JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 106, NO. 12, PAGES 30607-30621, DECEMBER 10, 2001

Crustal deformation along the Altyn Tagh
fault system, western China, from GPS

Zheng-Kang Shen,! Min Wang,2 Yanxing Li,> David D. Jackson,' An Yin,'
Danan Dong,3 and Peng Fang4

Abstract. We collected GPS data from the southern Tarim basin, the Qaidam basin, and the
western Kunlun Shan region between 1993 and 1998 to determine crustal deformation along
the Altyn Tagh fault system at the northern margin of the Tibetan plateau. We conclude
from these data that the Altyn Tagh is a left-lateral strike slip fault with a current slip rate
of ~9 mm/yr, in sharp contrast with geological estimates of 20—30 mm/yr. This contrast
poses an enigma: because the GPS data cover a wider region than the geologic data, they
might be expected to reveal somewhat more slip. We also find that the Tarim and Qaidam
basins behave as rigid blocks within the uncertainty of our measurements, rotating clockwise
at a rate of ~11 and ~4.5 nrad/yr, respectively, with respect to the Eurasia plate. The
rotation of the Tarim basin causes convergence across the Tian Shan, increasing progressively
westward from ~6 mm/yr at 87°E to ~18 mm/yr at 77°E. Our data and other GPS data
suggest that the Indo-Asia collision is mainly accommodated by crustal shortening along the

main Himalayan thrust system (~53%) and the Tian Shan contractional belt (~19%).
Eastward extrusion of the Tibetan plateau along the Altyn Tagh and Kunlun faults

accommodates only ~23% of the Indo-Asia convergence.

1. Introduction

In the past decades, two end-member models have emerged to
characterize the mechanical behavior of continental deformation.
In one view, the continents undergo distributed deformation
le.g., Bird and Piper, 1981; England and Houseman, 1986;
Houseman and England, 1996; Royden et al., 1997; Holt et al.,
1995, 2000]. In another view, continents deform as a collage of
rigid blocks whose motions may be described by the same rules
so successfully applied to the kinematics of oceanic plates (e.g.,
see Weldon and Humphreys [1986] for the San Andreas system,
Wernicke et al. [1988] for the Basin and Range extensional
system, and Avouac and Tapponnier [1993] for the Indo-Asian
collision zone). These contrasting views on the behavior of
continental deformation are best exemplified by the two well-
known hypotheses for Cenozoic deformation of Asia due to the
Indo-Asian collision: (1) distributed crustal thickening [Dewey
and Burke, 1973; England and Houseman, 1986] and (2) lateral
extrusion [Tapponnier et al., 1982; Peltzer and Tapponnier,
1988]. The first emphasizes the role of distributed thrusts and
folds in absorbing north-south shortening and implies weak
continental lithosphere, widespread deformation, and slow slip
rates along strike-slip faults. The second suggests large-scale
(~1000 km) eastward translation of continental blocks and
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implies strong continental lithosphere, plate-like movements
and fast rates along strike-slip faults. Modeling attempts have
been made to reconcile the two [Kong and Bird, 1996; Peltzer
and Saucier, 1996], but the uncertainties are large because of
limited data constraints. Geologically, the two models may be
differentiated by determining the fault kinematics and the total
magnitude of fault slip in the Indo-Asian collision zone [e.g.,
Leloup et al., 1995; Yin and Harrison, 2000]. Alternatively, the
models can be tested directly by GPS studies, which effectively
determine current rates of deformation [Abdrakhmatov et al.,
1996; Bilham et al., 1997; King et al., 1997; Zhu et al., 2000;
Larson et al., 1999; Chen et al., 2000; Shen et al., 2000]. For
example, GPS studies can test if major strike-slip faults like the
Altyn Tagh, the eastern Kunlun, and the Karakoram move at fast
rates (>10 mm/yr) and if individual blocks bounded by these
faults simply rotate about a few Euler poles, as predicted by the
lateral extrusion tectonic model [Avouac and Tapponnier, 1993].
Our study provides one of such tests along the Altyn Tagh fault
system.

2. Geologic Setting

The northern margin of the Tibetan plateau is defined by
the Altyn Tagh fault system, which consists of the ~1200 km
long, ENE trending Altyn Tagh fault in the middle and the
WNW trending western Kunlun and Nan Shan thrust belts at
its two ends [Molnar and Tapponnier, 1975; Yin and Harri-
son, 2000] (Figure 1). The active trace of the Altyn Tagh fault
is a well-defined morphologic feature between 85° and 95°E
[Peltzer et al., 1989]. West of 85°E the Altyn Tagh fault splits
into three segments: (1) the western Kunlun thrust system,
which lies nearly perpendicular to the main trace of the Altyn
Tagh fault and bounds the westernmost Tibetan plateau to the
south and the Tarim basin to the north, (2) the left slip
Karakash fault parallel to the western Kunlun thrust system
along the southern edge of the western Kunlun Shan, and (3)
several left stepping splays of left slip faults and small pull-
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Figure 2. GPS velocities with respect to the Eurasia fixed reference frame. GPS solutions were derived using
NUVEL-1A model constraints. Each velocity arrow originates at the location of the site and points to its motion
direction. The error ellipses represent 95% confidence. The earthquake focal mechanisms are from the Harvard
centroid moment tensor (CMT) catalog, 1976—1999. Stars are the M > 6 historical earthquakes occurred along the

Altyn Tagh fault.

apart basins (i.e., the Longmu-Gozha Co fault system, Figure
1) along the southwestward projection of the main trace of the
Altyn Tagh fault [State Seismological Bureau of China
(SSBC), 1992; Avouac and Pelizer, 1993]. East of 95°E the
Altyn Tagh fault links with the ~400 km wide Qilian Shan-Nan
Shan thrust belt [Burchfiel et al., 1989; Tapponnier et al., 1990;
Meyer et al., 1998].

Directly north of the central Altyn Tagh fault between 87° and
93°E lies the Altyn Tagh range. Its northern rim is locally bounded
by active fault traces that have been inferred to represent a thrust
system accommodating shortening perpendicular to the Altyn Tagh
fault [Burchfiel et al., 1989; Tapponnier et al., 1990]. Recent field
mapping suggested that the range-bounding fault is an oblique left
slip system that has only a minor component of north-south
shortening [Cowgill et al., 2000]. North of the Altyn Tagh range
is the Tarim basin, largely overlain by Quaternary sediments. The
Tarim basin is bounded to the north by the southern Tian Shan
thrust belt [Yin et al., 1998].

Toward the western end of the fault system a seismic reflection
profile across the western Kunlun thrust belt showed a gentle
south dip of the Moho beneath the Tarim north of the fault,
suggesting that the Tarim has underthrust the Kunlun Mountains
[Kao et al., 1999]. Such an interpretation is also consistent with
the regional gravity data [Lyon-Caen and Molnar, 1984; Jiang et
al., 1999]. About 5 mm/yr convergence was inferred on structures
within the western Kunlun thrust belt [4vouac and Peltzer, 1993].
However, earthquake data demonstrated active east-west normal
faulting south of the Karakash fault in northern Tibet, showing a
strain pattern of east-west extension [Molnar and Lyon-Caen,
1989].

In the Qaidam basin south of the Altyn Tagh fault, folded
Quaternary strata are widely distributed which trend at a high
angle to the Altyn Tagh fault. No obvious bending of the fold
axes is apparent, suggesting that left slip shear between the Tarim

and Qaidam blocks has been concentrated along the narrow Altyn
Tagh fault alone [Yin and Harrison, 2000]. In contrast, several
folds appear to exist southwest of the Qaidam basin in the
westernmost end of the Qimen Tagh, implying that a fraction
of shear deformation associated with the Altyn Tagh fault may
splay into a zone of transpressional deformation [Yin and Harri-
son, 2000].

The Altyn Tagh fault is seismically active. Two large earth-
quakes (both inferred to be M = 7.2) occurred west of Qiemo
along the fault in 1924 [Adbe, 1984; SSBC, 1992]. In 1933,
another earthquake of M = 6.7 occurred along the fault south
of Qiemo [SSBC, 1992] (Figure 2). However, contemporary
instrumental recordings revealed only a minor level of seis-
micity along the entire fault system. The seismicity maps of
Ma [1989] and SSBC [1992] showed that numerous M = 5-6
earthquakes occurred in the Qaidam basin from mid-1960s to
early 1990s, mostly within the Qimen Tagh thrust system and
in the region south of Qinghai Lake. The largest earthquake in
the region was an M = 7.6 left slip event (the Manyi earth-
quake) in 1997 along a nearly east-west trending fault at the
eastern termination region of the Kunlun fault [Peltzer et al.,
1999] (Figure 2).

3. GPS Data Collection and Analysis

GPS experiments were conducted along the northern margin
of Tibet and the southern Tarim basin on both sides of the Altyn
Tagh system by Chinese survey teams in 1993, 1994, 1996, and
1997 and by a joint UCLA-China survey team in 1998 (Figure
1). A total of 25 stations were occupied for 2—5 days during
each experiment, with 8—24 hours of data collected each day
(Table 1). Two stations located on both the northern and south-
e ends of the eastern Tian Shan (ULUM and KURL) were
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Table 1. Station Occupation History®

Site 93.2° 94.6° 96.5° 97.2° 98.4°
KURL MIN LEI ASH nd® nd
RUOQ MIN LEI LEI ASH ROG
HETI MIN nd nd ASH ROG
A105 MIN nd nd ASH ROG
DAHO MIN nd nd ASH ROG
TIEL nd nd nd ASH ROG
ALAE nd nd nd ASH ROG
TAHE MIN nd nd nd ROG
WUTU MIN nd nd ASH ROG
A306 MIN nd nd ASH ROG
ANDI MIN nd nd ASH ROG
WUQI MIN nd nd ROG
YUTI MIN nd nd ASH ROG
A502 MIN nd nd nd ROG
A603 MIN nd nd nd ROG
EBOL MIN nd nd nd ROG
BSTN nd nd nd ASH ROG
CHAI LEI nd nd ASH ROG
DELI LEI nd nd ASH ROG
NUOM MIN nd nd ASH nd
GLM1¢ MIN nd nd ASH nd
GELM* LEI LEI LEI ASH ROG
JIUQ LEI LEI LEI nd ROG
KASH nd LEI ASH nd ROG
SHAC nd LEI nd nd ROG
HANI nd LEI ASH nd nd
ULUM nd LEI ASH nd nd
XINI nd LEI LEI nd nd

#Receiver/antenna units used: MIN, MinMac; LEI, Leica; ASH, Ashtech
Z12; ROG, Rogue.

®Here columns 93.2 to 98.4 refer to occupation time epochs; 93.2 means
year 1993.2, which is around March in 1993.

“Here nd means no data were collected at that time epoch.

dStations located ~5 km apart; their velocities are tied together.

measured during the same time period and are also included in
this study. These stations are ecither installed on bedrock or
buried in sediments. For the latter, the monuments are composed
of a large block of concrete buried ~3 m below the surface with
its survey marker projected in a pit at a depth of ~1 m. The
burial installation of the markers reduced the surface perturba-
tion. See Table 1 for a detailed site occupation history.

We processed the GPS data in three steps. First, all the
survey mode data collected in the Altyn Tagh region were
processed together with the data collected from regional IGS
tracking stations in Asia using the GAMIT software [King and
Bock, 1995]. The phase data were modeled to solve for
parameters such as station positions, satellite orbits, polar
motions, and atmospheric delay corrections. A loosely con-
strained solution for the station positions was obtained for each
day. In the next step we combined the regional daily solutions
with the global solutions of ~60 tracking sites produced at the
Scripps Orbital and Position Analysis Center (SOPAC [Bock et
al., 1997]) using the GLOBK software [Herring, 1995]. Com-
mon parameters in both solutions, such as the satellite orbits,
polar motions, and tracking station positions, were solved with
loose constraints on all the parameters. In the last step we
estimated station positions and velocities using the QOCA
software [Dong et al., 1998] (also see http://gipsy.jpl.nasa.gov/
qoca). To strengthen the solutions at the global tracking sites,
we also added about a month of the SOPAC global solutions
each year for 1992, 1995, 1999, and 2000, during which no
regional data were collected. The QOCA modeling of the data
was done through sequential Kalman filtering, allowing adjust-
ment for global translation and rotation of each daily solution.
Random walk style perturbations were allowed for some param-
eters whose errors were found correlated with time (e.g., the
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Earth’s rotation parameters and the antenna heights at a few
sites). For more details about the data analysis procedure and
uncertainty estimation, please refer to Shen et al. [2000] and
http://gipsy.jpl.nasa.gov/qoca.

As shown in Table 1, our stations were measured using various
manufactures of GPS receiver/antenna units. For some of the
antenna units, such as the Dorn/Margolin and MiniMac, the
physical locations of the phase centers are either known to be
precise to the manufacture specifications or have been well
mapped and modeled subsequently in the GAMIT data process-
ing. For the Ashtech and Leica units, we know that their phase
center locations may be shifted, but we have no precise informa-
tion to quantify this shift. We therefore allowed phase center
shifts for those antenna types to be estimated during QOCA
modeling, adding six degrees of freedom (three for each antenna
type) to the parameter space in our solution. The resolved shifts
for the east, north, and up components are —1.1 = 1.0, —6.4 +
0.5, and 13.7 = 12.7 mm for Leica and —3.0 + 0.8, —11.2 + 0.4,
and 21.2 + 10.1 mm for Ashtech Z12 antennae, respectively. The
phase center shift estimate for Ashtech Z12 antennae agrees with
our unpublished results using data collected with the same
receiver/antenna units from different experiments. Figure 3 shows
the postfit time series of the regional sites, with antenna phase
center shifts marked by small jumps in some of the model
prediction curves.

In the last step we also tied the velocity solution to a reference
frame fixed to the Eurasia plate. How this might be best achieved
has been a subject of discussion [Shen et al., 2000; Kogan et al.,
2000]. We used two approaches considered to be robust and
relatively unbiased. The first (named “NUVEL-1A”) links our
result to model predictions of the no net rotation (NNR) NUVEL-
1A [DeMets et al., 1990; 1994; Argus and Gordon, 1991].
Velocities at nine global tracking stations located at the stable
interiors of Eurasia, North and South America, Australia, Africa,
and Antarctica were constrained to their NNR NUVEL-1A values
with the uncertainties of 2, 2, and 4 mm/yr for the east, north, and
up components, respectively. These stations were selected because
of their long tracking history and their proven consistency with the
NUVEL-1A model [Larson et al., 1997]. By adopting this
approach, our velocity solution was referenced to the stable part
of the Eurasia plate. The reference is not defined merely by the
sites located in northern and western Europe but by a group of
globally located stations in the stable interiors of several continents
(see Shen et al. [2000] for a more detailed discussion of the
approach).

The second approach we used (named “EURASIA”) ties the
velocity results to a geodetically determined Eurasian plate
reference frame. This approach is similar to that of Kogan et
al. [2000] and Chen et al. [2000]. We first used the geodetic
model of International Terrestrial Reference Frame (ITRF97)
[Sillard et al., 1998] (see also http:/lareg.ensg.ign.fr/ITRF/
ITRF97) to constrain our solution. We chose as our reference
stations those whose formal ITRF97 velocity uncertainties are
<0.5 mm/yr. We then linked our velocities at the sites to their
ITRF97 values with uncertainties of 2, 2, and 4 mm/yr for the
east, north, and up components, respectively. The purpose of
doing so was to better integrate the regional solutions with a
well-defined global reference frame. This is especially important
for the early years data, when the International GPS Service
(IGS) network coverage was quite thin in east Asia. In the next
step we rotated the solution to a Eurasia fixed reference frame
by minimizing the velocity RMS at a number of sites located in
Siberia, western and northern Europe, and Svalbard Island in the
Arctic Ocean. All these sites are believed to be in the stable part
of the Eurasia plate. We started with 18 such stations and
estimated the rotation parameters iteratively: in each step remov-
ing from the least squares adjustment a site with the largest
postfit residual of the horizontal velocity components. The
iteration was stopped when all postfit residuals of the horizontal
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Figure 4. Furasian and Indian IGS station velocities with respect to the Eurasia plate. Solid arrows are solutions
constrained to the NUVEL-1A, and shaded arrows are solutions to the EURASIA reference frames. The white

rectangle highlights the region to be studied.

velocity components at the sites were <2 mm/yr. Of the 18
stations, 13 survived the process to become the reference sites of
the Eurasia plate (Figure 4). Although this approach used
ITRF97 velocities as the initial constraints for some of the
IGS stations, our final reference frame is not defined by the
ITRF97 frame but by the binding of IGS sites in the stable part
of the Eurasia plate.

Both approaches have advantages and weaknesses. The
NUVEL-1A approach relies on the global strength of the
NUVEL-1A model. However, the model might be biased if
used to constrain contemporary deformation because it is based
on data averaged over geological time. Such biases can be
propagated into the reference frame. Conversely, realization of
the Eurasian reference frame for our EURASIA solution relies
heavily on two IGS sites: KSTU and IRKT in Siberia. For the
other two Siberian IGS sites, YAKZ is not stable enough to be
used as a reference, and MAGO is probably located at the North
American plate [Kogan et al., 2000]. KSTU has a relatively
short occupation history (~2 years), and it is not clear if IRKT
is affected by rifting around Lake Baikal. In spite of these
concerns, the two reference frames are quite close, and they
differ only by a rigid body rotation of 0.55 nrad/yr, around a
rotation pole at 16.0°E, 57.4°N. The most significant discrep-
ancies between the two solutions come from sites in easternmost
Asia and India: ~3.4 mm/yr in the NNE direction. Here we

provide the velocity solution in both reference frames (Table 2)
but show only the NUVEL-1A solution in the figures of
regional deformation.

4. Results

Figure 2 shows the velocity solutions in the Altyn Tagh region
with respect to the stable Eurasia plate. The first-order features are
the clockwise rotation of the Tarim basin and left slip motion along
the Altyn Tagh fault. In particular, Tarim rotates clockwise with
respect to Siberia at a rate of 10.8 + 0.8 nrad/yr around a pole at
36.0° + 0.4°N and 99.1° + 0.8°E (Figure 5), estimated from fitting
the NUVEL-1A referenced station velocities of 10 sites (SHAC,
HANI, HETI, YUTI, ANDI, BSTN, A306, RUOQ, A502, and
JIUQ) along the southern rim and one site (KURL) near the
northern rim of Tarim (Table 3). If the EURASIA station velocities
are used, the rotation rate is 11.1 £ 0.8 nrad/yr around a pole at
37.5° £ 0.4°N and 96.2° = 0.8°E (Figure 4). The two rotation poles
are ~280 km apart from each other, which reflects the systematic
difference of the NUVEL-1A and EURASIA reference systems.
The Qaidam-Kunlun Shan block, delineated by the Altyn Tagh
fault and the Nan Shan-Qilian Shan thrust belt to the north and the
Kunlun fault to the south, rotates counterclockwise at a rate 7.0 +
1.7 nrad/yr around a pole of 48.3° + 2.3°N, 88.0° + 1.5°E with
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Table 2. Station Velocities®
SITE Longitude, Latitude, East, mm/yr North, mm/yr
E N EURA GPS NUVEL  GPS s URA GPS NUVEL  GPS o Corr
EURA NUVEL EURA NUVEL
IGS Station Velocities
HERS 0.336 50.867 16.9 2.2 17.4 -1.1 0.7 14.8 0.0 15.0 —0.3 0.6 0.00
KOSG 5.810 52.178 17.6 0.2 18.2 1.2 0.6 14.6 0.3 14.3 0.2 0.6 0.01
WSRT 6.604 52.915 17.6 —0.1 18.2 0.8 0.8 14.5 —1.8 14.2 -1.9 0.7 0.02
NYAL 11.865 78.930 9.5 —0.7 12.8 —-1.7 0.6 14.1 —-1.3 13.4 -1.5 0.6 —0.01
ONSA 11.925 57.395 17.3 -1.0 18.4 -0.5 0.6 14.1 -0.6 13.4 -0.6 0.6 0.01
WTZR 12.879 49.144 19.9 0.0 20.0 1.2 0.6 14.0 0.3 132 0.6 0.6 0.02
POTS 13.066 52.379 19.0 0.5 19.5 1.5 0.6 14.0 0.1 13.2 0.3 0.6 0.01
MATE 16.704 40.649 22.5 0.6 21.7 2.5 0.8 13.7 33 12.6 3.9 0.7 0.00
TROM 18.938 69.663 14.6 —0.6 16.9 -0.9 0.6 134 1.5 12.2 1.6 0.6 0.00
METS 24.395 60.218 18.9 —-1.7 20.1 -1.5 0.7 12.7 -1.0 11.1 —0.6 0.7 —0.01
ZWEN 36.759 55.699 223 1.3 22.7 1.8 0.7 10.8 —-0.5 8.3 0.5 0.7 0.02
KIT3 66.885 39.135 28.0 1.6 25.6 32 0.9 4.1 1.5 0.2 4.0 0.9 0.01
POL2 74.694 42.680 28.0 1.2 25.5 2.5 1.0 2.1 2.5 -2.0 5.0 0.9 0.01
SELE 77.017 43.179 28.0 32 254 4.5 1.1 1.5 0.6 -2.7 3.1 1.0 0.01
JIN@ 77.570 13.021 27.1 14.1 39.7 —-0.2 1.3 1.4 333 41.1 —6.7 1.2 —0.00
LHAS 91.104 29.657 28.5 19.5 24.6 21.1 1.1 -2.1 17.6 —6.5 20.9 1.1 0.01
KSTU 92.794 55.993 25.9 1.9 23.2 2.8 1.1 -2.6 —-0.4 —6.9 1.8 0.9 0.01
IRKT 104.316 52.219 26.0 0.6 22.4 1.8 1.0 —5.4 —-2.8 -9.7 —-0.4 0.9 0.01
XIAN 109.222 34.369 27.7 7.1 23.2 8.6 1.2 —6.6 —4.7 —10.8 —1.6 1.1 0.01
WUHN 114.357 30.532 27.5 7.1 22.7 8.6 1.2 —7.8 -3.7 —11.8 —0.6 1.1 0.00
SHAO 121.200 31.100 27.0 7.5 21.9 8.9 1.2 -9.3 —52 —13.1 -2.1 1.1 0.00
TAIW 121.537 25.021 27.1 10.2 22.0 11.5 1.2 —-93 —6.7 —13.1 —-3.4 1.2 0.00
TAEJ 127.366 36.374 26.0 2.3 20.8 3.8 1.2 —10.5 —6.1 —14.0 —-34 1.1 0.01
YAKZ 129.681 62.031 20.5 5.7 16.0 7.0 1.1 —-10.9 6.5 —14.3 8.5 0.9 —0.02
USUD 138.362 36.133 24.7 —24.9 19.1 —233 1.1 —12.3 3.9 —15.3 6.4 1.1 0.01
TSKB 140.088 36.106 24.5 —29.2 18.9 -27.7 1.1 —12.6 2.2 —15.5 4.6 1.1 0.01
MAGO 150.770 59.576 17.2 -2.1 11.7 —0.4 1.1 —13.8 —10.5 —16.1 —8.8 1.0 —0.02
Regional Station Velocities
TAHE 75.145 37.971 28.4 7.9 25.5 9.4 1.4 2.0 13.8 -2.1 16.4 1.1 0.09
WwUQI 75.217 39.705 28.2 4.1 25.5 5.5 1.4 2.0 8.9 -2.2 11.5 1.1 0.00
KASH 75.920 39.517 28.3 —1.8 25.5 —0.3 1.4 1.8 13.0 -23 15.5 1.1 —0.01
A105 77.001 36.444 28.5 1.9 254 3.5 1.4 1.5 24.0 —2.7 26.8 1.1 0.15
SHAC 77.248 38.412 28.4 -3.6 254 -2.0 1.2 1.5 18.8 -2.7 21.5 1.0 —0.00
DAHO 79.257 35.937 28.5 42 25.3 5.9 1.3 1.0 16.8 -33 19.7 1.1 0.14
TIEL 79.685 35.026 28.6 —-0.2 253 1.4 1.9 0.8 19.0 —34 219 1.5 0.04
HANI 79.774 37.135 28.5 -1.6 25.3 0.0 1.3 0.8 15.7 —-34 18.5 1.0 0.10
HETI 79.926 37.121 28.5 -39 25.3 -23 1.4 0.8 16.5 -3.5 19.4 1.1 —0.01
YUTI 81.577 36.765 28.5 —2.7 253 —1.1 1.2 0.4 13.3 -39 16.2 1.1 0.10
ANDI 83.945 37.696 28.5 —-1.2 25.2 0.3 1.2 -0.3 10.9 —4.6 13.8 1.0 0.05
BSTN 84.850 37.242 28.5 -39 25.1 -2.3 1.9 -0.5 12.6 —4.8 15.5 1.4 0.05
KURL 86.169 41.708 28.1 6.3 25.0 7.7 1.3 —0.8 7.7 -52 10.4 1.1 —0.02
A306 86.251 38.077 28.4 2.6 25.0 4.1 1.2 -0.9 9.2 —-52 12.0 1.0 0.02
ULUM 87.574 43.745 27.9 34 24.8 4.8 1.2 —-1.2 2.3 —5.5 4.9 1.0 0.02
RUOQ 88.153 39.029 28.3 —0.1 24.9 1.4 1.1 —1.4 6.4 —5.7 9.2 1.0 0.00
A502 89.680 39.205 28.3 1.4 24.8 2.9 1.2 —1.8 7.4 —6.1 10.2 1.0 0.00
ALAE 90.442 37.274 28.4 7.5 24.8 9.0 1.8 —2.0 7.6 —6.3 10.5 1.4 0.02
EBOL 92.624 38.790 28.3 6.8 24.6 8.3 1.3 -2.5 4.5 —6.9 7.4 1.1 —0.10
WUTU 93.067 36.890 28.4 10.6 24.6 12.1 1.3 —-2.6 6.8 -7.0 9.8 1.1 0.01
GELM 94.874 36.433 28.3 7.7 24.5 9.2 1.2 -3.1 6.8 —7.4 9.7 1.0 0.01
CHAI 95.377 37.834 28.2 7.1 24.4 8.7 1.2 —-3.2 4.0 -7.6 6.9 1.1 0.01
A603 95.436 38.881 28.2 11.3 24.4 12.7 1.2 —-3.2 5.1 —7.6 8.0 1.1 0.03
NUOM 96.458 36.381 28.3 7.5 24.4 8.9 1.3 -3.5 2.6 -7.8 5.5 1.1 0.01
DELI 97.730 37.377 28.2 8.9 24.2 10.4 1.2 —-3.8 34 —8.2 6.4 1.1 0.01
JIUQ 98.496 39.758 28.0 5.2 24.1 6.6 1.2 —4.0 —1.1 —8.3 1.8 1.0 0.00
XINI 101.654 36.660 28.0 8.2 24.1 9.5 1.4 —4.8 2.1 —8.7 4.7 1.1 —0.06

4EURA, a priori velocity in EURASIA reference frame; NUVEL, a priori velocity in NUVEL-1A reference frame; GPS, velocity increment with respect
to the reference frame shown in previous column; o, one standard deviation uncertainty; Corr, velocity correlation between the east and north components.

respect to the Tarim basin, estimated from velocities of nine
stations (ALAE, EBOL, WUTU, GELM, CHAI, A603, NUOM,
DELI, and XINI) within the basin (Figure 6). Our GPS results
detect little deformation within the Tarim and Qaidam-Kunlun
Shan blocks (Figures 5 and 6). Rotation postfit residuals for the
Tarim basin sites are 1.7 and 1.1 mm/yr for the east and north

components, respectively. The postfit residuals for the Qaidam-
Kunlun Shan sites are 1.5 and 1.1 mm/yr for the east and north
velocity components. Such residuals are within the error range of
the data, suggesting negligible deformation within both blocks.
South of the Altyn Tagh fault the Qaidam-Kunlun Shan block
moves eastward as a coherent unit with respect to the Tarim
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Figure 5. Close-up view of regional station velocities with respect to the Tarim basin. A rigid-body rotation of the
Tarim basin with respect to Siberia has been removed from all the station velocities. Two rotation poles of Tarim with
respect to Siberia are shown, one for the EURASIA and the other for the NUVEL-1A referenced solutions,
respectively. Error ellipses are 95% confidence. Slip rates across several fault segments are shown. The thick straight
lines along faults mark the strike directions along which the slip rates are measured.

basin. Along the central section of the Altyn Tagh fault, we
determine 9 + 2 mm/yr left slip and 0 + 2 mm/yr convergence
across the fault, measured between a group of three stations
(AS502, RUOQ, and A306) located north and west of the Altyn
Tagh range and another group of eight stations (ALAE, EBOL,
WUTU, A603, CHAI, GELM, DELI, and NUOM) in the central
and western Qaidam basin (Figure 5). Close to the Altyn Tagh
fault, however, a station velocity profile across the surface fault
trace shows distributed shear deformation over a 150-200 km
wide zone (Figure 7). Shear deformation across both the Altyn
Tagh and the North Altyn Tagh faults is too broad to be
accounted for by the elastic strain distribution of the Altyn Tagh
fault alone, implying that both faults are slipping at depth and
locked at the surface.

The clockwise rotation of the Tarim basin results in greater
north-south shortening for the central western Tian Shan than for
the eastern Tian Shan. Our result places 18 + 2 mm/yr north-
south convergence at ~77°E between SELE, located north of the
Tian Shan, and SHAC southwest of the Tarim basin. Because the
two stations span the entire range of the Tian Shan belt, this
result indicates the total shortening rate across the Tian Shan
range. It is consistent with an estimate of 13 mm/yr shortening

Table 3. Basin Rotation Rates

across a GPS network covering the northern two thirds of the
Tian Shan belt [Abdrakhmatov et al., 1996]. To the east the
shortening across the Tian Shan between ULUM and KURL at
~87°E is 6 + 2 mm/yr, significantly smaller than its western
counterpart. Our data indicate little east-west shear motion across
the Tian Shan belt.

At the western end of the Altyn Tagh fault system the Karakash
fault in the western Kunlun Shan slips left laterally at a rate of 7+ 3
mm/yr, determined from station velocities of four sites (HANI,
HETI, DAHO, and TIEL) located across the fault. In addition, a
convergence rate of 2 = 2 mm/yr in the direction of N10°E is
detected across the eastern segment of the western Kunlun thrust
belt. Both the left slip rate along the Karakash fault and conver-
gence rate across the western Kunlun thrust belt increase westward.
This is shown as a 7 + 2 mm/yr convergence in the direction of
N50°E between SHAC and TAHE, some 180 km apart from each
other across the thrust. A left slip rate of 11 £ 2 mm/yr is also
detected between the two stations parallel to the western Kunlun
Shan trending N40°W.

Our GPS measurements also detect significant deformation at
the western end of the southern Tian Shan thrust belt [Yin ef al.,
1998]. Station KASH at town Kashgar moves southward with

Tarim With Respect to Siberia

Qaidam With Respect to Siberia

Qaidam With Respect to Tarim

Rotation Longitude, Latitude, Rotation Longitude, Latitude, Rotation Longitude, Latitude,
Rate, °E °N Rate, °E °N Rate, °E °N
Reference nrad/yr nrad/yr nrad/yr
NUVEL-1A 10.8 £ 0.8 99.1 £0.8 36.0 0.4 44+14 111.2+25 147 +£5.4 -7.0+1.7 880+ 1.6 483 +23
EURASIA 11.1 £0.8 96.2 +£ 0.8 37.5+£04 4614 1052 £2.5 199+5.5 —69+£1.6 87.5+1.5 48.6 £2.3
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Figure 6. Close-up view of regional station velocities with respect to the Qaidam basin. A rigid-body rotation of the
Qaidam basin with respect to Siberia has been removed from all station velocities. A rotation pole of the Qaidam
basin with respect to the Tarim basin is shown. Its error ellipse represents 95% confidence.

respect to the Tarim block (defined by all the stations within the
basin except KASH) at a rate of 7 £ 2 mm/yr (Figure 5). This
motion shows that the westernmost tip of the Tarim basin should
be part of the southern Tian Shan thrust system [Yin et al.,
1998; Allen et al., 1999; Burchfiel et al., 1999] and is being
detached from the rest of the basin. Or possibly the southern
frontal thrust fault of Tian Shan immediately north of the site is
locked and a considerable amount of seismic moment is accu-
mulating as elastic strain. In either case, its active tectonics
agrees with the active seismicity in the Jiashi area east of
KASH, evident in the recent earthquake swarm of the region
(Figure 2). Such an assessment is strengthened by the observa-
tion that another station, WUQI, located ~60 km west of
KASH, also moves southward (more so than KASH) relative
to the stable part of the Tarim. WUQI moves 7 + 2 mm/yr
N125° £ 16°E relative to KASH, likely reflecting active faulting
between the two sites.

At the eastern end of the Altyn Tagh fault, slightly oblique
convergence of 7 + 2 mm/yr in the N65°E direction is detected
across the west-northwest trending Qilian Shan-Nan Shan thrust
belt. Specifically, a rate of 3 + 2 mm/yr left slip motion parallel
to the thrust belt and a rate of 6 = 2 mm/yr perpendicular to the
thrust belt were estimated between station JIUQ in the Hexi
corridor north of the thrust belt and a group of seven stations
(WUTU, GELM, CHAI, A603, NUOM, DELI, and XINI) in the

central and eastern Qaidam basin (Figure 6). Southwest of the
basin the Qimen Tagh fault, bending from northwest trend to
west-southwest trend as it approaches the Altyn Tagh fault, does
not appear to be very active. There is virtually zero convergence
between station ALAE, located west of the Qimen Tagh fault,
and all the sites located in the Qaidam basin east of the fault.
The ~6 mm/yr northeast-southwest convergence across the
Qaidam basin and its two flanks (the Qilian Shan-Nan Shan
and the Qimen Tagh thrust belts) differs from Meyer et al’s
[1998] ~15 mm/yr shortening in the same direction across the
region.

S. Discussion
5.1. Slip Rate Along the Altyn Tagh Fault

The slip rate along the Altyn Tagh fault is central to
differentiating the discrete versus distributed deformation mod-
els for the Indo-Asian collision [e.g., Peltzer and Tapponnier,
1988; England and Houseman, 1986]. In the past decade,
highly variable estimates have been obtained for the Quater-
nary fault slip rate along the Altyn Tagh fault. In the first
systematic study using Landsat images, Peltzer et al. [1989]
deduced a rate of ~20 mm/yr along the Karakash and ~30
mm/yr along the central segment of the Altyn Tagh from offset
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Figure 7. Velocity profiles across the central Altyn Tagh fault (A-A" in Figure 5). All the station velocities are
referenced to the Tarim basin and projected to the fault normal direction N20°W. (a) Fault-parallel component. (b)
Fault-normal component. Data are shown with 1o standard deviation. Vertical bar denotes the location of the southern
branch of the Altyn Tagh fault. Here 9 + 2 mm/yr left slip and 0 + 2 mm/yr normal motion across the fault are derived.
The apparent anomaly for the fault-normal component of station XINI is partially due to the distortion of a planar

projection of a spherical surface.

geomorphic features across the fault, assuming the features
were formed since the Last Glacial Maximum. Avouac and
Tapponnier [1993] used this high slip rate to support a
microplate model for the Indo-Asian collision zone. More
recent studies based on offsets of geomorphic features and
cosmogenic dating also supported the rate of ~20 mm/yr along
the Karakash [Ryerson et al, 1999] and 20—30 mm/yr along
the central segment of the Altyn Tagh [Meriaux et al., 2000].
On the other hand, surface mapping, trenching across the

active trace of the Altyn Tagh fault, and '*C dating by a
Chinese research group placed a minimum constraint on the
Quaternary slip rate at ~5 mm/yr over the entire length of the
Altyn Tagh fault [SSBC, 1992].

England and Molnar [1997] used estimated slip rates along other
major active faults in the Indo-Asian collision zone to determine the
range of slip rates along the Altyn Tagh fault consistent with the
regional strain pattern. Employing a finite element scheme under
strain compatibility constraints, they found that only when the
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Figure 8. Comparisons of GPS velocity results. (a) Comparison of our results (solid arrows) with that of Bendick et
al. [2000] (shaded arrows) at the central Altyn Tagh. Bendick et al.’s velocities have been rotated to align with our
reference frame using collocated site velocities at Kurler and Urumgqi. Error ellipses represent 95% confidence level.
The two studies show a good agreement on the deformation pattern across the central Altyn Tagh fault. (b)
Comparison of our results (solid arrows) with that of Chen et al. [2000] (shaded arrows) at northeast Tibet. A minor
rotation of Chen et al.’s velocities (based on 13 common IGS stations in the Eurasia plate) is performed to align the
two sets of velocities to a common reference frame. A systematic mismatch of the eastward motion between the two

sets of solutions is found. See text for detailed discussions.

Altyn Tagh fault moves at a rate of ~10 mm/yr would the regional
strain data be explained. Because this test assumed slip rates on
other Cenozoic faults in Asia which were perhaps even more poorly
determined, the result is far from conclusive.

Bendick et al. [2000] measured a low slip rate of 9 £ 5 mm/yr
across the central part of the Altyn Tagh fault using GPS along
approximately the section shown in our Figure 7. Their data
showed some heterogeneity within the Altyn Tagh range, but
their result is generally consistent with ours along the same
section of the fault (Figure 8a). Chen et al. [2000] reported
rates of 6 = 2 mm/yr and 9 + 2 mm/yr on two lines straddling the
fault near longitude 95°E. We made no measurements north of
the Altyn Tagh fault between 90° and 98°E, so their data provide
an important complement to ours. The combined data show low
slip rates, <11 mm/yr, on the central and eastern Altyn Tagh fault.
The result also suggests that only minor deformation exists
between the Tarim basin and the region northeast of the Qilian
Shan (Figure 5). For example, station JIUQ moves at only ~3
mm/yr relative to three sites 800 km west of JIUQ and north of
the Altyn Tagh range. Our slip rate estimate at the central Altyn
Tagh could be as much as 11 mm/yr if we take the rate at RUOQ
(the site farthest from the fault, Figure 7) as representative of the
Tarim block. The rate, however, could not be much higher than
this because it would contradict the velocities of other sites within
the Tarim basin.

The discrepancy between the geodetic and geological esti-
mates of slip rate along the Altyn Tagh fault is a real puzzle.
The low geodetic rate (~10 mm/yr) cannot be attributed to
near-fault locking because our GPS network spans several
hundred kilometers across the fault. If both geodetic and

geological results are correct, the discrepancy must be
explained by spatial or temporal differences in the two types
of measurement.

We may first consider the spatial differences between geo-
logical and GPS measurements. For the Karakash fault the
geological [Peltzer et al., 1989] and geodetic (this study)
measurements were made approximately along the same section
of the fault. For the central section of the Altyn Tagh the
geological measurements were made at ~88°E, and our GPS
were at ~90°E. We have no GPS estimate of slip rate along the
Altyn Tagh fault system from 80° to 90°E. Nevertheless, our
GPS results suggest an upper bound for the current slip rate on
that segment. If the Altyn Tagh fault moves at a rate of 20—30
mm/yr along its central segment, one would expect a significant
convergence in the ENE-WSW direction across the Qimen Tagh
thrust belt at the southern margin of the Qaidam basin (Figure
1). However, this is not supported by our result across the fault.
Since there is no known active thrust fault west of the Qimen
Tagh and south of the active trace of the Altyn Tagh fault, the
current slip rate along the Altyn Tagh fault must be about the
same from the Qaidam segment to the Karakash valley seg-
ment. This result implies that the Tibetan plateau just south of
the Altyn Tagh between 80° and 92°E behaves more or less
like a rigid block, and the slip rate discrepancy cannot be
explained by the location difference of the two types of the
measurements.

Could different timescales explain the discrepancy between
geodetic and geologic results? We do not yet know any mech-
anism that would reduce a long-term average slip rate of >20
mm/yr to half or less measured during a period of a few years.
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Earthquake stress may accelerate the deformation near the rupture
zone, so that long after a large earthquake, the strain rate may be
lower than average. Also, most of the Altyn Tagh fault has not
been ruptured for more than a century. However, the geodetic
data cover a wide zone, and they should be relatively insensitive
to deformation from individual earthquakes. If earthquakes are
responsible for the longer-term geologic slip rate, then they must
have occurred on the Altyn Tagh fault at a phenomenal rate in the
past. Intensive efforts to date Quaternary slip rates along the
Altyn Tagh fault are currently underway [Washburn et al., 2000;
Meriaux et al., 2000]. Only when the slip rate history of the
Altyn Tagh fault is determined at various timescales from several
years to several millions of years can we confidently test the
long-term role of the Altyn Tagh fault in the Indo-Asian collision
tectonics.

The Altyn Tagh fault system has long been viewed as a trans-
pressional system which partitions both the left slip motion along
the Altyn Tagh fault and fault-perpendicular shortening across the
North Altyn Tagh fault [Burchfiel et al., 1989; Wittlinger et al.,
1998]. For example, England and Molnar [1997] estimated a
shortening rate of 6 + 4 mm/yr across the central section of the
Altyn Tagh fault. Bendick et al. [2000] reported a contraction rate
of 3+1 mm/yr across the same section. Chen et al. [2000] estimated
5 + 2 mm/yr across the east section at ~95°E. In contrast to these
early inferences, geologic mapping along the North Altyn Tagh
fault by Cowgill et al. [2000] suggested that it is mostly a left slip
fault with only minor compression. Although our result of 0 + 2
mm/yr convergence across the central Altyn Tagh system is within
the range of uncertainty of Bendick et al.’s [2000] estimate of 3 + 1
mm/yr, it indicates strongly that north-south shortening across the
Altyn Tagh system is negligible. To the west our ~2 mm/yr
shortening across the Western Kunlun thrust belt at ~80°E is also
at odds with a geological finding of ~8 mm/yr by Lyon-Caen and
Molnar [1984] and by Avouac and Tapponnier [1993]. The
discrepancy between various geological and geodetic results for
the fault shortening rate is another mystery and invites further
investigation.

At the easternmost end of the Altyn Tagh fault, Meyer et al.
[1996] estimated a slip rate of 4 + 2 mm/yr, and Peltzer et al.
[1989] suggested ~5 mm/yr for a splay emanating from the Altyn
Tagh fault and curving into the Qilian Shan frontal thrust. Our
value of ~9 mm/yr is significantly higher than their estimates.
We attribute the difference to the fact that our rate is measured
along the Altyn Tagh system to the west where only a single
strand is active, whereas the region studied by Peltzer et al.
[1989] and Meyer et al. [1996] is characterized by multiple
strands of active faults splaying into the Qilian Shan-Nan Shan
thrust belt. Despite the lack of details on the deformation field at
the eastern end of the Altyn Tagh fault our result places a bound
of convergence across the Qilian Shan-Nan Shan thrust belt at 6
+ 2 mm/yr. This rate is lower than the 10 + 3 mm/yr estimate of
Chen et al. [2000], but the two results overlap at the 95%
confidence level.

5.2. Eastward Motion of Tibet

Our result not only constrains the kinematics of the Altyn Tagh
fault system but also has implications for the overall deformation
pattern between central Tibet and the Tian Shan. In particular, our
GPS results imply that the Qaidam-Kunlun block in northern Tibet
coherently moves east-northeastward at a rate of ~8 mm/yr with
respect to Tarim as well as Siberia. We also detect ~6 mm/yr
eastward motion for the region between the Karakash fault in the
north and the Longmu-Gozha Co fault in the south.

Although our result of east-northeastward motion for northeast
Tibet with respect to Siberia qualitatively agrees with that of Chen
et al. [2000], we disagree quantitatively. Our result yields ~9 mm/
yr eastward motion for the Qaidam basin sites with respect to
Siberia from our EURASIA solution (Table 2, Regional Station
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Velocities), while Chen et al. [2000] estimated ~15 mm/yr for the
sites in the same region from their “Eurasia” solution (Figure 8b).
The discrepancy cannot be fully explained by the reference frame
difference since the two reference frames were derived using
almost the same strategy and nearly the same set of IGS stations.
The offsets between the two results at SHAO, XIAN, and WUHN,
all in east Asia, are ~1 mm/yr or less. The velocity of Chen et al.
[2000] for northeast Tibet, however, was based on data from only
two epochs, and the first of these (June—July 1996) coincided with
excursions in their time series for the east positions of LHAS and
XIAN that suggest regionally correlated errors (R. King, personal
communication, 2001).

The ~6 mm/yr discrepancy has strong implications for tectonics
in the eastern Tibetan plateau and its borderland. For example,
Chen et al. [2000] hypothesized that the motion of Tibet to the east
might be absorbed by thrusts and folds in the Liupan Shan and
Mibo Shan [Zhang et al., 1990, 1991]. They also inferred 8—10
mm/yr right shear motion across faults trending northeast between
the northeast Tibet and the Longmen Shan. According to our study,
however, if such thrust and shear motions occur at the eastern
borderland of Tibet, they could not exceed 4 mm/yr. In contrast to
~10 mm/yr eastward motion of Chen et al. [2000] for the region
north of the Altyn Tagh fault with respect to Siberia, our result
shows virtually zero eastward motion. We conclude that north-
south crustal thickening across Tian Shan is the major mechanism
to accommodate the northward indentation north of the Altyn Tagh
fault.

The slower eastward motion (~8 mm/yr) of the Qaidam-
Kunlun block obtained by this study contrasts with a fast
eastward motion of south central Tibet based on GPS and
geological studies [e.g., Larson et al., 1999; Yin and Harrison,
2000]. For example, in this study, station LHAS moves ~21
mm/yr eastward with respect to Siberia, which is probably
accommodated by a series of north-south trending rifts in Tibet
located both north and south of the Bangong-Nujiang suture west
of the site [Yin et al., 1999; Yin, 2000; Larson et al., 1999;
Freymueller et al., 1999]. This motion is ~13 mm/yr faster than
sites located in the Qaidam basin (Tables 1 and 2). Such
differential motion of 13 mm/yr is probably accommodated
mainly along the Kunlun fault. This inference is consistent with
the results of geological studies by Kidd and Molnar [1988] and by
Van der Woerd et al. [1998], who reported a slip rate of ~13 mm/yr
on the fault.

How the left slip Kunlun fault terminates at its western end
remains unclear, as the trace of the fault becomes obscured west
of 90°E. Analysis of Landsat images and fault plane solutions
suggested that the Kunlun fault branches off westward into
several ENE trending left slip fault splays [Zapponnier and
Molnar, 1977; Armijo et al., 1986, 1989; Molnar and Lyon-
Caen, 1989]. The 1997 Manyi earthquake of M = 7.6 occurred on
one of these left slip faults [Peltzer et al., 1999; Velasco et al.,
2000]. Two M = 6 events also occurred in the same region in
1985 with similar focal mechanisms and possibly on the same
fault segment [Ekstrom and England, 1989]. In return, these
nearly east-west trending left slip faults at the western end of
the Kunlun fault are probably linked with a series of rifts and
faults. They include north-south trending rifts in central Tibet
between the Jinsha and Bangong-Nujiang sutures and the normal
and strike-slip faults in the western Qiangtang block [Yin et al.,
1999; Tapponnier and Molnar, 1977; M. H. Taylor et al.,
Distributed eastward extrusion of central Tibet: A new perspec-
tive from geologic studies of rift-bounding faults in north Tibet,
submitted to Tectonics, 2001 (hereinafter Taylor et al., submitted
manuscript, 2001)]. This system probably extends westward to
the Longmu-Gozha Co but not the Karakash fault [4vouac, 1991;
Peltzer et al., 1989], however, because our result shows that the
region south of the Karakash fault and north of the Longmu-
Gozha Co and Kunlun faults moves almost coherently eastward
only 2—3 mm/yr slower than the Qaidam block.
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5.3. Deformation in the Western Kunlun Shan
Region

The Western Kunlun thrust belt and the Karakash fault
separate the Pamir plateau in the west from the Tarim basin
in the east. Tectonic deformation in the region is extremely
complex. The convergence rate across the western Kunlun thrust
belt seems to increase westward, as the system bends northward
from nearly east-west strike to NNW-SSE strike. This system-
atic increase in convergence rate was first speculated by
Rumelhart et al. [1999] on the basis of preliminary paleomag-
netic results. GPS confirmation of the westward increase in
convergent rate implies that the western Kunlun Shan in the
hanging wall of the western Kunlun thrust belt rotates clock-
wise with respect to the Tarim basin. This behavior may result
from oroclinal bending due to northward indentation of the
Pamir syntaxis into Asia [Burtman and Molnar, 1993; Rumel-
hart et al., 1999]. In addition, a component of range-parallel
(WNW-ESE) shortening occurs between stations TAHE and
A105 at a rate of ~10 mm/yr within the western Kunlun. Such
shortening may be accommodated by diffuse left slip shearing
in the region between the two stations, caused by ‘“bookshelf”
style shear and clockwise rotation around the Tarim block, like
the deformation pattern in the western Transverse Ranges of the
western United States [Luyendyk, 1991]. The northeast Pamir
experiences east-west extension as expressed by active normal
faulting along the north-south trending Kongur Shan normal
fault system [Brunel et al., 1994]. Just east of the normal fault,
there is ~7 mm/yr east-west shortening between TAHE and
SHAC straddling two possible thrust faults. Perhaps the con-
traction to the east results from subduction of the western Tarim
basin, while the extension to the west results from flexure of
the hanging wall.

5.4. Surface Area Balance

Despite the uncertainties and still limited spatial coverage
associated with our GPS data a preliminary inference can be
made about the deformation style based on results of this and
previous GPS studies in and around the Tibetan plateau. A
recently revised plate motion model suggested a current con-
vergence rate between India and Siberia, projected across the
Himalaya range, as only 36—40 mm/yr, significantly slower than
that determined by the NUVEL-1 model [Gordon et al., 1999].
This result has also been supported by recent GPS estimates
[Shen et al., 2000; Chen et al., 2000]. Using the Indo-Asian
convergence rate and GPS-derived deformation rates around the
Tibetan plateau, we may assess quantitatively how the Indo-
Eurasia convergence is accommodated in Asia. Assuming an
India-Tibet plate boundary of ~2400 km long and an average
convergence rate of ~38 mm/yr, the total area reduction between
the two plates would be ~0.091 km?/yr projected at the
Himalaya. Northeast of the Tibetan plateau, a rigid body east-
ward motion of the Qaidam-Kunlun Shan block with respect to
Siberia at the rate of 9 mm/yr would move ~0.005 km /yr
surface area out of the region. South of the Kunlun fault the
eastward motion of the Tibetan plateau would accommodate
~0.016 km*/yr surface area reduction, assuming an average
eastward motion rate of ~20 mm/yr with respect to Siberia
across a north-south trending profile of 800 km wide. This result
is based on the assumption that the station velocity of BMZ1 of
Chen et al. [2000] is representative of the regional deformation
rate. Thus the total eastward extrusion would account for ~0.021
km?/yr: ~23% of the total surface area reduction due to Indo-
Asia collision. North of the Tarim basin our result suggests that
crustal shortening in the Tian Shan range consumes ~0.017
km?/yr surface area: ~19% of the total surface area reduction
due to Indo-Asia collision. The shortening across the Himalaya
thrust belt is ~20 mm/yr [Bilham et al., 1997; Larson et al.,
1999], which is equivalent to ~53% of the total surface area

30619

reduction. As a result, there is an insignificant amount of the
Indo-Eurasia convergence left to be accommodated by other
mechanisms, such as gross thickening of the plateau crust. We
still do not know how much shear and normal faulting is taking
place in central and southern Tibet. Nevertheless, first-order
deformation in Tibet seems mainly controlled by deformation
along a few major faults and within several thrust belts such as
the Himalaya and the Tian Shan.

6. Conclusions

The central section of the Altyn Tagh fault slips at a slow rate of
9 + 2 mm/yr, and the Karakash fault slips at a rate of 7 + 3 mm/yr.
The convergence rates across the faults are also small, 0 + 2 mm/yr
across the central section of the Altyn Tagh and 2 + 2 mm/yr across
the Karakash. Between the central section of the Altyn Tagh and
the Karakash (80°—90°E) the fault is likely to slip at a rate of ~10
mm/yr as well.

Deformation of the Tarim and Qaidam basins can be described
by rigid block motion. In particular, the Tarim and Qaidam basins
rotate clockwise with respect to Siberia at rates of ~11 and 4.5
nrad/yr, respectively. The region just south of the Altyn Tagh fault
and north of the Kunlun fault-western Jinsha suture may be part of
the Qaidam-Kunlun rigid block.

North-south convergence across the central Tian Shan (77°E) is
~18 mm/yr and across the eastern Tian Shan (87°E) is ~6 mm/yr.
There is little east-west shear motion along the Tian Shan southern
frontal fault system.

The Kashgar region, located at the westernmost tip of the Tarim
basin, moves 7 + 2 mm/yr southward with respect to the interior of
the Tarim block, suggesting that either the region is part of the
active southern Tian Shan deformation zone or significant elastic
strain is accumulating along the southern Tian Shan thrust belt.

Crustal deformation of the western Kunlun Shan is the result of
multiple tectonic processes. Its east-west contraction suggests
westward subduction of the Tarim block; the normal faulting
west of the contraction zone implies flexure of the hanging wall,
and its clockwise rotation and left-lateral shear seem to be the
result of northward indentation of the Pamir and westward
subduction of the Tarim.

Northernmost Tibet moves ~8 mm/yr eastward, and the Tarim
basin shows no detectable motion with respect to Siberia. The
eastward motion of the Tibetan plateau currently accommodates
~23%, the Tian Shan system accommodates ~19%, and the
Himalaya thrust belt accommodates ~53% of the Indo-Asia con-
vergence. These three tectonic elements account for ~95% of the
Indo-Asia relative plate motion.
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