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Abstract We simulate GPS horizontal velocity field in terms of rotations of crustal blocks to describe deformation be-
havior of the Chinese mainland and its neighboring areas. 31 crustal blocks are bounded primarily by ~30 Quaternary faults
with distinct geometries and variable long-term rates of <20 mm/a, and 1 683 GPS velocities were determined from dec-
ade-long observations mostly with an averaged uncertainty of 1-2 mm/a. We define GPS velocity at a site by the combina-
tion of motion of rigid block and elastic strain induced by the fault that is locking during a seismic cycle. Model velocities
predicted from the preferable block model match well with the GPS velocities to an uncertainty of ~1.7 mm/a. The slip rates
inferred from this model is in a range of 6—18 mm/a for the major faults in Tibet and its margins and 1-4 mm/a in eastern
China, consistent with geological observations. Our numerical simulation suggests that the crustal blocks deform internally at
a level of ~10x10™"/a, quite small in comparison with significant deformation localized along fault zones of 50—100 km wide.
We conclude that the pattern of continental deformation is not continuous-like but block-like, and the tenet of plate tectonics
may be applicable to characterize the active deformation in Asia.
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1 Introduction

A quantitative description of the deformation of
Asia in response to Indian plate’s convergence is key to
understand long-term crustal deformation processes in
continents, and has important implications for litho-
spheric dynamics and earthquake hazard assessment
(Replumaz and Tapponnier, 2003). Previously, the ve-
locity field was mainly inferred from earthquake infor-
mation and Quaternary fault slip rates (Holt et al, 2000).
In recent years, numerous new observations in order to
obtain velocity field within the Asia have been carried
out rapidly. Space geodesy especially the GPS meas-
urements have been covered over the entire actively de-
forming zone in Asia for the recent 10 years with suffi-
cient precision and density (Wang et al, 2001; 2003;
Zhang et al, 2004), to allow tests of various kinematic
and dynamic models of continental deformation. These
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GPS measurements have shed some new insights for the
mode of continental tectonics, and also provide impor-
tant constraints for us to understand, identify and con-
struct these kinematic and dynamic models. Because the
pre-existing controversy about whether continental de-
formation is more accurately described by the relative
motions of a few blocks (Avouac and Tapponnier, 1993;
Peltzer and Saucier, 1996) or by a more spatially con-
tinuous process (England and Molnar, 1997) remains
largely unresolved, in what manner the present-day ve-
locity field, with high precision and spatial resolution,
has reflected is a critical study under new situations
(England and Molnar, 2005).

Preliminary tests demonstrate that present-day
crustal deformation in the Chinese mainland especially
in the Tibetan plateau might act as a more spatially con-
tinuous process. Dynamic models of a thin viscous sheet
have performed a good fit to the GPS observations (Holt
et al, 2000; Yang et al, 2005). However, previous studies
demonstrate that geodetically measured steady-state
interseismic surface velocities largely contain informa-
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tion about the motion of crustal blocks and elastic strain
accumulation induced by the fault locking (Meade,
2007). Yet, these viscous sheet models have neglected
the brittle upper crust and cannot reflect the mechanical
behavior of fault slip, interseismic displacement and
fault rupture in this upper layer. Such goodness of fit to
the GPS observations neither proves the continuum
concept nor precludes the block-like model (Thatcher,
2007).

Former studies of active tectonics show that Chi-
nese mainland is comprised of crustal or lithospheric
blocks at different scales (Deng et al, 2002) which be-
have as coherent motion, and recent GPS observations
have confirmed the existence of these active blocks
(Zhang and Zhu, 2000; Wang et al, 2003; Li et al, 2003).
In other actively deforming zones such as western
United States and New Zealand, block models have
successfully interpreted various observations (McCa-
ffrey, 2005; Wallace et al, 2004). These results from dif-
ferent regions suggest that rotations of elastic blocks
within the continent may play a predominant role in
taking up most of the convergence across the plate
boundary. Because of the complex tectonic setting,
unique strain conditions and its great spatial extent,
whether the block model can image the characteristics
of present-day deformation of Asia, especially the
kinematics at the Indian-Eurasian plate collision zone
needs more careful study.

Here, we take advantage of more accurate GPS
measurements to construct the active block model. To
interpret the GPS velocity field, we model the GPS ve-
locities accounting simultaneously for the effects of
block rotations, elastic strain induced by the
block-bounding fault locking and internal strain within
the blocks. This approach allows us to find an internally
consistent result that ensures the compatibility of the
block motions and elastic strain accumulation across
faults. The purpose of our numerical simulation is to
utilize a finite number of active blocks to describe the
active deformation of the Chinese mainland and its vi-
cinity, and to suggest that the present-day deformation in
the Tibetan plateau can be described as low-speed mo-
tions of coherent blocks that can take up most of the
continental deformation due to the Indian-Eurasian plate
collision.

2 Inversion method

The motion of a rigid plate can be described by
spherical angular velocities (Euler vectors). But with

regard to the motion of continental block, in addition to
its rotation, the elastic strain due to the block-bounding
fault’s locking could not be neglected. At a given point,
the elastic strain is related to the distance from the
block-bounding fault and also to the fault’s geometry
and its movement pattern. According to this, the velocity
vy of a surface point R within a block which has a Euler
vector of £ can be specified by

k
vR:QOXR+Zvi(R’Qi’Ri.fi)’ (1)

i=1
where £, (i=1, 2, ..., k) represents the Euler vector of
the ith block adjacent to the block £2), R;, f; represents
the bounding fault’s locations and geometry parameters
respectively, and v; represents the elastic strain caused

by the bounding fault’s slip.

The structural slip across a block-bounding fault is
the difference in the linear velocities of the two adjacent
blocks, calculated from the Euler vectors at a point of
interest on the fault, and the mechanical behavior of the
fault determines the temporal and spatial distribution of
the strain surrounding the fault. Generally, because of
friction between the two sides of fault surface at the
brittle upper crust, the upper crust is locked during the
interseismic period, and this locking gives rise to elastic
strain accumulation that causes across-fault velocity
gradients to be smooth rather than abrupt. When the
stress across the fault surface exceeds the strength of the
fault, the fault surface is ruptured abruptly, and the
earthquake happens. Subsequently the earthquake re-
sults in the release of the elastic strain. So in a seismic
cycle, the brittle upper crust behaves as time dependent
stick-slip (Savage, 2000); below the locking depth, the
friction correlated with the temperature condition de-
creases rapidly, and the fault surface at this depth be-
haves as time invariant creeping-slip which can be cal-
culated from the relative rotation of the two adjacent
blocks.

We use the elastic half-space dislocation model
based on the formulations of Okada (1985) to calculate
the elastic deformation due to the fault locking

vi(R’ 2, f[)Z(DG(R’ R, fi)[R[X(‘Qi _'Qo)]’ ()

where G is the Green’s function at surface point due to
the slip along fault surface, determined by the site posi-
tion and fault geometry. Here we use a parameter called
“locking coefficient”(varied within [0, 1]) (McCaffrey,
2005; Wallace et al, 2004), defined as ¢=1-v/v,, where v
and vy represent the slip rate in reality and the predicted
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long-term slip rate calculated from the relative motion
of the adjacent blocks respectively. ¢ represents the ex-
tent to which a fault is locked (McCaffrey, 2005; Wal-
lace et al, 2004), and reflects the true conditions of fault
behavior at different depth and different position. We
assume that GPS velocities throughout the interseismic
period are approximately time invariant and neglect the
effect of postseismic relaxation, consistent with a rela-
tively high viscosity (>10" Pa-s) for the lower crust-
upper mantle (Meade, 2007). If ¢=1, the fault is fully
locked and there is no creep on the fault in the in-
terseismic period; if =0, the fault is creeping at the full
long-term slip rate, and this represents the behavior of

the ductile part of the fault below the upper brittle layers.

The parameter ¢ can be fixed, but can also be estimated
by GPS data. The parameter ¢ flexibly reflects the com-
plexity and uncertainty of the fault behavior, and reflects
the true locking depth (McCaffrey, 2005; Wallace et al,
2004).

A distinct character of the continental blocks is the
existence of secondary faults within the blocks, which
may give rise to small internal deformation, especially
in the Tibetan plateau, Sichuan and Yunnan, where
earthquakes are distributed more widely. We utilize the
uniform strain rate to represent the internal deformation
induced by the secondary fault within the blocks. Hence,
the overall velocity of a point R can be defined by

v = QR+

k

ZQG(R’ Ri’fi)Ri(‘Qi _Qo)"'T(R_Ro)’ (3)
i=1
where R, is the centre of mass of a block, 7 is the strain
tensor (Savage et al, 2001).

If the number of GPS observations is n (two times
of the GPS sites), the number of blocks is m and the
number of fault coefficients is &, we use the objective
function (4) to estimate the Euler vectors of m blocks
and the locking coefficients of & faults, and to approach
a best fit between the predicted velocity V; and the ob-
served velocity p<rs (the velocity uncertainty is ©;):

O(Q{iSm}’ Plisky =
Zn:(l/iGPS _ 1/1)2
i=l

o

i

=min, (n>>3m+k). (%)

It should be noted that, when estimating the Euler
vectors and the locking coefficients simultaneously, the
observation equation is nonlinear, and these two kinds of

parameters are strongly coupled. The inversion is im-
plemented by DEFNODE program (McCaffrey, 2005;
Wallace et al, 2004), which estimates the parameters by
simulated annealing method, in search of the overall
optimal parameters. To find parameter values that mini-
mize the misfit, this method applies simulated annealing
to downhill simplex minimization (Press et al, 1989),
and a penalty function is used to keep the parameter of
locking coefficient between 0 and 1, as done by
McCaffrey (2005) and Wallace et al (2004).

3 Active block model

Active block is defined as a coherent, lithospheric
or crustal element which is bounded by Quaternary
faults (Zhang et al, 2003). Conventional methods, used
to determine the geometric and kinematic information
for these faults, include geomorphic, geological and
seismological studies (England and Molnar, 2005).
Nowadays, GPS measurements can be considered a tool
to identify possible shear zones that do not have distinct
geomorphic markers or obvious slip, and hence, to make
the fault trace more exact and the block boundary more
reasonable, geologically and tectonically.

Because of the widely distributed Quaternary
faulting, there might be diversified candidate outlines
regarding to the block division. For instance, there are
more than ten active faults which have different slip
rates ranging from 2—9 mm/a in Yunnan and Sichuan. As
far as the whole continent, there are much more active
faults and tectonic elements. Here we construct a block
model based on Zhang et al (2003)’s active block model
in the Chinese mainland and its vicinity, and refer to
Chen’s block model in the Tibetan Plateau (Chen et al,
2004a, b). Our purpose is to use a finite number of
spherical blocks to construct kinematic model in the
Chinese mainland with existing GPS data. Here, we
adequately take into account the activities across the
block boundary and the difference of the motions be-
tween the adjacent blocks, in order to make the tectonic
meaning more exact and the block scale more appropri-
ate.

We have readjusted the previous block boundary
based on our updated GPS velocity field. The block
boundary and the bounding faults are shown by Figure 1.
For instance, in the regions east of Indo-Myanmar
trench and south of Red River fault, we subdivide these
regions into Myanmar (MY), West Yunnan (WY), South
Yunnan (SY), Indochina (IC) blocks, separated by Di-



642

Earthq Sci (2009)22: 639-649

enbienphu, Sagaing, Nantinghe faults, respectively. The
East Yunnan (EY) block is bounded by Liji-
ang-Xiaojinhe, Anning-Zemu-Xiaojiang, and Red River
faults. The East Qiangtang-West Sichuan (QS) block is
limited to the east by Lijiang-Xiaojinhe fault, to the west
by Shuanghu fault.

In the western part of China, the huge, strike-slip
faults cut the Tibetan plateau into some sliver-shaped
structures, oriented in the nearly west-east direction,
such as Himalaya, Lhasa, Qaidam, Qilianshan Mountain,
Tianshan Mountain, in comparison with block-shaped
structures in the eastern part of China, such as South
China, Ordos blocks. Studies of active tectonics suggest
that the blocks in western China may be subdivided into
smaller blocks. For example, in the north-eastern part of
Tibet, Wanget al (2003) subdivide this region into Qai-
dam and Xining blocks, cut by the Elashan fault, and the

T0° E 80 90 100

GPS observations have confirmed that these adjacent
blocks have distinct motion tendency (Wang et al, 2003);
and in southern Tibet, Chen et al (2004b) subdivide the
Lhasa block based on the activity of Thakkola and
Yadong-Gulu rifts. In contrast to former studies in
southern Tibet, here we take the Lhasa and Himalaya
blocks as a whole region, and then subdivide it further
into Pamir-Kashmir (PA), Ali (AL), Saga (SG), Xigaze
(XG) and LinZhi (LZ) blocks from west to east, based
on Karakorum-Jiali fault and Thakkola, Tangra-Yum and
Yadong-gulu rifts, although there are studies indicating
that the Yarlung Zangbo suture has certain amount of
right-lateral slip (Chen et al, 2004b).

Hence, our preferable block model is composed
of31 elements, including two mechanical kinds of block
elements. In the first group, these blocks are rigid obvi-
ously, and the strength of these blocks is comparable to
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Figure 1 The block boundary of the model. AL: Ali; AS: Alashan; AT: Altay; MY: Myanmar; BY:Bayankala; DZ: Dzunggar;
EQ: East Qilian; ES: East Shandong and Northeast China; EY: East Yunnan; IC: Indochina; IN: India; KA: Kazakh; LZ: Lin Zhi;
NP: North China Plain; OR: Ordos; PA: Pamir-Kashmir; QD: Qaidam; QL: Qilian Shan; QS: East Qiangtang-west Sichuan; SC:
South China; SG: Saga; SI: Siberia; SS: South Sea; SY: South Yunnan; TA: Tarim; TK: Tadijk; TS: Tian Shan; WQ: West
Qiangtang; WY: West Yunnan; XG: Xigaze; XM: Xing’an-East Mongolia; Block-bounding faults: 1. Altyn Tagh; 2. QilianShan;
3. Haiyuan; 4. Nanqilianshan; 5. KunlunShan; 6. Xianshuihe; 7. Shuanghu; 8. Karakorum-Jiali; 9. Karakorum; 10. Thakkola; 11.
Tangra-Yum; 12. Yadong-gulu; 13. Himalaya; 14. Indu-Myanmar Thrust; 15. Lijiang-Xiaojinhe; 16. LongmenShan; 17. An-
ning-Zemu-Xiaojiang; 18. Red River; 19. Nantinghe; 20. Sagaing; 21. Dienbienphu; 22. Qinling-Dabie; 23. Yinchuan-Jilantai; 24.
Shanxi Graben; 25. Tan-lu; 26. Daqingshan; 27. Zhangjiakou-Penglai; 28. South Tianshan Mountain; 29. North Tianshan

Mountain.



Earthq Sci (2009)22: 639-649

643

the lithospheric plate, such as South China, Tarim,
Alashan, and Ordos blocks. Because of the large scale of
these blocks, the strain induced by the block-bounding
faults has little influence on the motion of these blocks.
Another category of blocks, they are bounded by thrust
or normal faults. Strictly speaking, such blocks are not
rigid, but their deformation is usually coherent with mo-
tions along their boundaries and may be treated as
equivalent to deformation along the block rims (Replu-
maz and Tapponnier, 2003). If the strain induced by the
block-bounding fault’s locking and internal strain is re-
moved, these blocks also show coherent movement.

70°E 80 90 100
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4 Data and analysis

In the modeling, we use velocities of 1 683 GPS
sites (Figure 2). Our velocity field represents a combi-
nation of horizontal velocity solution obtained by our
own data analysis using GIPSY software and published
velocities from other groups. The GPS data are mainly
from Crustal Movement Observation Network of China
(CMONOC) (Niu et al, 2005) which includes three-epoch
large campaigns conducted in 1999, 2001 and 2004 for
the entire network. Meanwhile, the data are supple-
mented by numerous other domestic and international
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Figure 2 The GPS velocity field with respect to the stable Eurasian plate (ellipses represent 67% confidence interval).

projects. For example, the GPS data of Tianshan Moun-
tain are supplemented by UNAVCO data archives (Yang
et al, 2008).

Two types of GPS network solutions are utilized in
our study (Yang et al, 2008). For the data prior to 1996,
we process the data of local network together with a
global network of 20—40 permanent stations, and satel-
lite orbits are estimated in these solutions. For the data
from 1996 to 2006, we use a regional solution strategy
by combining campaign data with a regional network of

continuous IGS (International GNSS Service) stations,
and fix the precise orbit provided by the JPL (Jet Pro-
pulsion Laboratory)’s submission to IGS. The daily so-
lutions are then transformed into the ITRF2000 system
using seven parameter similarity transformation. The
coordinates in the ITRF2000 reference frame and their
covariance matrix from the daily GPS solutions are used
to estimate site positions and velocities at the epoch
2000.0 by a standard weighted least squares adjustment
(Yang et al, 2008). The uncertainty of site velocities de-
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rived by ourselves is less than 1.5 mm/a for CMONOC
and averaged 1-3 mm/a for other surveys. The velocity
solutions for other regions, such as Mongolia, India,
Indo-China, Myanmar, etc., are from published papers
(Calais et al, 2003; Paul et al, 2001; Banerjee and
Biirgmann, 2002; Vigny et al, 2003). We then combined
the solutions from different research groups into a
common reference frame ITRF2000, by estimating a
seven parameter transformation based on common IGS
stations. Then we derived the velocity field with respect
to the Eurasia-fixed frame by minimizing velocities at
~10 sites distributed at the stable Eurasian plate. The
mean uncertainty is less than 2 mm/a. Site velocities that
are grossly inconsistent with neighboring stations are
removed in the modeling.

We divide the block-bounding faults into small
segments, define nodes on the fault surfaces to represent
the fault geometry, and then use the fault parameters
compiled by England and Molnar (1997, 2005) to com-
pute the Green’s function in the modeling. The dip angle
of strike-slip fault is defined nearly 90° whereas the
normal or reverse fault has a dip angle of ~45°, with the

exception of Himalayan front, which dips 10° northward.

The locking depth is defined as 30 km, the upper 10 km
of the fault is fully locked with the locking coefficient
fixed to 1, while the locking coefficient between 10-30 km
is set free and adjusted in the modeling, and the fault
below 30 km slip freely at the full long-term slip rate.

Two approaches have been adopted when we
simulate the GPS horizontal velocity field. One is to
treat the blocks as rigid, and neglect their internal strain,
only considering the effects of block rotations and fault
locking. Another one is to treat the blocks as elastic,
accounting simultaneously for block rotations, fault
locking and internal strain within the blocks. The
weighted RMS misfit is 1.73 mm/a for the first approach
whereas the weighted RMS misfit is 1.50 mm/a for the
second approach.

1) On the whole, when the internal strain parame-
ters are estimated, we obtain a better modeling result,
especially for the blocks in the Tibetan plateau, and if
the internal strain neglected, we obtain a little worse
result. But in other regions outside the Tibetan plateau,
whether or not the internal strain is estimated, the mod-
eling result doesn’t change at all;

2) Whether or not the internal strain is estimated
doesn’t change the Euler vectors significantly, but has
some influences on the slip rate estimates for some
faults averaged ~3mm/a, such as Himalayan front, South

Tianshan Mountain, Xianshuihe faults;

3) The internal strain rates range from >15x10""/a
for some blocks in the Tibetan plateau and Tianshan
Mountain, to <5%10”/a in the South China, Tarim, Or-
dos blocks.

Table 1 lists the modeling results, including the
RMS misfit of each block when internal strain is not
adjusted; the Euler vectors of each block when internal
strain not adjusted. The block motion velocities and
fault slip rates are plotted in Figure 3, which could re-
flect the first-order features of the continental tectonics
(the results are based on the approach when internal
strain is not adjusted, and the block motions are with
respect to the block of Siberia (SI)). GPS velocity re-
siduals (with 67% confidence ellipses) are plotted in
Figure 4 by the approach when internal strain parame-
ters are not adjusted.

Figure 3 shows the velocity of each block’s move-
ment from our preferred model, which is consistent with

Table 1 The results of the model

Block N Nrms A°E @I°N w/°>Ma™
AL 13 1.71 69.9+£3.3 332425 0.668+0.103
AS 100 1.59 104.5¢1.7 222408  —0.154+0.017
AT 9 1.08 103.2+10.5 33.3+10.8  —0.107+0.083
MY 7 239 104.5+3.7 20.1£1.6  —1.563+0.381
BY 40 1.61 98.9+0.9 19.6+0.4  —0.583+0.043
DZ 25 1.12 74.5£3.8 48.8+7.6 0.280+0.063
EQ 65 1.03 104.042.3 20.140.8  —0.303+0.043
ES 82 1.09 134.442.9 48.2+1.7 0.215+0.013
EY 39 1.98 72.9+7.1 82404  —0.249+0.083
IC 6 1.67 102.743.2 6.040.1  —0.370+0.069
IN 58 1.30 10.6+2.2 24.5+0.1 0.365+0.007
KA 34 1.43 81.8+7.7 357482  —0.057+0.027
LZ 19 1.57 96.3+1.0 17.240.8  —0.910+0.148
NP 227 132 140.7+7.8 61.3£5.3 0.125+0.012
OR 118 1.03 173.2431.5 68.8+11.1 0.076£0.015
PA 23 2.05 48.9+19.9  27.7+4.9 0.266+0.133
QD 72 1.83 103.7+0.6 242404  —0.420+0.018
QL 16 1.03 81.5419.2  64.3+77.4 0.146+0.124
Qs 73 3.27 95.2+0.2 23.1402  —1.135+0.027
e 136 1.09 207.848.3 59.944.0 0.093+0.003
SG 26 1.84 71.9£3.5 35.0+£3.4 0.716+0.127

SI 10 1.44
SS 7 1.53 72.6421.9 219462  —0.086+0.043
SY 36 3.15 944413 223+1.0  —0.692+0.081
TA 55 125 101.6+0.8 375411 —0.417+0.023
TK 31 1.72 67.3+5.9 39.5+4.5 0.337+0.076
TS 183 1.68 59.7£22.6 38.9+14.1 0.062:£0.047
wQ 20 1.67 61.2+4.0 37.142.6 0.392+0.051
WY 24 1.80 86.742.6 262430  —0.479+0.126
XG 16 1.61 104.3+2.7 124404  —0.499+0.095
XM 113 1.02 14124120  68.249.1 0.073+0.009

Note: Block is the block name abbreviations in Figure 1; N is the number
of GPS sites in each block; Nrms is the normalized Rms misfit when inter-
nal strain is not adjusted; A, ¢ and w give the Euler vector for the block ro-
tation relative to the block of Siberia when internal strain is not adjusted,
negative rotation rates indicate clockwise motion; the block SI (Siberia) is
the reference block for other block motions, and is assumed to be fixed.
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Figure 3 Block velocities and fault slip rates [the results are based on the approach when internal strain not adjusted,
and the block motion velocities are with respect to the block of Siberia (SI)]. The numbers in the arrows indicate the block
motion velocities. The numbers in the solid-line quadrangles indicate the slip rates of strike-slip faults, the positive
numbers indicate left-lateral slip, and the negative numbers indicate right-lateral slip; the numbers in the dashed-line
quadrangles indicate the rates of thrust or normal faults, the positive numbers indicate extension, and the negative

numbers indicate convergence.

previous studies (Wang et al, 2003; Li et al, 2003). For
instance, the velocities of South China, Dzunggar, Tarim
blocks are ~9.6 mm/a, ~5.5 mm/a, ~11.1 mm/a, respec-
tively. Figure 3 shows evidence that crustal blocks
bounded by major faults in Tibet have distinct motion
velocities and distinct lateral extrusion.

We have compared the block motion results from
our preferred model to that of Li et al (2003) by statisti-
cal analysis, and comparison shows that there is no ob-
vious discrepancy between these two results. Li et al
(2003) construct a 10-element block model of the Chi-
nese mainland, with a different block outline, calculate
the block rotation parameters individually, and eliminate
the sites at the block boundaries. We select six blocks
with similar definition from their study, to make com-
parison with that of ours. These blocks are Tarim,
Dzunggar, Alashan, North China, South China and Or-
dos blocks. The standard deviation of the block motion
velocities is 1.7 mm/a, the standard deviation of the
block motion azimuths is 15°, and both show good

agreement. Although we utilize much more GPS data
sets and choose a more refined block outline, the dis-
crepancy is little within the data uncertainty. It may be
because that these selected blocks are located in stable
regions outside the Tibetan plateau, with small internal
deformation, and the block-bounding faults have little
influences on the block interior.

Given the block rotations of individual blocks, the
relative motions across the block boundaries are calcu-
lated and the velocity differences can be used to predict
the long-term fault slip rates and compared with the
Quaternary or GPS inferred fault slip rates. However,
long-term geological slip rates remain largely contro-
versial for some faults such as Altyn Tagh and Kara-
korum, ranging from ~5 mm/a to ~30 mm/a. Our results
favor the lower bound of the geological slip rates in Ti-
bet, consistent with the Quaternary slip rates used by
England and Molnar (1997) and also consistent with the
GPS inferred low slip rates (Bendick et al, 2000; Wang
et al, 2001). For instance, our model shows that the
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left-lateral slip rate for Altyn Tagh is ~9 mm/a; the
left-lateral slip rate for Kunlun is ~8 mm/a; the
right-lateral slip rate for Karakorum is ~6 mm/a, etc.
These fault slip rates are 2—5 times lower than the upper
bound of geologic estimates. Although the origin of the

70°E 80° 90° 100°

slip rate discrepancy is contentious and currently unre-
solved, Thatcher (2007) suggests that these relatively
low slip rates obtained from GPS measurements are in-
trinsic to the GPS data themselves and are compatible
with current block motions in Tibet.

— \\
10mma’|

Figure 4 GPS velocity residuals of the model (ellipses represent 67% confidence interval; the residuals are based on the

results when internal strain parameters are not adjusted).

5 Discussion and conclusions

GPS measurements uniquely quantify present-day
deformation in the Chinese mainland that can be simply
and usefully described by the relative motions of active
blocks and fault slip across block boundaries (Thatcher,
2007; Meade, 2007). Avouac and Tapponnier (1993)
first attempt to describe the active deformation of cen-
tral Asia using block model and long-term geologic slip
rates across the bounding faults. Their model consists of
four rigid blocks, e.g., India, Tibet, Tarim and Siberia. In
their simulation, they take the whole Tibet as one rigid
block, bounded on the north by Altyn Tagh, Qilian Shan,
Haiyuan faults, and on the south by the Himalayan front.
Their modeling provides a first-order description of the
active tectonics of Tibet, such as lateral extrusion of
eastern Tibet, the clockwise rotation of Tarim and its

penetration into the Tianshan Mountain. But requiring
20-30 mm/a slip rate on the Altyn Tagh fault in their
modeling is not compatible with current GPS observa-
tions (Wang et al, 2001). If we make a test based on
their block boundary, replacing our model’s related re-
gion by that of Avouac and Tapponnier (1993)’s model,
the weighted RMS misfit of this model is 2.9 mm/a.
This large misfit suggests that the Tibet cannot be taken
as a coherent, rigid block. In fact, as shown by Peltzer
and Saucier (1996)’s finite element model, the active
faults within Tibet, such as the Kunlun, Xianshuihe,
Karakorum-Jiali faults, cannot but accommodate certain
parts of the convergence between Indian and Eurasian
plates. These active faults, having slip rates ranging
from 4 to 10 mm/a, account for 10%—-30% of the con-
vergence of Indian and Eurasian plates and should not
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be neglected (Peltzer and Saucier, 1996). If we use the
block models proposed by Replumaz and Tapponnier
(2003) and Chen et al (2004a, b) to simulate the GPS
velocity field, the weighted RMS misfit is 2.4 mm/a and
1.9 mm/a, respectively. Chen et al (2004a, b) have di-
vided the most deforming south Tibet into five blocks
based on Yarlung Zangbo suture and the Yadong-Gulu
and Thakkola rifts in order to describe tectonic proc-
esses, such as north-south contraction, east-west exten-
sion, eastward extrusion of Tibet. Meade (2007) has
drawn the same conclusion in a similar modeling. The
comparison of the RMS misfit between these different
models suggests that a block model with including more
small-size blocks in a deforming area would fit GPS
data better, consistent with the concept noted by Replu-
maz and Tapponnier (2003).

In principle, the internal deformation should not be
comparable to strain at the block boundary. Chen et al
(2004a) propose a deforming block model that combines
uniform strain with the motion of blocks to fit the GPS
velocities, however, they determine a uniform strain rate
that has a magnitude at ~20x10™%/a for the Tibet. We
implement a similar strategy as Chen et al (2004a) have
done, and obtain a better modeling because of the
elaborate definition of block boundary with more data
available. However, we suggest that the inclusion of
strain parameters should be attributed more to technical
need for numerical simulation purpose, and should be
regarded as just a measure to accommodate the residuals
between GPS observations and the block model itself. In
reality, the internal deformation might not be uniform
for these blocks and the residuals might represent het-
erogeneous internal straining or slow motion of smaller
blocks, as analyzed by Thatcher (2007). And there might
be several other reasons accounting for the strain pa-
rameters, which should not be attributed merely to con-
tinuous internal deformation, such as the uncertainties of
GPS observations, the deviation of block boundary from
real fault trace, irregular GPS station distribution, or
possible unreasonable definition of block boundary. Our
results show that the internal deformation is significant
for some blocks within the Tibetan plateau, and these
blocks have strain rates of ~20x10~%/a for the maximum
principal extensional component. These internal strain
rates might represent certain intrablock activities and
possible motions of smaller blocks, indicating more
complexity than is modeled using a single rigid block,
hence, densified and evenly distributed networks, very
complete temporal and spatial coverage may be neces-

sary to precisely reveal such deformation and tectonic
activities to improve the modeling (Thatcher, 2007). Our
block model fitting the GPS data at an average misfit of
about 1.5-1.7 mm/a simply demonstrates that further
refinement by elaborately defining block boundaries and
downsizing some significantly deforming blocks within
the Tibetan plateau is necessary with more data avail-
able.

Wang et al (2003) suggest that there does not exist
a block with its scale more than 100 000 km? in Tibet,
and hence, Zhang et al (2005) point out that present-day
deformation of Chinese mainland can be described by a
coupling model of continuous deformation in Tibet and
rigid-block movement around its vicinity. Here, our
analyses indicate that the present-day deformation in
Tibet can be described by a finite number, small-size
block rotations, without the necessity of the coupling
model proposed by Zhang et al (2005). Owing to the
difference of tectonic settings, geologic evolutions and
strengths against the internal straining for each block,
we suggest that the continental blocks may have diversi-
fied scales, as in the case of the global plate tectonics
(Sella et al, 2002). Before the collision of Indian and
Eurasian plates, the regions north of Yarlung Zangbo
suture were comprised of several independent mi-
croplates or island arcs. Under the collision between
Indian and Eurasian plates, the boundary forces of In-
dian plate’s compression and shear implemented on the
south Tibet are much more significant, compared to that
of Philippine plate’s impact on the South China, and as
such, in Tibet, there might lack the tectonic conditions
of forming completely rigid, coherent blocks sized as
Tarim, South China blocks.

Although, as done by England and Molnar (2005),
interpreting the large-scale deformation in Asia in terms
of rotations of numerous block-elements, seems also
applicable, technically speaking. But to describe this
deformation by numerous elements and complex pa-
rameters, while ignoring the tectonic sense of each ele-
ment and mechanical behavior of the discrete slip across
major faults, is less economical than by a finite number,
tectonic block rotations. As mentioned by Thatcher
(2007), distinguishing between block and continuum
models relies largely on the block scale, and the distinc-
tion between these two models becomes blurred as the
number of faults increase and block size decreases. Our
view is that ~31-element block model presented here,
may be a preferable description of present-day deforma-
tion and the GPS velocity field in Asia. As for in Tibet,
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~11-element block model, with averaged scale more
than 200 kmx200 km, may be appropriate and important
in quantifying regional tectonics. If considering the brit-
tle-ductile transition layer in the upper crust as our
model’s bottom boundary, the ratio of vertical to lateral
scale is ~1:10, while considering the bottom of litho-
sphere as the vertical boundary, the ratio becomes ~1:2.
Thus, the tenet of plate tectonics may be applicable to
characterize the present-day deformation in Tibet,
probably in terms of upper crustal blocks (not litho-
spheric microplate); and at a larger scale, to describe the
continental deformation in Asia, it is preferable rather a
coupling model of upper crustal block and lithospheric
microplate, than a coupling model of rigid-block
movement and continuous deformation.

Using the measurements at 1 683 GPS stations, we
present a 31-element block model to describe pre-
sent-day deformation of the Chinese mainland and its
neighboring areas, which performs a better fit and re-

flects more tectonic features than previous block models.

Under the collision between India and Eurasia plates,
the active deformation of Chinese mainland can be
largely explained by long-term crustal block rotations
and elastic strain induced by the block-bounding fault
locking. The slip rates inferred from the block model are
in a range of 6-18 mm/a for major faults in Tibet and its
margins, and 1-4 mm/a in eastern China, consistent with
geological observations. Our numerical simulation sug-
gests that the crustal blocks deform internally at a level
of ~10x10”/a, quite small in comparison with signifi-
cant deformation localized along fault zones of
50-100km wide. The goodness of fit suggests that the
pattern of continental deformation is not continuous-like
but block-like, and the tenet of plate tectonics may be
applicable to characterize the active deformation in
Asia.
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Appendix supplemental material to the text

Table A1 The slip rates of strike-slip faults

Table A2 The slip rates of thrust or normal faults

Fault name Strike-slip rate 1 Strike-slip rate 2
Altyn Tagh (west) 29+0.6 1.1+1.0
Altyn Tagh (central) 92+0.3 7.5+£0.6
Altyn Tagh (east) 5.1+0.6 55+14
Haiyuan 30+£03 34+0.2
Nangqilianshan 0.8+0.6 04+0.3
Kunlun 83+04 6.7+0.9
Xianshuihe 93+04 6.9+0.8
Karakorum-Jiali (east) —-43+14 -32+3.0
Karakorum-Jiali (west) -2.0x14 -1.0£14
Karakorum -5.6+13 —44+£2.6
Anning-Zemu-Xiaojiang 84+04 6.8+0.5
Red River -55+£0.5 —-4.3+0.6
Nantinghe 62+0.5 42+0.7
Sagaing -24.0+1.0 -16.5+1.2
Dienbienphu 179+0.9 103 +£1.8
Qinling-Dabie 1.5+0.2 -0.1+0.2
Tan-lu -2.0+£0.2 -1.6+0.2
Dagingshan 1.5+0.2 0.7+0.2
Zhangjiakou-Penglai 1.8+0.1 1.1£0.2

Opening (or Dip-slip) ~ Opening (or Dip-slip)

Fault name

rate 1 rate 2
Qilianshan -1.3+£0.6 -0.7+0.8
Shuanghu 19.7+0.6 16.6 1.8
Thakkola 41+14 4.7+1.7
Tangra-Yum 54+14 33420
Yadong-gulu 52+1.0 50+1.5
Himalaya (west) -23.1+£14 -263+5.5
Himalaya (central) -19.7+£0.9 -19.1+14
Himalaya (east) -26.0+ 1.1 -314+2.0
Lijiang-Xiaojinhe -32+0.6 -0.8£0.7
Longmenshan -4.0+0.4 —48+1.2
Yinchuan-Jilantai 1.0£0.2 0.1£0.2
ShanxiGraben 0.8+0.1 0.1+0.2
North Tianshan -1.1£0.5 04+1.0
South Tianshan
Mountain (west) —124£05 9410
South Tianshan 84108 82413

Mountain (east)

Note: The rate units are mm/a. The positive rates indicate left-lateral slip
and the negative rates indicate right-lateral slip. Strike-slip rate 1 is the
estimate when internal strain is not adjusted, and strike-slip rate 2 is the
estimate when internal strain is adjusted.

Note: The rate units are mm/a. The positive rates indicate extension and
the negative rates indicate convergence. Opening (or Dip-slip) rate 1 is
the estimate when internal strain is not adjusted, and Opening (or Dip-slip)
rate 2 is the estimate when internal strain is adjusted.
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