (Patrait and Achache, 1984). Whilst the formation and geology of the 

Himalayan mountain belt (the southern margin of the plateau) is relatively well understood, 

there is still considerable debate surrounding the mechanisms controlling the growth and rates 

of uplift elsewhere in the plateau. Understanding how the plateau was formed, how it deforms 

internally and how it grows, upwards and outwards, has profound implications in several key 

geological controversies that remain unresolved. For example, the threshold elevation above 

which thrusting seems to cease is around 3.5km yet much of the Tibetan Plateau and other 

plateaux around the world are above this height. At present it is unclear which mechanisms 

mediate this extra elevation. As Tibet is the youngest major plateau on Earth understanding its 

active deformation will allow a greater understanding of the evolution of other large plateaux 

in collision zones.

It is speculated that north east Tibet is an area of active plateau growth (Tapponnier et 

al., 2001). This paper will study an area of the north eastern margin of the Tibetan Plateau, 

with a particular emphasis on the Qaidam Basin (see Figure 1.1).

Location

The Qaidam Basin is situated within the Qinghai Province, Western China. It forms a 

rhomb shaped depression bounded by the Altyn Tagh mountain range to the north and the 

Kunlun range to the south. Further north is the Tarim Basin and to the east the Qilian Shan 

mountains and the Gansu and Sichuan provinces of China. The elevation over most of the 

basin is around 3km, in contrast to the rest of the plateau which has an average elevation of 

around 4km.
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Figure 1.1: Location of the Tibetan Plateau. Topography for elevations above 3km is 

shown, approximately equal to the area of the plateau. The study area (from 35°N, 88°E 

to 40°N, 105°E) is highlighted, bounding a rectangular area roughly 1500km by 550km.

Geological background

Tectonics

The Qaidam Basin is bound by two very large, left-lateral strike-slip faults, the Altyn 

Tagh fault and the Kunlun fault zone (see Figure 1.3).

The Altyn Tagh fault extends along the northern margin of the Tibetan Plateau for 

around 1500km forming one of the world’s longest active intracontinental strike slip faults 

(Wang et al., 2008). The fault trends roughly ENE-WSW with remarkable linearity. Along the 

length of the fault strain is either transferred to adjacent areas (such as the shortening in the 

Qaidam Basin and Qilian Shan, Meyer et al., 1998) or by forming push up structures along 

the fault zone (such as the Altyn Tagh mountain belt, Wang et al., 2008). The Altyn Tagh 

fault is clearly visible on topographical maps as a linear trough bounded by steep fault scarps, 

separating the elevated Tibetan Plateau from the Tarim Basin and the rest of east Asia, which 
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is relatively low lying. The rate of slip has been estimated at around 9.0mm per year (Bendick 

et al., 2000; Shen et al., 2001; Zhang et al., 2004).

The Kunlun fault zone (referred to from here simply as the Kunlun fault) is a network 

of linked left lateral strike slip faults trending ESE-WNW. The most prominent individual 

fault is the Eastern Kunlun fault. Much of the strain over the fault is absorbed by the rapid 

uplift of the Kunlun mountains to the south of the Kumukol Basin. Recent studies have placed 

the slip rate on the Kunlun fault at around 11mm per year (Van Der Woerd et al., 1998; 

Haibing et al., 2005). The Kunlun fault joins the Altyn Tagh fault in the far west of the study 

area, forming the distinctive “wedge” geometry of the Qaidam Basin (see Figure 1.3).

Intrabasin sediments from the Late Cretaceous to the Palaeocene can be well 

correlated with the Tarim Basin to the north, implying that the basins were connected or part 

of the same depositional setting during this period. During the Triassic and Jurassic periods 

the Qaidam Basin was subject to extension and rapid deposition (see Section 1.2.2). Since the 

initial collision of India and Eurasia (around 55Ma) crustal shortening and left lateral offset 

along the Altyn Tagh fault have separated the basins resulting in the Qaidam evolving into a 

separate basin in its own right during the Miocene (Meng and Fang, 2008). Subsequent 

subsidence has allowed the basin to remain an active site of deposition by increasing 

accommodation space, despite rapid infill of sediment.

Basin evolution

The present day basin developed during the Mesozoic when the Qaidam was subject to 

regional extension (Chen et al., 2003; Tang et al., 2000). During the Triassic period the basin 

probably thinned due to back-arc extension (Qinmin and Coward, 1990). Deposition during 

the Jurassic and Cretaceous was characterised by low sedimentation rates, although thick 

lacustrine shales deposited during the Mid Jurassic form an important hydrocarbon source in 

the basin (Xun et al., 1995).
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The onset of shortening after the India-Eurasia collision triggered rapid uplift 

associated with the Altyn Tagh and Kunlun ranges, causing rapid sedimentation and infill of 

the basin. Thus, the interior of the basin is infilled with Cenozoic sediments to a thickness of 

around 15km (Meng and Fang, 2008). The unusual thickness of these sediments appears to 

have been as a result of rapid uplift of the basin margins (providing a sediment source); 

regional subsidence of the basin (increasing accommodation space); and internal basin 

drainage – major rivers that would otherwise transport sediment away from the basin have 

been defeated by uplift at the margins. It has been speculated that these same mechanisms are 

responsible for the high elevations and low relief seen over the rest of the plateau (Meyer et 

al., 1998).

Present day sedimentary environment

The steep mountain faces in the margins, for example in the southern Qilian Shan and 

Kunlun mountains, are characterised by alluvial fans which transport sediment to numerous 

small intrabasin lakes via (often ephemeral) rivers and streams.

Figure 1.2: A typical alluvial fan that sources sediment to the Qaidam Basin, with 

interpreted fault scarps highlighted (modified from Google Earth, 2013). This example 

is from the Qilian Shan mountain range (around 38.3°N 96.3°E). Note how the rivers 

appear to have cut steeply into the thrust front, indicating that thrusting is active and 

causing uplift.



9

The Qaidam has two main associated basins, the Suhai Basin to the north and the 

Kumukol Basin to the south. Although little research has been conducted on their evolution, 

they were probably isolated from the central basin as a result of thrust fronts developing in the 

Qiman Tagh and Serteng ranges. Other small, elevated basins are scattered within the 

Northern Fault Block. It is assumed that over time the Suhai and Kumukol Basins will be 

consumed by further thrusting and shrink to form similar intramountaine basins.

Underlying basement

Due to the depth of Mesozoic and Cenozoic sediment in the basin the nature of the 

underlying basement has not yet been conclusively determined. It is commonly assumed that 

the geology of the basement corresponds to metamorphics exposed in the basin margins to the 

north and south. High grade metamorphics in the Qiman Tagh and the Qilian Shan have been 

dated to the Proterozoic and interpreted as upthrown basement blocks. Thus, the basement 

underneath the Qaidam Basin is likely to be Proterozoic continental crust (Xun et al., 1995).

However, there is speculation that the Tarim and Qaidam Basins may in fact be 

underlain by subducted oceanic crust, much like the Caspian Basin and the Black Sea (Hsu, 

1988).

Whatever the origin of the basement, this paper assumes that there exists some sort of 

boundary underneath the Mesozoic sediments at a depth of around 16km. This represents a 

change in rheological properties between the sediment and the basement. Whether or not this 

rheological boundary is distinct or diffuse remains unclear.
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Figure 1.3: A sketch overview of the tectonics of the Qaidam Basin, showing major strike-slip faults, thrust zones and adjacent basins 

(compiled from Meng and Fang (2008); Meyer et al. (1998); Xun et al. (1995) amongst others). The locations of cross sections shown in Figures 

1.5b (AA'), 4.2 (BB') and 3.10 (CC') are overlain.
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Structure

Meyer et al. (1998) interpret the internal structure of Qaidam as having large, listric 

thrust faults spreading from a large scale detachment (sometimes referred to as a decollment) 

that cuts the basement. The detachment dips gently southwards, rooting under the Kunlun 

fault, which is interpreted as a strike slip fault that cuts through the entire crust. To the north, 

the detachment tips out in the Northern Qilian Shan mountains. The Altyn Tagh fault is 

interpreted as a planar strike slip fault dipping at around 90°. This defines the edge of the 

plateau, separating the two distinct tectonic provinces of Tarim and Qaidam.

Figure 1.4: Cartoon sketch of a model for deformation in north east Tibet, showing the 

Qaidam being subducted under the Tibetan Plateau (Meyer et al., 1998). Depth has been 

greatly exaggerated, meaning that fault dips appear steeper than in reality. Thrusts are 

listric and shallow out onto a near horizontal decollment.

Thickening within the basin is inferred to be controlled by thrust and backthrust 

blocks that root back to the detachment. These thrust blocks “slide” along the detachment. At 

the surface there are two distinct modes of deformation to accommodate convergence and 

thickening:

1. Folding is caused by blind thrusts. As the thrusts propagate from depth they form 

anticlines at the surface before tipping out. This style of deformation is particularly 

concentrated in the south and centre of the basin.



12

2. Mountain ranges are uplifted by thrust faults that break out at the surface. These are 

characterised by steep fault scarps and incised drainage patterns (see Figure 1.2). This 

style of deformation is generally seen in the north and west of the basin (for example 

the Qilian Shan and Qiman Tagh), where thrusting has progressed far enough to 

rupture the surface.

Meyer is a proponent of the hypothesis that the Tibetan Plateau grew by a series of 

partially subducting continental blocks as a response to the India-Eurasia collision 

(summarised in Tapponnier et al., 2001). He infers that strike slip on the East Kunlun fault is 

a result of the oblique convergence between the Qaidam block and the rest of the Tibetan 

Plateau. The Kunlun range overlies this suture and corresponding subduction zone (see Figure 

1.4). Meyer cites calc-alkaline arc-like magmatism seen to the south of the Kunlun as 

evidence for this partial subduction (see Figure 1.5a). It should be noted, however, that other 

sources for this magmatism have since been proposed, notably removal of the lower 

lithosphere during uplift around 40Ma (eg Chung et al., 1998).

Figure 1.6: Another structural model across the interior of the Qaidam Basin, 

interpreted from seismic reflection profiles and sediment thickness patterns (Yin et al., 

2008). Notice this model still contains a large detachment (“Main Qaidam Detachment”) 

for fault blocks to move on, however it dips in the opposite direction to Meyer's model 

(see Figure 1.5a).
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Yin et al. (2008) use seismic sections to interpret deformation of the sedimentary 

cover. From this they infer the deep structure of the basin. Like Meyer et al. (1998) they still 

infer that folding seen at the surface is controlled by thrusts originating from depth. The 

interpreted thrusts and backthrusts still root back to a basin scale detachment, which they also 

draw as a shallowly dipping basal fault. However their model shows the main detachment 

dipping north rather than south, contradicting Meyer's interpretation. Faults are drawn as 

planar rather than listric, and the main detachment is not directly connected to any deep strike 

slip fault at the basin margins.
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Figure 1.5: a) Meyer's original structural interpretation of the Qaidam Basin from fieldwork (Meyer et al., 1998). b) A simplified cross section 

adapted from a), with a revised estimate of Moho depth overlain (Jin et al., 2008). Elevation profile is greatly exaggerated compared to depth. 

All of the fault blocks detach on a large, south dipping detachment that cuts the crystalline basement at ~25km depth.

a)

b)
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Aims

This study aims to examine existing research on the deformation of the Qaidam in 

light of modern geophysical datasets. Through analysis of GPS velocity vectors and a 

modern, comprehensive catalogue of seismicity we aim to describe surface deformation and 

explain the mechanisms by which it occurs. Seismological evidence will be used to evaluate 

different structural models of Qaidam, particularly the existence of a large basal thrust as 

inferred by Meyer et al. (1998) and Yin et al. (2008).

Using the above data an updated model for crustal deformation in Qaidam will be 

created to explain how crustal shortening in the region is accommodated, and how this relates 

to plateau building. This model will be based on research completed on analogous regions, for 

example the Caspian Basin (eg Jackson et al., 2002) and the Zagros (eg Allen et al., 2013).

Methodology

Earthquake catalogue

Criteria for inclusion

In order to conduct the later analyses earthquake data was filtered from various 

sources to build an earthquake catalogue for the north east region of the plateau. Data derived 

from global seismograph networks is available from the 1960s onwards. For the purposes of 

the earthquake catalogue the north east of the plateau is defined as the area between latitudes 

35°N to 40°N and longitudes 88°E to 105°E (see Figure 1.3). Only earthquakes with 

epicentres within these bounds were included in the catalogue.

The analyses are largely dependent on well constrained fault plane solutions and 

hypocentre depths and locations. In the absence of uncertainties or quoted error values the 

percentage double-couple value was used to filter well constrained fault plane solutions. The 

double-couple (DC) is a measure of the pattern of radiated energy – a value of 100%, a true 
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DC, implies that all of the energy released was from a single direction of motion along a 

single, linear fault plane; a DC of 0% indicates energy was radiated isotropically (for 

example, from an explosion). Most earthquakes are caused by shear faulting but the vast 

majority are not perfect shears, meaning they have a DC of less than 100%. Examples of 

earthquakes with a relatively low DC are those located on curved faults, those caused by 

volcanism or those in areas of fault block rotation. However, most of the non-DC component 

of intracontinental earthquakes is caused by noisy data and imperfect modelling (Julian et al., 

1998), meaning that generally we can use the DC percentage as a proxy for how well 

constrained the focal mechanisms (and thus fault plane solutions) are. For the purposes of this 

earthquake catalogue it is assumed that all events with DC ≥ 70% are “well constrained” and 

that their focal mechanisms are accurate enough to use with some certainty. Events with DC < 

70% were not included.

Given the strict criteria for inclusion in the catalogue, I do not attempt to build a 

complete list of events. Rather, the catalogue represents events that are relatively well 

constrained for both focal mechanisms and depth by using DC percentage to estimate how 

reliable the solutions are. Larger earthquakes will be detected by a higher number of 

seismographs in the network, therefore tend to have better constrained inversions. As a result 

of this, the catalogue is biased towards including earthquakes with larger Mw. This is not 

problematic as small earthquake cause negligible amounts of deformation relative to larger 

events.

Data from three separate sources were used to build the earthquake catalogue (see 

below for full details of inclusion criteria for each source). There was some overlap between 

the catalogues, so post-compilation the database was filtered for duplicate earthquakes. In this 

case if information on a single event was available from several sources I took the solution 

from i) Sloan et al. (2011); ii) Global CMT (assuming the depth was not fixed before 

inversion, see Section 2.1.3) and only if neither were available iii) the USGS solution.
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Fault plane solutions

Fault plane solutions from the seismic moment tensor always give two potential slip 

planes, the true slip plane and the auxiliary plane. As a first pass, my seismic catalogue takes 

the fault plane solution with the most “sensible” dip to be the true slip plane, depending on the 

sense of slip. For example, for thrust events the nodal plane with the shallowest dip is taken as 

the plane of slip; for normal events the steepest dip is taken; for strike-slip events the steepest 

dip is taken and for oblique events the shallowest dip is taken. Whilst this is probably accurate 

for most events, it assumes a “classic” Andersonian model for faults that does not hold in 

most scenarios. Where individual analyses benefit from a well constrained true slip plane a 

second pass is conducted on the relevant events, usually by comparing epicentres with the dip 

direction of faults on a geological map.

It is important to remember that without fieldwork to analyse the rupture of each 

individual event (which even then is often impossible due to the rupture not breaching the 

surface) the true slip plane cannot be constrained with certainty. This is especially true for dip 

slip events where both planes dip at around 45° and pure strike slip events. However with 

most events in the catalogue the true slip plane is usually relatively obvious, either by looking 

at the dips of the nodal planes or by identifying a likely fault that the earthquake occurred on.

Global CMT solutions

The Global Centroid Moment Tensor database (formerly the Harvard CMT catalogue) 

contains earthquake moment tensors calculated by the Lamont-Doherty Earth Observatory. 

The catalogue dates from 1976 and contains only events with Mw > 5.0. Solutions are 

calculated using the moment tensor inversion of long period body waves, intermediate period 

surface waves and very long period surface waves (also known as mantle waves) (Ekstrom et 

al., 2012).

As a result of this in depth, semi-automated processing the Global CMP catalogue 

contains a large number of earthquakes that have relatively well constrained focal 
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mechanisms. Unfortunately for some earthquakes inversion at the true depth results in 

instability in the inversion, so some CMT solutions are fixed to depths of 15km (for shallow 

depth events) or 33km (for medium depth events). As such, these events are not included in 

my depth analyses, despite potentially having very well constrained moment tensor solutions.

USGS/NEIC

The USGS National Earthquake Information Center (NEIC) maintain a relatively 

complete and up to date catalogue of events starting around 1980, recorded from their global 

seismograph network. Moment tensor solutions are calculated using body wave inversion as 

described by Sipkin (1982). Fault plane solutions are inverted by generating a synthetic 

waveform, and using least-squares to fit the resulting synthetic moment tensor to the actual 

moment tensor solution. Energy radiation patterns are determined using broadband P-waves 

(Boatwright and Choy, 1986) and processed using the method of Harvey and Choy (1982).

An advantage of the NEIC database over Global CMT is that it records smaller events 

(Mw > 3.0) and the location of epicentres is more precise (given to the nearest 3 arc-seconds 

rather the nearest 36 arc-seconds). Also, the inversion method used by NEIC does not suffer 

from the same instability problems as Global CMT so hypocentre depths can be taken as read. 

As a result, however, depths, moment tensors and fault plane solutions are less well 

constrained.

Subset of Sloan et al. (2011)

Sloan et al. (2011) analysed the distribution of seismicity across east and central Asia. 

They performed body-wave inversion, depth phase modelling and synthetic seismogram 

modelling to better constrain focal mechanisms and depths of events from existing catalogues. 

As each inversion was calculated “by hand” events from this source are considered to have 

the best constrained focal mechanisms and hypocentre depths of the three sources.
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Slip vector azimuths

Because the earthquake catalogue is limited to events with a high DC percentage the 

assumption is made that every event is a true DC (that is, the fault rupture is largely planar 

and motion of the fault blocks is unidirectional along the length of the rupture). This 

assumption, whilst necessarily false for events with DC < 100%, allows estimation of the 

direction of slip from the focal mechanism solutions with some degree of confidence. The 

likely fault plane was taken as the primary nodal plane for the purposes of distinguishing 

between earthquake types, primarily thrusts and strike slips.

Thrusts events

Events with a large thrust component were selected by choosing only events in which 

the rake was between -45° and -135°. Then the slip vector azimuth was calculated by adding 

90° to the strike of the slip plane. This study was concerned only with the direction of 

shortening, rather than the direction of thrusting, therefore 180° was added to all events 

thrusting south (azimuths between 135° and 225°) to give north facing azimuths of shortening 

(see white vectors in Figure 3.5).

Strike slip events

Similarly, strike slip events were selected by choosing only events where the absolute 

rake was between 160° and 180°, or between 0° and 20°, and inverted the polarity of westerly 

movement to give azimuths of shortening in an easterly direction (see grey vectors in Figure 

3.5).

'Corrected' rake

Rake describes the sense of slip of the hanging wall fault block as an angle between -

180° and 180°. A rake of 0° describes the hanging wall fault block moving directly away from 

an observer looking along strike (left lateral slip). A rake of ±180° describes the hanging wall 

fault block moving towards an observer looking along strike (right lateral slip). For any rake 
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greater than 0° the hanging wall has moved up dip (thrust faulting) and for rakes less than 0° 

the hanging wall has been downthrown (normal faulting).

'Corrected' rake attempts to reduce the rake to a value between 0° and 90° to assess 

whether an earthquake was strike slip, oblique slip or dip slip. The formula used to convert 

rake (-180° ≤ α ≤ 180°) to 'corrected' rake (0° ≤ β ≤ 90°) is as follows:

where α is rake and β is 'corrected' rake.

Cross sections

To get a sense of seismological evidence for Meyer's structural interpretation of the 

region, earthquake focal mechanisms and depths were plotted in cross section using pscoupe1. 

Focal mechanisms are projected into the vertical plane (ie a thrust event would be seen in 

profile looking like a strike-slip event).

The projection technique assumes the following:

 The line of section lies roughly parallel to dip direction of structures

 Epicentres far from the line of section occur on structures that continue on to cut the 

line (ie structures continue at roughly the same height and dip laterally)

The alternative structural interpretation is illustrated by a cross section and projected 

focal mechanisms (along line BB') in Figure 4.2. Although comparable to Meyer's main cross 

section (line AA', Figure 1.5b) the angle subtended over the basin by BB' is slightly different. 

This is in order to bring the section in plane with the large number of earthquakes in the 

Qilian Shan region and to represent a larger area over the basin. As Meyer interprets 

structures as striking roughly east west with constant depth across the basin moving the cross 

section makes little noticeable difference, meaning the two cross sections are still comparable.

1 Part of the GMT suite, available under the GNU General Public License from 

http://gmt.soest.hawaii.edu/
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Seismic moment tensors

The seismic moment of an earthquake is a measure of the size of an earthquake based 

on the surface area ruptured. The scalar seismic moment is defined as

where μ is the shear modulus of the rock (also known as the modulus of rigidity, units 

normally given as dynes per cm2), S is the area of rupture along the fault (in m2) and  is the 

mean displacement along the length of the fault (in m) (derived in Aki, 1966). μ may be 

calculated from the shear velocity vs and the density ρ by the formula . Typical values in the 

continental crust are vs = 3.6km s-1 and ρ = 2.85g cm-3 giving μ ≈ 2.85 ⋅ (3.6×103)2 = 3.69 × 107 

Nm-2 = 3.69 × 1011 dyne cm-2.

M0 is related to Mw (the moment magnitude) by

where M0 has units dyne cm (derived empirically in Kanamori, 1977).

Topography

Digital elevation model

Elevation data was taken from the Shuttle Radar Topography Mission (SRTM). In this 

paper the CGIAR-CSI SRTM version 4 tiles2 are used. These data have been resampled to 

90m resolution from the original NASA 3 arc-second data, with “no data” voids filled in with 

interpolated values. These are published as 5° square tiles in GeoTIFF format. These were 

converted to GMT's netCDF format using GDAL and stitched together using grdpaste to give 

one large digital elevation model (DEM) over the study area.

Hill shading was created using the grdgradient tool. Illumination was set from two 

directions (directly north and west) to highlight topographic features running north-south and 

2 Freely available for academic use from http://srtm.csi.cgiar.org/.
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east-west. These directions were chosen as thrust belts in the region are predominantly 

oriented east-west whereas push up structures associated with strike slip faults are 

predominantly oriented north-south. Gradient values were normalised using a cumulative 

Laplace distribution with amplitude 0.6.

Elevation profiles

Elevation profiles used in compiling cross sections were calculated from the SRTM 

data using the Global Mapper 11 software3. Unless otherwise noted all profiles were sampled 

every 110m along the line of section.

3 Available from http://www.bluemarblegeo.com/products/global-mapper.php.
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Results

Earthquake focal mechanisms

Plotting the focal mechanisms of events in map view gives a visual overview of 

seismology in the study area (see Figure 3.1). This immediately illustrates that the location 

and character of earthquakes are not evenly distributed across the area. Figure 3.2 shows that 

the majority of events are either near pure strike slip or near dip slip. There is a handful of 

oblique slip events.

Within the basin earthquakes are predominantly thrusts. There is a concentration of 

thrust events in the centre around 37.5°N, 96°E (Qilian Shan region). This correlates to a 

topographic high that protrudes into the centre of the basin. Thrust fronts and some fault scarp 

ruptures are clearly visible on SRTM topography and satellite imagery (see Figure 1.2).

Earthquakes at the margins on the large, left lateral strike slip faults are predominantly 

strike slip events. Events on both the Altyn Tagh and Kunlun faults appear to be less frequent 

compared to the basin interior however they are generally larger events. One particular 

example is the Mw = 7.4 event that ruptured the Kunlun fault in 2001 (35.95°N, 90.54°E) 

which caused a rupture large enough to be visible on satellite imagery and offset some 

streams by several metres. There are also some normal earthquakes in the south east that are 

associated with pull apart structures linked to the Kunlun fault.
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Figure 3.1: Distribution of earthquake focal mechanisms over Qaidam. Red beachballs are taken from Sloan et al. (2011), blue from Global 

CMT solutions and green from NEIC/USGS catalogue; diameter is proportional to Mw. Information about each event including strike, dip and 

rake of the probable slip plane is presented in the appendices. Within the basin earthquakes are predominantly thrusts, with large left lateral 

strike slip events on the margins. Significant seismicity is rarer in the very centre of the basin and the far north east range fronts.



25

Figure 3.2: Plot of strike against `corrected' rake for all event slip planes in the 

earthquake catalogue (n=52). Corrected rake was calculated according to the method 

described in Section 2.1, removing the need to plot both nodal planes. Note the two 

distinctive clusters in the top left and bottom right of the figure (labelled) that show pure 

strike slip and near-dip slip events dominate the earthquake record.

Figure 3.2 shows that seismogenic slip is strongly partitioned between strike slip 

faulting and dip slip (almost entirely thrusting, with only two normal events). The tight 

distribution of each slip type on the dip/rake plot shows that although there are two 

fundamentally different characters of faulting, within each class slip direction remains fairly 

uniform across the basin.

Oblique slip events may be a result of slip being partitioned on an individual fault or 

may simply be artefacts of poorly resolved focal mechanisms or incorrectly identified slip 

planes.
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Earthquake depths

Figure 3.3: Frequency histogram showing distribution of the best constrained 

earthquake depths (Sloan et al., 2011) from within the study area (n=13). Events used 

and focal mechanisms are presented in Table 1.

Plotting the frequency of earthquake depths (Figure 3.3) shows the majority of events 

occur between around 5km and 15km depth. There is no significant seismicity deeper than 

19km. Only events from Sloan et al. (2011) were used as these are the best constrained. 

Events from the Global CMT and USGS catalogues have depths fixed automatically as a 

parameter for inversion, so are less reliable and are not presented in this figure.

The mean hypocentre depth is 10.8km with a standard deviation (σ-1) of 4.7km. The 

most shallow event occurred at 4km below the surface and the deepest event at 19km below 

the surface.
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Year Longitude/
° Latitude/° Depth/km

Likely fault plane
Mw

Focal 
mechanismStrike/

°
Dip/
°

Rake/°

1962 95.73 37.13 11 285 39 74 6.6

1963 96.44 35.53 10 277 80 -10 6.7

1964 95.62 36.99 10 70 77 50 5.3

1971 98.03 35.43 7 283 74 5 6

1972 96.32 36.64 15 90 62 60 5.3

1972 96.31 36.57 19 91 58 38 5.3

1977 90.99 38.18 8 288 36 82 5.8

1977 95.7 37.01 14 305 38 75 5.7

1980 95.6 38.97 12 128 53 48 5.4

1986 101.56 37.76 7 331 59 107 5.9

2008 95.75 37.51 18 248 35 60 6.2

2009 95.73 37.66 5 111 72 89 6.2

2009 95.86 37.59 4 291 34 89 5.7

Table 1: Events from Sloane with likely fault plane highlighted on focal mechanism 

(determined from dip magnitude and geological maps). A frequency histogram of depths 

is plotted in Figure 3.3.
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Figure 3.4: Distribution of all earthquake depths against seismic moment (as calculated 

from Equation 2.3). The dashed line marks the envelope outside which significant 

seismicity (Mw > 5) is no longer observed inside the basin (gradient not well constrained). 

For reference, an earthquake with M0 = 1.2 × 107 dyne cm has Mw ≈ 4.7. The transition 

shows how the crust gradually becomes weaker with depth (it cannot accommodate 

large stresses required for large earthquakes before failing). This supports the theory 

that the transition from seismogenic crust to ductile crust is gradational rather than a 

solid boundary (for example a rheological contact). No seismicity is seen below around 

24km inside the basin. Events outside the bounds of the line are included for 

completeness. They represent deeper events that occurred under the Kunlun Shan, 

where the crust is thicker therefore not relevant to this analysis.

Figure 3.4 shows the variation in magnitude of earthquakes with increasing depth. 

Events trend in a “wedge” shape bounded by a line above which no significant seismicity is 

recorded4. The trend of the line implies that as depth increases the strength of earthquakes 

(and therefore, the strength of the crust required to support such a magnitude) decreases. The 

4 In this context significant seismicity is any event large enough to be noted in major earthquake 

catalogues (Mw > 5). Events below this significance level cause negligible amounts of deformation 

by slip, thus can be ignored.
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point at which the line intersects the arrow represents the depth at which the crust becomes 

too weak to support significant seismicity. To a broad approximation, as there are not enough 

events to properly constrain the gradient of the line, this result implies that there will be no 

significant seismicity whatsoever below about 25km depth. All deformation below this depth 

will be accommodated aseismically (probably by ductile deformation, but potentially by 

aseismic slip).

Earthquake slip vectors

Figure 3.5: Horizontal projection of slip vectors: thrust events (in grey) and strike slip 

events (in black), derived according to the methodology presented in Section 2.2.2. The 

mean north facing azimuth of shortening by thrusting is 5.9°. The mean east facing 

azimuth of shortening by strike slip faulting is 76.5°. Overall, thrusts accommodate 

shortening approximately in a north-south direction and strike slip events in an east-

west direction.

Figure 3.5 shows how shortening in Qaidam is largely partitioned into two types of 

faulting – strike slip (trending roughly east-west direction) and thrusting (trending roughly 
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north-south). Generally, thrusting occurs inside the basin and strike slip occurs along the large 

strike slip faults that form the basin margins.

A major problem with using the technique is that it is often difficult to establish the 

true sense of slip from focal mechanisms. An accurate slip vector azimuth depends on 

correctly identifying the slip plane. Often (especially in our catalogue) this is obvious, either 

from fieldwork, observed fault ruptures or because one of the nodal planes dips at an 

unrealistic angle. Where the correct nodal plane was not obvious, the best estimate was used. 

This should not dramatically affect the mean slip azimuths as mislabelled nodal planes should 

occur with equal frequency either side of the mean, cancelling each other out.

GPS velocity vectors

Figure 3.6: GPS velocity field in north east Tibetan Plateau. Motion is relative to a 

'stable Eurasia' fixed reference point. Note the overall trend towards slower movement 

in the north, and faster eastwards movement in the east. See Appendix for the full list of 

velocity stations and velocities, a subset of Gan et al. (2007).
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Most velocity vectors show movement in a north east direction (relative to a stable 

Eurasia). Towards the east of the study area vectors tend to flatten out to roughly eastwards 

motion. In the far north east (around 39°N, 102°E) the average error on most stations becomes 

greater than their velocity, meaning that they show effectively zero motion. In the north west 

(north of the Altyn Tagh fault) velocity vectors generally trend in a more northerly direction.

The velocity vectors used in this study are taken from Gan et al. (2007), a compilation 

of several GPS campaigns organised by the Crustal Movement Observation Network of China 

(CMONOC). Whilst in general there is good coverage of GPS data across continental China 

and East Asia, some areas of the Tibetan Plateau are sparsely populated with GPS stations. 

This is often due to difficulties accessing remote and mountainous regions that are far from 

populated areas or roads. Our regional subset of the 2007 data suffers from particularly poor 

density of stations in the south west (in part due to difficulty placing and monitoring stations 

in the Kunlun mountain range). More stations would increase confidence in the velocity field 

and associated calculated azimuths of shortening.

Taking the difference between GPS velocity vectors with the greatest and smallest 

magnitudes shows that convergence (shortening) across the interior of the Qaidam is 

generally in a north easterly direction.

Dip of slip vectors

Plotting dip against rake of all 52 events in the earthquake catalogue clearly shows the 

two distinct characters of active faulting in Qaidam (Figure 3.2): 27% of events are strike slip 

earthquakes (with near vertical dip and near zero corrected rake), 48% of events are normal or 

reverse faulting (with dip around 30° and corrected rake within about 30° of pure dip slip) and 

25% of events lie somewhere in between strike slip and dip slip earthquakes (likely these 

represent oblique slip, however some may also represent incorrectly resolved slip planes or 

badly constrained inversions). 
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Figure 3.7: Dip of likely fault plane against depth for all events from the interior of the 

Qaidam Basin only. Note that no fault planes dip less steeply than 29°. A linear 

regression shows no relationship between dip angle and hypocentre depth.

Figure 3.8: Dips of both nodal planes (true plane and auxiliary plane) from thrust events 

inside the Qaidam Basin. a) Plot of depth against dip, showing that regardless of which 

nodal plane is taken as “true” there are no earthquakes on faults dipping more 

shallowly than 29°. b) Frequency histogram showing that the large majority of nodal 

planes dip at either ~30° or ~60° – thrusting is therefore predominantly at one of these 

angles.

Plotting both nodal planes gives confidence that thrust faults do in fact remain 

relatively steep, regardless of whether or not the slip plane is correctly identified. It is likely 

a) b)
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that most thrusts dip between 30° and 40°, however if the alternative nodal plane is selected 

as the slip plane the data still show steep dips (between 50° and 60°).

Strain partitioning

Figure 3.9: 'Velocity triangle' estimating annual shortening by thrusting and strike slip 

faulting by assuming that strain is perfectly partitioned. Overall convergence is 

calculated by projecting the GPS velocity field into a N122°E reference frame, selecting 

velocity vectors from within the basin and calculating P90-P10, where Px is the x-th 

percentile velocity in the distribution. This gives an estimate of the component of 

shortening in the direction of the mean azimuth of GPS motion, 32°. Internal angles in 

the velocity triangle are derived from the mean azimuth of thrusting and the mean 

azimuth of strike slip faulting (see Figure 3.5). Convergence rates are calculated using 

the sine rule.

Figure 3.9 shows that if convergence inside the basin was perfectly partitioned 

between thrusting and strike slip (at the mean azimuths calculated in Figure 3.5) it would 

require ~5.8mm per year of shortening by strike slip faulting and ~6.5mm per year of 

shortening by thrust faulting. Assuming all thrusts dip at 30°, this corresponds to a 

seismogenic uplift rate of ~3.8 mm per year. Inside the basin this thickening is largely 
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accommodated by developing anticlines above blind thrusts, elsewhere thrusts rupture the 

surface.

Projected focal mechanisms

Figure 3.10: Focal mechanisms projected onto a cross section over the Tang He Shan in 

the Qilian Shan range, from Meyer et al. (1998) (line of section CC', Figure 1.3). Only 

events from Sloan et al. (2011) are used as they have the best constrained depths. 

Hypocentres of events fall remarkably well onto Meyer's structural interpretation, with 

most events showing a nodal plane that dips at a plausible angle. No seismicity is 

observed below about 12km in this section so there is no evidence from this subset of the 

data supporting Meyer's interpreted detachment thrust at ~20km depth. Note that angle 

of dip of the likely true nodal planes does not seem to shallow out with increasing depth, 

unlike in Meyer's interpretation.

Projecting the earthquake hypocentre depths onto Meyer's cross section shows that 

there is a remarkable correlation between his structural model and the seismology for the top 

10km of crust. All of the thrust events seen lie on or near an interpreted thrust fault, always 

with at least one of the nodal planes dipping at plausible angle to form a true slip plane 

according to Meyer's interpretation.
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There is one thrust event (from 2008) that lies at roughly the same depth as Meyer's 

inferred basement thrust (see Section 1.2.5). As both nodal planes dip at about 45° the true 

slip plane isn't immediately obvious. The inferred detachment dips very shallowly, meaning 

that neither nodal plane has an appropriate dip to be from an event on the inferred detachment. 

Instead, it is likely to have formed a relatively deep rupture on a high angled thrust splay that 

tips out at the surface, according to Meyer's cross section.

Discussion

Topography and geomorphology

The distribution of seismicity supports the interpretation that in the interior of the 

basin high elevations are caused by thrusting in the upper crust (eg Meyer et al., 1998; Yin et 

al., 2008; Xun et al., 1995). Initially thrusts propagate from depth in response to regional 

shortening of the entire crust . “Blind” thrusts (that have not yet ruptured the surface) induce 

anticlines at the surface, as seen in the centre of the basin. Continued shortening results in 

these thrusts breaking the surface forming a fault scarp and corresponding uplift, as seen in 

Figure 1.2. Over time, further thrusting results in crustal thickening (mountain building) to 

accommodate strain.

As crust gains elevation it gains gravitational potential, which resists thickening and 

further uplift. This also means that thrust events must be larger to achieve the same amount of 

uplift. Therefore, seismicity becomes less frequent and eventually stops as thrusting becomes 

an inefficient way to accommodate shortening. In the Qaidam this has happened sequentially 

from NE to SW, with the oldest mountains represented in the Hexi Corridor and the youngest, 

most active, thrusts at the SW face of the Qilian Shan. As shortening continues, the Qilian 

Shan will be elevated to above the limit of thrusting (around 3.5km) and accommodating 

strain by further shortening and thickening will be impossible. It will be easier for thickening 

to occur inside the basin to the south, so thrusting and thickening at the surface will spread 
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south, eventually incorporating the whole basin into a mountainous thrust belt. The 

beginnings of this process can be seen in the anticlines caused by blind thrusts inside the 

basin. As accommodation of strain moves further south over time, these thrusts will rupture 

the surface, thickening the crust by mountain building.

Whilst the majority of the active thrusting is observed in the north, there is also 

thrusting and corresponding uplift spreading northwards from the Qiman Tagh.

Kinematic model for deformation

Strain partitioning (otherwise known as slip partitioning) describes oblique 

convergence as the sum of two theoretically orthogonal components, thrusting and strike slip 

faulting. Figure 3.9 shows that accommodation of strain inside the basin can be modelled as 

pure strain partitioning between strike slip faulting (in a roughly east-west direction) and 

thrusting (in a roughly north-south direction). The two differing characters of seismogenic 

shortening sum to give the overall velocity field.

Figure 4.1: A simple model of crustal movement across the study area if only strike slip 

movement along major faults is considered. Motion is in a “stable Eurasia” fixed 

reference frame, with modelled velocities derived in a southwards direction starting 

from GPS station G165 (north of the Altyn Tagh fault, for our purposes outside the 

Qaidam and the plateau). Slip rates are averaged from published literature (Bendick et 
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al., 2000; Gan et al., 2007; Haibing et al., 2005; Shen et al., 2001; Van Der Woerd et al., 

1998). This shows that the vast majority of the strike slip component of shortening can 

be accounted for by slip on just the Altyn Tagh and Kunlun faults. The modelled 

velocity for the interior of the basin shows less northerly movement than the measured 

velocity – this is due to thrusting not being modelled. The large discrepancy between 

measured and modelled velocities in the east of the study area (without a corresponding 

increase in seismicity by thrusting) indicate that pure strain partitioning does not hold 

in this area.

It is clear from GPS velocity measurements that deformation inside Qaidam is neither 

entirely rigid block deformation nor ductile deformation (Zhang and Gan, 2008). Overall 

strain is concentrated in a NE-SW direction. Shortening is accommodated inside the basin by 

folding and faulting of the Cenozoic sedimentary rocks in the upper crust. In the centre of the 

basin shortening is presently accommodated by folding caused by blind thrusts that are 

propagating upwards from depth. In the northern margins (and to some extent the south too) 

thrusts tip out at the surface and uplift causes crustal thickening and mountain formation. 

Active fault scarps can clearly be seen cutting across alluvial fans in satellite images (example 

shown in Figure 1.2).

Deformation at depth

Interpreting a large detachment fault underlying the Qaidam Basin (as in Bally et al., 

1986; Burchfiel et al., 1989; Meyer et al., 1998; Yin et al., 2008) is attractive from a structural 

geology point of view as it allows us to build a kinematic model at depth that can 

accommodate rigid block thrusting. However after building a comprehensive catalogue of 

earthquakes in the region over the past half century no seismogenic evidence for a large, 

shallow thrust has been found. This indicates that no seismogenic detachment exists.
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It may be that the window of observed earthquakes is too short. We do not have good 

constraints on the rate that thrust blocks are been upthrown, which means it is not certain how 

much slip would need to be accommodated by the theorised detachment. If there is not much 

strain, it may simply be that earthquakes are infrequent and have not been observed by 

modern instrumentation.

Thanks to records kept by the Chinese, we have a relatively good historical record of 

large earthquakes in the last millennia (catalogue available from NOAA). Although it is 

impossible to constrain hypocentres from this catalogue, fieldwork and written records allow 

us to estimate the epicentre and seismic moment magnitude fairly well. These records show 

no large earthquakes in the interior of the Qaidam. This supports the idea that seismicity is not 

significant enough to maintain the theorised basin-wide detachment.

It may be that strain along the detachment is accommodated by aseismic deformation 

or very small earthquakes. Meyer et al. (1998) suggest the fault could in fact be a ~5km wide 

zone of ductile deformation, allowing the thrust blocks above to slide over the basement 

underneath. This fits the observed seismic record, allows us to keep an undeformed basement 

and rigid thrust blocks above. However this model is not based on any empirical observations.

The central argument for the necessary existence of the detachment is that the lower 

crust underneath is rigid basement and can’t be shortened like the crust above. Authors have 

suggested several lithologies for the basement, including subducted oceanic crust (Hsu, 1988), 

crystalline metamorphics (Xun et al., 1995) or a partially subducted slab of continental 

lithosphere (Tapponnier et al., 2001) – however there are currently no convincing 

observations to support any of these speculations. Even if we make the (questionable) 

assumption that the lower crust is stronger and more resistant to deformation than the upper 

crust, it does not mean that the lower crust cannot be subject to a certain amount of 

deformation.



39

In Section 4.3.4 a revised model is proposed for the structure underneath Qaidam, 

built upon the near surface work by Yin et al. (2008) and Meyer et al. (1998), seismological 

evidence from the newly compiled earthquake catalogue and recent models for the strength of 

the east Asian lithosphere at depth. As earthquake dips vary little with depth (along single 

thrusts) I have drawn these faults as planar. Below about 20km these faults become aseismic 

and deformation becomes diffuse. I have not interpreted any particular style of basement 

beneath the Qaidam as there is not enough data in the seismicity to infer its lithology or 

origin. Without support from earthquake data there is no longer convincing evidence in the 

literature to support the existence of such a detachment. The model is based upon widely 

accepted evidence for uniform strain with depth in extensional domains; it is proposed that the 

style of thrust faulting in the region is analogous to how normal faults behave during 

extension (England and Jackson, 1987).

Distribution of earthquake depths

Figure 3.4 shows that earthquakes in Qaidam get weaker with increasing depth. This 

implies that the crust is not strong enough to support strains that are large enough to generate 

large earthquakes, and that this strength decreases with depth. Although the earthquake 

catalogue is neither well constrained nor large enough to infer an empirical relationship, there 

appears to be a roughly linear correlation between maximum scalar moment magnitude 

supported by the crust and hypocentre depth. This implies that there isn't a sudden transition 

between strong, seismogenic crust and weak aseismic crust. Rather, the crust is getting 

gradually weaker with depth.

Interestingly, there are around three events that lie outside the line that relates 

maximum earthquake magnitude to depth. These all occur well outside the bounds of the 

Qaidam Basin and appear to be related to deformation on the south side of the Kunlun fault.
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Thrust dips

Meyer et al. (1998) argue that the main thrust faults are steep at the surface and 

shallow out with depth due to the boundary created by the different rheologies of the upper 

crust and the basement. Eventually, all his thrusts root back to the near horizontal decollment 

that marks this boundary. If this were the case, you would expect to see earthquake dips 

shallowing out with increasing depth.

This analysis considers events inside the Qaidam Basin. The distribution of slip plane 

dips against the depth of the hypocentre was plotted and a linear regression on the data found 

no relationship between depth of the event and the dip of the slip plane (see Figure 3.7). 

Moreover, there are no events that dip less steeply than about 30°. Even if the active thrusts 

are shallowing out with depth, they do not reach a near horizontal plane suggested by the 

decollment model. This is contrary to the interpretation that the thrusts are listric.

Evidence from seismicity supports a relatively planar character for thrusts (agreeing 

with the interpretation of Yin et al., 2008 from seismic reflection studies).

Strength of the lithosphere

The data show a strong upper crust that is being shortened and thickened by brittle 

deformation. It gets gradually weaker with depth until it becomes aseismic. Thereafter 

shortening is probably accommodated by ductile deformation. A critical, unanswered, 

question concerns the nature of the basement. If it's a distinct lithology (for example, a 

subducted slab of oceanic crust, or similar to the high grade metamorphics seen exposed in 

the margins) then we would expect a corresponding change in strength along a distinct 

rheological boundary. If the rheological transition is more gradual then any change in strength 

would be more diffuse. Preliminary findings from this study support the idea of a diffuse 

change in strength with depth.
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Alternative model for deformation at depth

Figure 4.3: Cartoon schematic of the proposed alternative model for deformation. Note 

the distinction between a strong, seismogenic upper crust and a weaker lower crust that 

is deforming aseismically.

Figure 4.2 shows an alternative structural cross section across the Kunlun Shan, 

Qaidam Basin and Qilian Shan, interpreted from geological maps, previous structural models 

(see Figures a and 1.6) and seismicity from well constrained earthquakes in my catalogue. I 

make the assumption that near surface thrust geometries from Meyer et al. (1998) hold unless 

contradicted by Yin et al. (2008), who derived their structural interpretation from seismic 

reflection data (presumably, but not necessarily, more accurate). After all, Meyer et al. 

conducted fieldwork and could identify where thrusts had ruptured or otherwise been 

expressed at the surface (for example, as a blind thrust anticline).

The main differences between this model and previous interpretations of Qaidam are 

that the dip and length of the faults at depth is inferred from the seismicity record. As detailed 

in Section 4.3.2, the earthquake record shows no relationship between hypocentre depth and 

dip angle, with the majority of events dipping fairly steeply (at either ~30° or ~60°, depending 

on which nodal plane is taken as the true fault plane, see Figure 3.7). I interpret this as 

evidence that the thrust faults are planar and remain so with increasing depth.
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Figure 4.2: Proposed alternative model for deformation at depth underneath the Qaidam Basin. Focal mechanisms of thrust events used to 

build the model are shown, along with dips of likely fault planes (numerals). Compare to Figure b. Note the lack of a seismogenic basement 

thrust, and planar thrust faults that become more diffuse with depth.
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Inside the basin no significant seismicity occurs below about 20km depth. I interpret 

this as the depth at which there is a transition between seismogenic thrusting and aseismic 

deformation. This may be a sudden change (for example, a rheological boundary, as Meyer 

suggests) or simply a gradual weakening of the crust with depth5. After a certain point, the 

crust is no longer strong enough to support seismicity (at least, thrust faults) and any 

deformation becomes more diffuse and aseismic. As such, on the alternative structural 

interpretation thrusts are drawn as dying out (dashed lines) as they reach this layer, as the lack 

of evidence from the seismic catalogue means any interpretation of thrusting much deeper 

than observed would be mere speculation.

Interestingly, faults having constant dip does not rule out the possibility that there may 

be a decollment. It could well be that there does exist a rheological boundary above the 

basement, onto which all the major thrusts root back (as in Yin et al., 2008). In fact, as the 

basement is almost certainly of different rheology to the upper crust (see Section 1.2.4) it is 

likely that if faults do propagate to that depth (for example becoming localised shear zones 

rather than traditional thrusts) the change in rheology will form a mechanical boundary that 

encourages preferential shearing in a lateral rather than vertical direction. This would cause 

the thrust zones to shallow out. However there is no evidence for this in the seismic record, so 

this interpretation would require aseismic shear at depth. Either way, interpreted thrusts 

cannot simply be continued through the seismic/aseismic transition as there is no evidence 

that they extent that deep. Additionally, if thrusting in compression is analogous to normal 

faulting in extension (England and Jackson, 1987), there is no strict requirement to root back 

to a deep basal thrust.

This alternative structural interpretation of the region contradicts other published work 

derived from fieldwork (Meyer et al., 1998) and seismic reflection data (Yin et al., 2008). 

These authors have interpreted a classic decollment thrust that dips shallowly along the 

basement as a horizon that all the overlying thrust blocks must slide on. Without the basement 
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thrust the structure in the Qaidam begins to look more like those interpreted in rift basins 

whereby extension in the lower crust is accommodated by ductile flow of the lithosphere 

(England and Jackson, 1987). Similar techniques for interpreting the structure of areas of 

plateau growth have previously been applied to the Zagros in the Turkish-Iranian Plateau 

(Allen et al., 2013). The data suggest comparable seismicity is occurring (at least to some 

extend) underneath Qaidam. Seismogenic thrusting is confined to the first ~15km of upper 

crust and any shear below this is accommodated by ductile (or at least aseismic) shearing of 

the lithosphere. This requires the middle to lower crust be significantly weaker than the 

surface. This is supported by the lack of seismicity at depth.

Summary of deformation

To summarise, the data show a strong, brittle upper crust. Most shortening in the top 

10km or so of crust is achieved by slip partitioned between thrusting (shortening 

predominantly in a north-south direction) and left lateral strike slip faulting (striking 

predominantly east-west).

Inside the basin, below about 15km, we stop seeing many earthquakes – it is unlikely 

that deformation stops with depth as this would require a sudden change in strain rates, 

therefore shortening must be accommodated in a different, aseismic, manner. It is likely that 

the upper crust gets gradually weaker with depth however this conclusion needs more 

evidence from high quality seismological catalogues.

Future research

Further to this study more research needs to be conducted to constrain the structure 

and active deformation of the Qaidam.

The data appear to show a gradual reduction in average moment of seismicity with 

depth, although there is not sufficient resolution to conclusively determine whether the 

transition from seismic to aseismic deformation is abrupt (indicating a change in rheology) or 
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diffuse. A microseismicity study in the centre of the basin could attempt to quantify this 

transition zone by observing earthquakes that are too small to feature in my catalogue.

It is important to revisit this data in several years with an updated earthquake 

catalogue. The period covered by the earthquake catalogue is around 50 years which is likely 

to be much shorter than the cycle of seismicity. It may be that earthquakes that occur on the 

hypothetical basal detachment have a much longer period, resulting in them simply not being 

recorded in our time window. I consider this unlikely as recent, significant seismicity is seen 

at only slightly more shallow depths in the upper crust. It would be beneficial to repeat this 

study after another decade of seismic monitoring to repeat these analyses with a larger, better 

resolved catalogue.

Further studies similar to Sloan et al. (2011) would be beneficial as it would allow 

depth-based analyses to be conducted on the full catalogue of earthquakes with a high degree 

of confidence that depths were accurate.

It is unlikely that the nature of the basement can be determined from existing datasets, 

as there is no significant seismicity at depth and seismic reflection studies do not have fine 

enough resolution at depth to observe any sediment-basement contact. With adequate funding, 

a seismograph network could be established to conduct a seismic tomography study over the 

area. Another approach would be to conduct flexural modelling of the basement and upper 

crust to constrain its strength.

Conclusions

Seismicity data and the existence of a detachment

After examining the seismicity in the Qaidam region no evidence has been found to 

support the existence of a basin-wide thrust at around 20km depth as interpreted by Meyer et 

al. (1998) and Yin et al. (2008). Furthermore, although Meyer's structural interpretation holds 

to a first order approximation, specific features that are identified at depth are contradicted by 
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the earthquake record. Namely, he identifies thrusts as dipping with listric character and 

rooting back to large, shallow dipping detachment faults. This dataset suggests that thrusts 

remain planar at depth and thus do not root back to even intermediary detachments.

In an alternative structural model of the region I speculate that rather than rooting to a 

basin wide decollment, thrusts in the region simply die out or at least become aseismic. I do 

not interpret any structure deeper than around 20km as there is no supporting seismicity 

below approximately 19km. This does not necessarily preclude the existence of a decollment 

surface, however, as it could well be an aseismic decollment surface that forms on a 

rheological contact between the upper crust and a fundamentally different basement.

Near surface deformation

Inside the Qaidam oblique convergence (as observed in the GPS velocity field) is 

largely accommodated by strain partitioned between thrusting and strike slip faulting. This 

shortens and thickens the crust, building mountain belts that run roughly perpendicular to the 

Altyn Tagh fault (see Figure 1.3). Once crust has been elevated above the maximum threshold 

for thrusting it is easier for convergence to be accommodated in lower lying areas, so 

deformation spreads southwards into the centre of the basin. Although thrusting largely stops 

once mountain building has finished, the GPS velocity field shows thrust belts moving 

westwards in a more diffuse manner.

To summarise, surface deformation in the Qaidam region cannot entirely be described 

by either a rigid block (strain partitioned) or continuum model of deformation. This supports 

the conclusions of Gan et al. (2007). The centre of the basin appears to deform by strain 

partitioning, accommodating convergence by shortening and thickening the crust. Once 

thrusting has ceased due to increased elevation the primary method of deformation appears to 

approximate a flowing viscous fluid. This bears a resemblance to the idea of `escape tectonics' 

(eg Tapponnier et al., 2001). 
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Relation to the Tibetan Plateau as a whole

Deformation in Qaidam does not seem to resemble that of an active subduction zone. 

This is contrary to models describing the Tibetan Plateau as growing by stepwise subduction 

of distinct lithospheric blocks (eg Tapponnier et al., 2001). Furthermore, these results suggest 

that the upper crust (at least in Qaidam) is not seismogenic below around 20km depth. This 

implies that even at relatively shallow depths the crust is too weak to support large 

earthquakes. This is in line with other work suggesting another mechanism (other than simply 

thickening by thrusting) is probably responsible for the high elevations seen in the rest of the 

plateau.

The Tibetan Plateau – and indeed other plateaux around the world – is characterised 

by high elevations and large areas of low relief. A combination of thrusting and large scale 

strike slip faults create the steep ranges necessary to bound basins and cause them to drain 

internally. This results in “bathtub style” sediment infilling creating the characteristic low 

relief seen across the plateau. However, if my results are inferred to be characteristic of all 

areas of plateau growth, it is unlikely that seismogenic thickening is a major contributor to 

high elevation. In short – seismogenic shortening in oblique convergence zones ultimately 

causes low relief, rather than particularly high topography.
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Appendices

Raw Earthquake data

Year Longitude/° Latitude/° Depth/km Mw

Focal mechanism
Double 

couple/%
Strike/° Dip/° Rake/°

1977 90.67 38.22 10.0 6.0 322 37 127 94

1979 90.09 38.55 12.0 5.5 255 67 20 89

1985 95.88 36.41 10.0 5.3 200 33 13 92

2000 89.71 36.23 29.5 5.3 298 38 14 91

2003 96.45 37.53 16.0 6.3 294 29 88 97

2007 89.49 35.50 18.6 5.0 41 46 -51 89

2008a 91.33 35.31 22.5 5.4 252 88 0 82

2008b 88.20 35.73 34.3 5.0 341 76 177 96

2008c 88.44 35.76 18.1 5.5 259 82 -4 71

2008d 91.32 35.26 22.9 5.0 341 86 -177 94

2009a 95.86 37.59 12.0 5.8 277 33 90 77

2009b 96.12 39.62 20.3 5.0 194 82 180 75

Table 2: Details of earthquake focal mechanisms constrained by the Harvard CMP 

algorithm (n=12)
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Year Longitude/° Latitude/° Depth/km Mw

Focal mechanism
Double 
couple/%

Strike/° Dip/° Rake/°

1990 91.971 37.819 14 6.0 94 41 116 89

1993 88.663 38.190 12 6.0 311 42 120 94

2000 99.343 35.389 14 6.1 63 83 -6 75

2001a 90.541 35.946 37 7.4 189 81 -180 81

2001b 93.691 35.726 6 5.5 255 35 80 91

2002 97.443 39.736 4 5.6 267 41 80 99

2003 96.476 37.529 10 6.2 262 40 66 98

2004a 96.668 37.558 19 5.2 38 33 64 97

2004b 96.758 37.506 14 5.5 227 83 -5 81

2004c 96.604 37.485 7 5.6 237 39 45 92

2006a 89.598 35.280 7 5.4 191 27 -106 97

2006b 89.669 35.314 5 5.6 52 44 -92 76

2007 91.768 37.688 14 5.3 268 38 62 94

2008 95.833 37.565 17 6.1 265 29 76 80

2009 95.831 37.606 3 5.7 296 36 99 96

Table 3: Details of well constrained earthquake focal mechanisms recorded by the USGS 

array (n=15)
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Year Longitude/° Latitude/° Depth/km Mw

Focal mechanism

Strike/° Dip/° Rake/°

1962 95.73 37.13 11 6.6 285 39 74

1963 96.44 35.53 10 6.7 277 80 -10

1964 95.62 36.99 10 5.3 70 77 50

1971 98.03 35.43 7 6.0 283 74 5

1972a 96.32 36.64 15 5.3 90 62 60

1972b 96.31 36.57 19 5.3 91 58 38

1977a 90.99 38.18 8 5.8 288 36 82

1977b 95.70 37.01 14 5.7 305 38 75

1980 95.60 38.97 12 5.4 128 53 48

1986 101.56 37.76 7 5.9 331 59 107

2008 95.75 37.51 18 6.2 248 35 60

2009a 95.73 37.66 5 6.2 111 72 89

2009b 95.86 37.59 4 5.7 291 34 89

Table 4: Earthquake focal mechanisms from the Tibetan Plateau (n=13) (Sloan et al., 

2011)
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GPS data

Table 5: GPS velocity vectors from Gan et al 2007, filtered to include only the area of 

the north east Tibetan Plateau (88°E–105°E, 35°N–40°N). Vn is the north velocity 

component, Ve is the east velocity component, Sn is the standard deviation (1-sigma) of 

the north component, Se is the standard deviation (1-sigma) of the east component and 

Cne is the coefficient of correlation between the north and east components.

Station 
name

Longitude/° Latitude/° Vn/mm 
yr-1

Ve/mm yr-1 Sn/mm yr-

1
Se/mm yr-1 Cne

AL23 91.91 38.09 3.2 9.3 2.9 3.3 -0.0057

BUDO 93.91 35.52 5.9 14.6 2.7 3.7 0.0669

CJ06 98.93 36.77 3.3 9.5 2 2.1 0.001

CS21 100.36 36.61 2.3 9.3 2.5 2.5 0.0006

DLHA 97.38 37.38 5.2 6.9 1.5 1.5 0.0023

DS04 101.47 35.04 6.4 11.2 2.2 2.2 -0.0014

G019 104.97 36.09 -2.3 8.6 1.6 1.6 0.0016

G044 100.15 39.72 0.5 3.1 1.7 1.7 0.0017

G045 100.79 39.61 0.4 2.7 1.6 1.7 0.0016

G046 102.78 39.41 -0.3 3.5 1.6 1.6 0.0015

G047 101.66 39.22 -0.4 2.5 1.6 1.7 0.0017

G048 100.32 39.24 -0.7 2.3 1.7 1.7 0.0014

G049 102.57 39.13 0 3.8 1.6 1.7 0.0015

G050 103.36 38.85 0.5 4.3 1.6 1.6 0.0018

G051 100.73 38.88 0.4 2.6 1.7 1.7 0.0015

G052 101.2 38.72 -0.7 3.2 1.6 1.7 0.0016
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G053 103.19 38.54 -0.7 4.1 1.6 1.7 0.0028

G054 100.35 38.61 1.5 4.1 1.7 1.7 0.0015

G055 101.35 38.16 1 5.7 1.6 1.7 0.0017

G056 102.89 38.42 -0.3 5.1 1.6 1.6 0.0016

G057 102.15 38.43 1 5 1.7 1.7 0.0017

G058 101.74 38.3 0.6 5 1.6 1.7 0.0016

G059 100.83 38.35 2 3.5 1.7 1.7 0.0016

G060 102.11 38.28 0.5 4.7 1.6 1.7 0.0016

G061 102.26 38.14 0.4 4.6 1.6 1.6 0.0015

G062 100.24 38.18 2.3 5.1 1.7 1.7 0.0014

G063 102.64 37.78 0.2 5.6 1.6 1.7 0.0015

G064 102.32 37.96 1.4 5.3 1.6 1.6 0.0009

G065 100.94 37.97 0.4 5.3 1.6 1.7 0.0015

G066 102.62 37.51 1.6 7.9 1.6 1.6 0.0017

G067 104.33 37.45 -0.6 5.1 1.6 1.6 0.0017

G068 103.38 37.56 0 5.5 1.6 1.6 0.0017

G069 102.85 37.44 0.5 6.6 1.6 1.6 0.0017

G070 101.4 37.46 1.3 9 1.6 1.6 0.0018

G071 100.43 37.61 2.2 9.2 1.7 1.7 0.0018

G072 104.09 37.24 -0.6 6 1.6 1.6 0.0018

G073 102.98 37.15 1.1 9.1 1.6 1.7 0.0015

G074 102.01 37.32 1.9 9.3 1.6 1.6 0.0019

G075 100.16 37.31 2.9 9.6 1.7 1.8 0.0018

G076 100.48 37.22 1.6 9.1 1.7 1.7 0.0017
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G077 104.63 36.91 -1.7 7.5 1.6 1.6 0.0016

G078 104.13 36.85 -1.4 10 1.6 1.6 0.0019

G079 103.16 36.89 0.6 9.1 1.6 1.6 0.0017

G080 101.63 36.98 1.3 10.3 1.6 1.6 0.0016

G081 102.56 36.89 1.4 9.8 1.6 1.6 0.0018

G082 101.01 36.88 1.9 9.5 1.6 1.6 0.0019

G083 103.25 36.71 0.5 9.3 1.6 1.6 0.0018

G084 101.24 36.7 2.9 9 1.6 1.6 0.0018

G085 104.74 36.43 -1.8 10 1.6 1.6 0.0017

G086 104.36 36.66 -1.6 10.1 1.6 1.6 0.0018

G087 102.38 36.5 0.6 12.4 1.6 1.6 0.0018

G089 101.54 36.49 2.1 9.5 1.6 1.6 0.0017

G090 100.27 36.62 2 9.6 1.7 1.7 0.0015

G091 103.44 37.15 0.9 8.4 1.6 1.6 0.0018

G092 103.99 36.49 -0.1 9.8 1.6 1.6 0.0014

G093 102.89 36.33 1.1 10 1.6 1.6 0.0019

G094 100.96 36.4 3.4 9.7 1.7 1.7 0.0016

G095 103.42 36.15 0 9.8 1.6 1.6 0.0021

G096 101.99 36.21 2.2 9.7 1.6 1.6 0.0019

G097 100.55 36.22 3.6 9.9 1.7 1.7 0.0025

G098 102.26 36.12 2.3 9.2 1.6 1.6 0.0018

G099 103.99 36 -2.4 8.3 2.4 2.4 0.0007

G0CQ 96.46 36.38 7.4 10.2 2.7 3 -0.0044

G0CS 93.07 36.89 10.7 11.2 5.5 9.4 0.0001
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G0DT 100.06 35.92 4.3 9.7 1.4 1.4 0.0023

G100 101.11 36.45 3.6 9.1 1.7 1.7 0.0014

G101 103.33 35.93 0.7 9.3 1.6 1.6 0.0016

G102 102.03 35.92 2.8 9.7 1.6 1.6 0.0017

G103 101.44 36.08 0.9 10.2 2.4 2.4 0.0002

G104 104.16 35.88 -0.2 9 1.6 1.6 0.002

G105 102.79 35.88 1.1 9.3 1.6 1.6 0.0024

G106 102.54 35.84 2 9.3 1.6 1.6 0.0017

G107 104.55 35.54 -2.3 7.6 1.6 1.6 0.0017

G108 103.21 35.57 0.2 8.8 1.6 1.6 0.0035

G109 102.05 35.54 2.3 10.1 1.6 1.6 0.0013

G111 103.84 35.38 -0.7 8.1 1.6 1.6 0.0016

G112 103.34 35.41 0 9.3 1.6 1.6 0.002

G113 102.81 35.26 1.3 9.2 1.6 1.6 0.004

G114 104.1 35.04 -0.5 8.7 1.6 1.6 0.0018

G115 102.44 35.12 1.7 10 1.6 1.6 0.0019

G116 104.54 35.05 -1.5 8.8 1.6 1.6 0.0013

G117 103.71 35.29 0.2 9 1.6 1.6 0.002

G132 98.89 39.91 0.6 3.2 1.7 1.8 0.0018

G133 99.6 39.7 1.7 3.5 1.7 1.8 0.0016

G134 102.32 38.7 0.6 3.8 1.6 1.6 0.0019

G135 98.5 39.71 1.2 2.6 1.8 1.8 0.0016

G136 98.19 39.84 1.4 3.1 1.8 1.8 0.0015

G137 97.92 39.85 2.2 3.3 1.8 1.8 0.0015
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G138 97.7 39.57 3 3.7 1.8 1.8 0.0016

G139 96.75 39.9 3.4 2.8 1.8 1.8 0.0016

G141 101.14 38.93 0.8 2.7 1.7 1.7 0.0011

G142 98.8 39.41 1.5 4.2 2.4 2.4 0.0014

G143 99.61 39.15 1.5 3.9 1.7 1.8 0.0017

G144 98 39.19 2.1 3.9 1.8 1.8 0.0016

G145 95.61 39.71 4.7 2.7 1.8 1.8 0.0021

G146 99.62 38.83 1.5 4.5 1.7 1.8 0.0017

G147 98.27 38.97 2.2 5.6 1.8 1.8 0.0016

G148 99.56 38.44 0.8 5.2 1.8 1.8 0.0017

G149 98.85 37.98 2.6 6.8 1.8 1.9 0.0015

G150 98.66 37.58 3.8 9.3 1.8 1.9 0.0018

G151 95.8 37.51 5.5 6.2 1.8 1.8 0.0008

G152 99.49 37.13 3.1 8.9 1.8 1.8 0.0018

G153 99.01 37.3 3.4 9.2 1.8 1.8 0.0016

G154 98.34 37.31 5 8.1 1.9 1.9 0.0021

G156 96.7 37.36 7.4 6.5 1.8 1.8 0.001

G157 99.9 36.69 3.8 8.9 1.7 1.7 0.0014

G158 99.07 36.8 4.2 8.9 1.8 1.9 0.0015

G159 98.46 36.94 4.7 8.8 1.7 1.7 -0.0011

G162 94.55 39.72 5.2 3.8 1.8 1.9 0.0021

G163 93.49 39.64 5.3 2.3 1.7 1.9 0.002

G164 94.86 39.51 4.3 3.8 1.8 1.9 0.002

G165 93 39.29 5.4 4.3 1.7 1.9 0.0016
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G167 94.36 38.81 5.4 6.1 1.9 2.1 0.002

G169 95 38.06 5.3 5.3 1.8 1.9 -0.004

G170 93.5 37.9 7.8 7.5 1.7 1.8 0.0012

G171 90.8 38.29 9.1 7.5 1.7 1.8 -0.0002

G172 89.2 38.72 7.5 1.2 1.7 1.7 0.0013

GA05 94.32 39.95 5.2 3.4 2 2 0.0013

GA08 99.96 39.58 1.4 2.7 1.7 1.7 0.0013

GA09 101.06 39.5 0.9 3.1 1.7 1.7 0.0014

GA12 95.32 39.33 3.5 6.2 2.1 2.2 0.0016

GA13 96.06 38.97 2.2 9.8 2.2 2.3 0.0016

GA15 98.78 38.81 3.7 6 2 2.1 0.0017

GA16 100.1 39 0.5 4 1.7 1.8 0.0009

GA18 99.33 38.65 3.4 3.6 1.8 1.8 0.0008

GA19 100.28 37.8 2.6 6.4 1.7 1.8 0.0009

GA20 96.82 37.6 5.9 6.2 2.3 2.4 0.0022

GA21 100.56 37.72 1.4 7.8 1.8 1.8 0.0012

GA23 100.11 37.43 3 8.2 1.7 1.8 0.0009

GA24 97.81 37.35 6 7.7 2.2 2.3 0.0013

GA25 99.32 37.34 4.6 7.5 2 2.1 -0.0009

GA26 103.66 37.23 1.3 5.9 1.7 1.7 0.0013

GA28 98.46 36.44 6 9.1 2.1 2.1 0.001

GC02 104.36 36.6 0.6 7.4 2.5 2.5 -0.0005

GC05 101.66 36.66 3.4 11.1 1.7 1.7 0.0015

GC10 103.11 38.65 -0.7 1.9 1.6 1.7 0.0013
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GC11 102.1 38.39 0.9 5 2.1 2.1 0.0011

GC14 100.83 38.41 3.6 2.2 1.7 1.8 0.0009

GC18 100.45 38.93 -0.4 1.2 2.4 2.4 0.0001

I034 88.18 39.02 6.6 0.3 1.9 1.9 0.0013

J002 98.1 36.27 8 8 1.8 1.9 0.0006

J003 99.97 35.62 4.3 10 1.6 1.7 0.0015

JB29 99.81 39.41 0.4 2.7 1.5 1.6 0.0019

JB30 94.87 36.43 7.7 11.2 1.9 1.9 0.0013

JB31 93.41 38.81 5.3 6.3 1.6 1.6 0.002

JB32 90.98 38.59 7.8 6.3 1.6 1.6 0.0017

JB51 93.05 35.09 7.8 15.8 1.9 2 0.0007

XNIN 101.77 36.6 1.9 10.4 1.5 1.5 0.0023

Y033 88.15 39.03 7.8 2.6 1.8 1.8 0.0028

Y345 95.38 37.83 5.7 10.3 1.5 1.5 0.0014


