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It has been debated for decades whether crustal deformation in and around the Tibetan plateau is
distributed or block-like. We model crustal deformation in northeastern Tibet using a deformable-
block-motion model, in which kinematic parameters of block motion and internal deformation and the
associated boundary slip rates are inverted for using GPS velocity data. The F-test is used to screen out
station velocity outliers, justify independence of neighboring blocks, and determine the significance of
block internal strains through an iteration process. As a result, fifteen blocks are identified, with their
boundary faults slipping at rates of 1–10 mm/a. Blocks located east and north of the plateau have large
sizes (>104 km2 in area) in general, with little internal deformation. Six blocks within the plateau, in con-
trast, are smaller in sizes, with internal strain rates on the order of 1–10 nanostrain/a. Five blocks sitting
at the northeast borderland of the plateau have small block sizes but no significant internal deformation.
Our results show sinistral slip rates of 4.3 ± 1.6 and 4.6 ± 1.8 mm/a across the western and eastern seg-
ments of the Haiyuan fault, and 10.8 ± 2.3, 4.6 ± 2.6, and 3.8 ± 2.1 mm/a across the western, central,
and eastern segments of the East Kunlun fault, respectively. The southwestern, central, and northeastern
segments of the Longmenshan fault slip right-laterally at rates of 1.7 ± 1.1, 1.1 ± 0.8, and 1.1 ± 0.8 mm/a,
with shortening rates of 1.1 ± 1.2, 0.4 ± 0.8, and 0.8 ± 1.1 mm/a, respectively. We also develop a scheme to
convert geodetic strain rate into seismic moment accumulation rate within blocks and at block bound-
aries, and estimate the two rates as �8.40 � 1018 and �2.06 � 1019 N�m/a, respectively. In comparison,
the corresponding seismic moment release rates are estimated as �6.06 � 1018 and �2.44 � 1019 N�m/a
using an contemporary earthquake catalog of 1920–2015. Such results indicate that the seismic moment
accumulation and release rates are comparable for the latest 95 years when the earthquake catalog is
complete for strong to large events. Both geodetic and seismic estimates suggest that a major portion
(�70–80%) of the total seismic moment is accumulated and released at block boundaries, and a minor
but still significant portion (�20–30%) is accumulated and released within blocks.

� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Unlike most parts of the continental interiors of the world, the
Tibetan plateau and its surrounding region have been undergoing
intense tectonic deformation, whose evolution has long been the
focus of continental dynamics research. The region has also been
frequently hit by strong earthquakes, whose locations and mecha-
nisms were usually controlled by faults in and around the plateau.
Quantitative research on the distribution of regional crustal defor-
mation and fault slip not only provides valuable data for seismic
risk assessment, but also plays an important role in understanding
the dynamics underlying the evolution of the Tibetan plateau.

Two alternative end-member models have been proposed on
the deformation kinematics and dynamics of the Tibetan plateau.
At one extreme, ignoring the plasto-elastic deformation of the
crustal medium, the rigid block motion model suggests that the
continental lithosphere is composed of a collage of large-scale rigid
blocks, whose boundaries are delineated by a limited number of
lithospheric strike-slip dominant faults. The eastward extrusion
of the plateau is believed to be accommodated by rapid slip along
these faults (Tapponnier and Molnar, 1976; Tapponnier et al., 1982,
2001; Peltzer and Tapponnier, 1988; Avouac and Tapponnier,
1993; Peltzer and Saucier, 1996; Replumaz and Tapponnier,
2003). At the opposite extreme, deformation is claimed to be
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widely distributed throughout the continental interior. Plateau
uplift is proposed to be the result of bulk crustal shortening and
thickening, while contribution of major fault zones to crustal
deformation, is discounted or neglected (Vilotte et al., 1982,
1986; England and McKenzie, 1982; Houseman and England,
1986, 1993; England and Molnar, 1997; Flesch et al., 2001).
Thatcher (2007) suggested that the two end-member models con-
verge, that although the surface deformation in first-order is block-
like, deformation at depth in the ductile part of lithosphere might
well be considerably more continuous than it is at the surface.
Chen et al. (2004) interpreted an early set of GPS vectors in the
Tibetan plateau with a deformation model that the plateau is cut
by a few major, rapidly slipping strike-slip fault zones, with
broadly distributed strain between those zones.

Wang et al. (2003a) classified the regions in continental China
into three categories, demonstrating block-like, intermediate, and
distributed deformation respectively. The northeastern Tibetan
plateau was considered as of the second category, while stable cra-
tons such as the Ordos terrane was classified as with block-like
deformation (Wang et al., 2003a). Such a contrast prompts us to
develop a deformable block motion model, which is similar to
the one used by Chen et al. (2004), as an effective description of
deformation in northeastern Tibetan plateau, and investigate
how the deformation is distributed between different tectonic
units in the region (Fig. 1). In such a model both deformations in
the block and along block boundaries are measured, and their rel-
ative weight defines where the reality is situated between the two
end member models.

Thanks to the rapid developments of geodetic technology (espe-
cially GPS), significant advancements have been made to measure
crustal deformation and understand its mechanisms (e.g. Feigl
et al., 1993; Reilinger et al., 1997; Bilham et al., 1997; Holt et al.,
2000; McCaffrey et al., 2000, 2007; Wang et al., 2001, 2009;
Zhang et al., 2004; Wallace et al., 2004; d’ Alessio et al., 2005;
Meade and Hager, 2005; Loveless and Meade, 2011). When one
attempts to use a block motion model to characterize crustal defor-
mation, it is inevitable to address the issue how to qualify a region
as a block. As Bird (2003) pointed out, the cumulative number and
area of blocks, in a global scale, roughly obey a power law relation-
ship, implying a fractal structure of the crust. Identification of
smaller blocks, however, can be challenging, since as the size of a
block reduces, it becomes less clear to distinguish deformations
within and along the boundaries of the block.

In recent years an approach of cluster analysis has gained
momentum to be used for crustal block motion analysis (e.g.
Simpson et al., 2012). It has been applied for deformation studies
in the Tibetan plateau region (Loveless and Meade, 2011; Zhang
and Wei, 2011). We take a different approach to this problem,
starting from dividing the studied region into candidate blocks as
small as possible, and introducing statistical tests to combine them
into larger ones until the kinematic independence between any
couple of neighboring blocks exceeds a statistical threshold. The
method and result will be compared with the ones using the clus-
ter analysis approach (Loveless and Meade, 2011; Zhang and Wei,
2011). Relative motion rates across block boundaries (i.e. fault slip
rates) and mean strain rates within blocks are also estimated, and
the results are converted to seismic moment accumulation rates
for comparison with earthquake catalog derived seismic moment
release rates. The results are further compared with that of a sim-
ilar study of Wang et al. (2009).
2. GPS data and processing

GPS data used in this study are mainly from the Crustal Motion
Observation Network of China (CMONC) project observed in 1999,
2001, 2004, and 2007 in the region of northeastern Tibetan plateau
(Wang et al., 2003a; Zhang et al., 2004; Niu et al., 2005; Gan et al.,
2007). We also include data from the National Basic Research Pro-
ject (Wang, 2009), the postseismic survey of the 2001 Mw 7.8
Kokoxili earthquake (Ren and Wang, 2005), and the 1998 Sino-
US joint survey in the Altyn Tagh region (Shen et al., 2001).

The GPS data were analyzed using the GAMIT/GLOBK (Herring
et al., 2010) and QOCA (http://gipsy.jpl.nasa.gov/qoca/) software
(Wang et al., 2003a; Shen et al., 2011). During this process, the
GPS data carrier phase data were first processed to obtain loosely
constrained daily solutions for station positions and satellite orbits
using the GAMIT software. The regional daily solutions were then
combined with global solutions produced by the Scripps Orbital
and Permanent Array Center (http://sopac.ucsd.edu) using the
GLOBK software. In the last step the station positions and velocities
were estimated using the QOCA software and referenced to the
stable Eurasia plate using a group of IGS sites located in northern
Europe and Siberia, and the velocity solution in the studied region
is shown in Fig. 2. Most GPS stations spanning the range of 94–
106�E, 32–42�N show east-northeastward motion with respect to
the Eurasia plate, with their velocities decreasing from �20 mm/
a in southwest to �5 mm/a in northeast. The velocity field in the
studied region also presents a clockwise rotation, which is consis-
tent with previous observations (Wang et al., 2001, 2003a; Zhang
et al., 2004; Gan et al., 2007).
3. GPS data inspection and block model parameterization

The results of block models can be very sensitive to the
assumed block geometry, and decisions about block boundaries
are sometimes made subjectively. We applied a multi-step process
to define the block model geometry that is designed to minimize
subjective decisions or assumptions. We first select 24 velocity
profiles to investigate deformation across faults of potential inter-
est and invert for their slip rates. The region is then divided into 20
initial blocks based on previous geological and geophysical studies
and examination of the GPS velocity profiles, with the block
boundaries including both faults of known geological significance
and faults with significant slip rates inferred from the GPS data.
All blocks must have closed boundaries, so these are assumed
when the set of active faults is not sufficient by itself to produce
a full set of closed blocks. Adjacent blocks are then combined if
they are not statistically independent according to the F-test,
resulting in the final block model geometry. The detailed proce-
dure is described below.
3.1. Velocity profiles

In order to define the block geometry, we first investigate differ-
ential motions across faults determined from previous geological
and geophysical studies (e.g. Deng et al., 2003; Guo et al., 2000).
In addition, localized velocity gradient zones are identified as block
boundaries in the initial model. GPS velocity profiles are used for
close examination and fault slip rates are estimated accordingly.
To better visualize the differential motion across a fault, we choose
one side of the fault as reference where the station velocities show
more consistent motion than the other side of the fault. A best-fit
Euler vector is determined by using all the GPS observations within
the reference block, and the corresponding velocity field with
respect to the block is obtained by removing the rigid body rota-
tion component from all the GPS stations. Velocities of involved
GPS stations are decomposed into strike-parallel and strike-
normal components respectively.

For an infinitely-long strike-slip fault locked above and creeping
below the locking depth, the associated surface velocity field along
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Fig. 1. Topography and active faults in the studied area. Abbreviations are: ATF, the Altyn Tagh fault; NQF, the Northern Qilian fault; MYF, the Minle-Yongchang fault; HF, the
Haiyuan fault; XTF, the Xiangshan-Tianjingshan fault; DF, the Danghenanshan fault; QF, the Qinghainanshan fault; EKF, the East Kunlun fault; GYF, the Ganzi-Yushu fault; XF,
the Xianshuihe fault; ZF, the Zhuanglanghe fault; WQNFF, the West Qinling Northern Frontal fault; YF, the Yinchuan fault; LF, the Liupanshan fault; EF, the Elashan fault; LRF,
the Longriba fault; MF, the Minjiang fault; HYF, the Huya fault; LMF, the Longmenshan fault; LFF, the Langshan Frontal fault. Red, blue, and black circles denote earthquakes of
M > 5 occurred during the periods of 1920–2015, 1550–1920, and 780 BCE–1550, respectively (Gu, 1983; http://www.csndmc.ac.cn/newweb/data.htm (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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the fault-normal direction can be approximated by a function V(x)
= v
p arctan x

D, where v is the fault creep rate at depth, D the locking
depth, and x the distance from the fault (Savage and Burford,
1973). We employ the same functional form to model crustal
deformation field across a dip-slip fault, although it is only an
approximation of a more complex deformation field; in this step,
the goal is simply to identify the locations of the block boundaries
and obtain rough estimates of fault slip rates. Some of the far-field
data points affected by slip on other faults are omitted and the
remaining data are used to determine deformation across the fault
segments under investigation. The along-strike and fault-normal
components of the slip rates are estimated by fitting the arc-
tangent function to the fault-parallel and normal components of
the station velocities. Based on the range of earthquake depths in
the studied region (Wang et al., 2000; Yang et al., 2003, 2004;
Sun et al., 2006; Li and Xu, 2010; Xin et al., 2010; Liu et al.,
2011a,b; Wan et al., 2012), we fix the fault locking depth D at
20 km. (We also estimated slip rates with locking depths of 10
and 15 km, and the results do not differ much from that of
20 km.) At the same time, uncertainties of slip rates are also
obtained through propagating formal uncertainties of GPS
velocities.

http://www.csndmc.ac.cn/newweb/data.htm


Fig. 2. GPS horizontal velocity field of the northeastern Tibetan plateau and the micro-block model. Gray areas represent the interior of the initial blocks, dashed lines are the
final block boundaries, and arrows are the GPS velocities with respect to the Eurasia plate, with the error ellipses representing 70% confidence. Abbreviations are: YB,
Yumushan block; WB, Wuwei block; HYB, Haiyuan block; QB, Qinghai block; XB, Xining block; WQB, West Qinling block; LB, Lanzhou block; GB, Guinan block; HZB, Hezuo
block; TB, Tianshui block; PB, Pingwu block; MB, Maerkang block.
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As shown in Fig. 3, involved GPS stations for each concerned
fault or velocity gradient zone are encompassed by gray frames,
and the corresponding velocity profile across fault that demon-
strates the differential motion is shown in Fig. 4. Most faults we
outlined are justified to have significant slip at more than 90% con-
fidence by the F test (Table 1), with their slip rates ranging from 0.1
to 5.1 mm/a for the convergence/extension component, and from
0.1 to 16.1 mm/a for the strike-slip component (Table 1 and
Fig. S1). Most of the WNW-trending faults primarily slip left later-
ally, and most of the NNW-trending and NE-trending faults are
dominated by dextral slip, respectively. Among the velocity pro-
files, those with good coverage of near-field stations and significant
cross-fault differential motion play an important role in determin-
ing the locations of block boundaries, such as those across the
Minle-Yongchang, Haiyuan, Xiangshan-Tianjingshan, Ganzi-
Yushu, Xianshuihe, Yinchuan, and Liupanshan faults. While others
are less helpful and we primarily rely on the information from pre-
vious geological and geophysical studies to locate the remaining
block boundaries.
3.2. Initial block geometry

Based on the significant velocity gradients shown in the GPS
velocity field, we modify the block model of Guo et al. (2000)
and divide the studied area into 20 blocks initially. The boundaries
of the Qilian block are determined relying on the profiles A, B, C, D
and N. Profiles G, R, J, and K are helpful for separating the Guinan
and Hezuo blocks from the other blocks. The Lanzhou block is
delineated according to the profiles F, H, P, and Q. The profiles I,
J, and X are used for tracing the boundaries the Bayan Har block.
The boundaries of the Litang block are determined according to
the profiles L and M. The profiles E and O contribute to investigate
the extent of the Alashan block. The Sichuan block is separated
from the other blocks according to the profiles S, T, and U. The pro-
files V and W help for delineating the Maerkang block.

Although the velocity field is mostly continuous and coherent
(Fig. 2), we identify and remove a few possible outliers in the data-
set. The station velocity outliers are detected and removed in two
steps. We first delete obvious outliers which are clearly at odds



Fig. 3. GPS velocity field with respect to Eurasia plate. The gray polygonal frames encompassing fault segments mark the regions within which stations are depicted for slip
rate estimation.
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with the neighboring sites by visual inspection. We then use the F-
test to screen out station velocity outliers within each block and
justify the block model through an iteration process, each time
removing a site with the largest post-fit residual, or modifying a
block boundary to allow the site to shift into another block. During
this process, the blocks are assumed to be rigid for simplicity. For a
given block, velocities of all the stations within the block are
inverted for the Euler rotation vector using the least squares
regression, with the corresponding post-fit residual v2

n evaluated
at the same time, where n is the number of sites in the block.
The site with the largest post-fit residual is then removed and
the remaining station velocities are used to estimate the Euler vec-
tor and the post-fit residual v2

n�1 again. The F value is defined as:

F ¼ Fðv2
n; 2n� 3; v2

n�1; 2n� 5Þ ¼ v2
n=ð2n� 3Þ

v2
n�1=ð2n� 5Þ ; ð1Þ

and the probability P(F) is evaluated. If the F-test exceeds 95% con-
fidence, we will remove the site or modify the block boundary. The
procedure is ceased when F-test yields <95% confidence, and moves
to the next block. This procedure is similar to the one used by Wang
et al. (2003a) for outlier detection.
3.3. Final block geometry

A procedure similar to the one described above is implemented
for evaluating independence of neighboring blocks using the F-test.
Again assumption of rigid block motion is taken as it is considered
to be the first-order description of crustal deformation. The F-test
result of block independence is listed in Table S1. Taking into
account of the block geometry and kinematic compatibility, adja-
cent blocks whose independence is lower than 70% confidence
are merged together. The Hezuo, Xining, Yumushan, Wuwei, and
Pingwu blocks are merged into the Guinan, Qinghai, Alashan, Qil-
ian, and West Qinling blocks, respectively. Since independence
between the Tianshui and the merged Pingwu and West Qinling
blocks is at only 54.0% confidence, they are furthermore merged
together. After combination, all of the neighboring blocks are inde-
pendent of each other at more than 70% confidence (Table S2,
Fig. 2).
Since the GPS station coverage is not dense enough everywhere
in the studied region for delineating reliable block boundaries, we
show regions identified as block interiors in gray, and leave the
regions containing possible block boundaries as blank in Fig. 2.
We then identify possible block boundaries based on geologic
and geophysical data (Deng et al., 2003; Guo et al., 2000). The
boundaries between the Alashan and Qilian blocks are defined as
the Altyn Tagh, Northern Qilian, and Minle-Yongchang faults. The
Langshan Frontal, Wuwei-Tianzhu, Xiangshan-Tianjingshan, and
Yinchuan faults are delineated as the boundaries between the Min-
qin block and Alashan, Qilian, Haiyuan, and Ordos blocks, respec-
tively. We choose the Danghenanshan and western segment of
the Haiyuan faults as the boundaries between the Qilian block
and the Qaidam and Qinghai blocks, respectively. The Elashan fault
is set as the boundary between the Qaidam block and the Qinghai
and Guinan blocks. The boundaries between the Lanzhou block and
the Haiyuan, Qinghai, West Qinling, and Ordos blocks are defined
as the eastern Haiyuan, Zhuanglanghe, West Qinling Northern
Frontal (WQNF), and Liupanshan faults, respectively. The Qing-
hainanshan fault is determined as the boundary between the Qing-
hai and Guinan blocks. The East Kunlun fault separates the Qaidam
and Guinan blocks from the Bayan Har and Abba blocks. The Ganzi-
Yushu-Xianshuihe fault delineates the boundaries between the
Litang block and the Abba, Maerkang, and Sichuan blocks. The
boundaries between the Maerkang block and the Abba, West Qin-
ling, and Sichuan blocks are defined as the Longriba, Huya, and
western Longmenshan faults. We choose the central and eastern
segments of the Longmenshan fault as the boundary between the
Sichuan and West Qinling blocks. These block boundaries are to a
certain degree similar to the ones adopted in the model of
Loveless and Meade (2011) and have less in common with those
in Thatcher (2007) (as shown in Fig. S2), and a detailed comparison
between the three realizations will be made in the Discussion
section.
4. Deformabale block motion model

In the deformable block motion model (DBM), we assume that
the surface velocity field is the result of boundary slips associated
with relative block motion and possible internal deformation.



Fig. 4. GPS velocity profiles across fault segments. Left and right panels are fault-parallel (sinistral positive) and fault-normal (shortening positive) components respectively.
Blue and red squares represent data used for calculating the slip rates, while the gray ones represent those omitted from calculation due to poor data quality, near field
complication, and/or contamination by slips of other faults. Short vertical bars are the uncertainties of station velocity components, and a few vertical bars show the locations
of other faults w.r.t. the ones whose slip rates are being evaluated. Widths of the gray curves show 1-r uncertainties of the model predicted inter-seismic deformation across
faults. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Block boundaries are delineated by active faults. All the block
boundaries are assumed to be vertical and composed of upper brit-
tle and lower creeping zones. The brittle zone represents the seis-
mogenic portion of faults that is locked during the interseismic
period, and the amount of dislocation across the creeping zone is
determined by the relative motion between the neighboring blocks
less their internal deformation. In the kinematic framework, the
crustal deformation associated with relative block motion during
the interseismic period is understood as the superposition of a
rigid block motion with creeping fault at the boundaries and vir-
tual slip at opposite direction on the seismogenic zone, which is
generally called ‘‘backslip” analogous to that at subduction zone
(Savage, 1983). Therefore, the station velocity at an arbitrary spot

(Vi
!
) represents the sum of Vi

b

!
and Vi

f

!
, where Vi

b

!
is associated with



Table 1
Results of fault slip rate estimates.

Num Faults Significance
(%)

Normal component
(mm/a, + extensional)

Strike-slip component
(mm/a, + dextral)

Geological estimates (mm/a, + extensional/dextral) Geodetic estimates (mm/a, + extensional/dextral)

DBM VPP DBM VPP

1 NQF 100.0 �1.5 ± 1.0 �3.1 ± 0.4 �1.1 ± 1.0 �1.3 ± 0.3 �2 (Institute of Geology, State Bureau of Seismology,
1993)

2 MYF 100.0 �0.7 ± 0.9 �1.0 ± 0.6 �3.1 ± 0.7 �3.5 ± 0.4
3 DF 100.0 �0.4 ± 1.9 �5.1 ± 0.5 �2.8 ± 1.7 �2.0 ± 0.4
4 HF

Western
segment

100.0 0.3 ± 2.0 �2.7 ± 0.3 �4.3 ± 1.6 �5.8 ± 0.4 �10 to �5 (Burchfiel et al., 1991); �4.5 ± 1.0 (Li et al.,
2009); �11 ± 4 (Gaudemer et al., 1995)

�5 (Wang et al., 2003a); �5 ± 1 (Zhang et al., 2004); �8 to �4.2 (Cavalié
et al., 2008); �4.6 ± 0.1 (Loveless and Meade, 2011); �12 ± 4 (Lasserre
et al., 1999, 2002)

Eastern
segment

100.0 �2.6 ± 2.5 �0.5 ± 0.5 �4.6 ± 1.8 �5.4 ± 0.8 �5 (Wang et al., 2003a)

5 XTF 100.0 0.2 ± 2.7 0.4 ± 0.7 �3.1 ± 2.3 �4.3 ± 0.8 ��3 (Li, 2005)
6 QF 97.3 �1.0 ± 1.5 �0.8 ± 0.4 �2.4 ± 1.2 �1.0 ± 0.4
7 WQNFF 27.3 �0.3 ± 1.1 0.1 ± 0.5 �1.3 ± 1.0 �0.2 ± 0.3 �2.3 ± 0.2a (Li et al., 2007) �7.0 ± 0.4 and �7.5 ± 0.4a (Loveless and Meade, 2011)
8 EKF

Western
segment

100.0 1.7 ± 2.5 �0.2 ± 0.6 �10.8 ± 2.3 �10.6 ± 1.0 �11 ± 2 (Van der Woerd et al., 1998, 2000, 2002); �12 to
�8 (Kirby, 2007); �10.0 ± 1.5 (Li et al., 2005);

��13.7 (Gan et al., 2007); �14.9 ± 1.1 (Wang et al., 2009); �9.3 to 10.8
(Loveless and Meade, 2011)

Central
segment

100.0 �2.5 ± 2.9 0.1 ± 0.4 �4.6 ± 2.6 �5.5 ± 0.3 �6 to �4 at 101.4�E (Kirby et al., 2007); �2.0 ± 0.4 at
101.8�E (Kirby et al., 2007); ��10 at 99�E and �12.5 ± 2.5
at 100.5�E (Van der Woerd et al., 2000, 2002)

�5 to �3 (Kirby et al., 2007); �5.0 (Loveless and Meade, 2011); ��8.7
(Gan et al., 2007)

Eastern
segment

96.7 0.7 ± 2.3 �0.8 ± 1.0 �3.8 ± 2.1 �2.2 ± 0.3 <1mm/a at 103.1�E (Kirby et al., 2007) �3.3 ± 1.5 (Wang et al., 2009); �2.0 (Loveless and Meade, 2011)

9 SE
segment
of GYF

100.0 6.8 ± 2.2 4.3 ± 2.4 �10.4 ± 2.1 �12.3 ± 0.9 �12 ± 2 (Wen et al., 2003); �14 ± 3 (Xu et al., 2003a); �13.0 to �3.1 (Wang et al., 2008); �9.6 ± 1.3 (Wang et al., 2009); �14.6
to �10.2 (Loveless and Meade, 2011); �6.6 ± 1.5 (Wang et al., 2013)

10 XF 100.0 �1.9 ± 1.4 0.4 ± 0.5 �14.3 ± 1.6 �16.1 ± 0.6 �15 ± 5 (Allen et al., 1991); �14 ± 2 (Xu et al., 2003a) �11 to �10 (Shen et al., 2005); ��14.4 (Gan et al., 2007); �15.7 to �11.2
(Wang et al., 2008); �16.5 ± 0.8 (Wang et al., 2009); �9.7 ± 0.7 (Wang
et al., 2013); �11.6 to �9.6 (Loveless and Meade, 2011)

11 Eastern
end of
ATF

98.3 �1.1 ± 1.6 �0.6 ± 0.5 �1.3 ± 1.4 �1.7 ± 0.5 �5 to �4 (Wang et al., 2003b); �11 to �2 (Xu et al.,
2003b); �13 to �9 (Mériaux et al., 2005)

�4.3 to �1.6� (Gan et al., 2007); �1.3 ± 0.4 (Wang et al., 2009);
�5.1 ± 0.6 (Loveless and Meade, 2011)

12 YF 100.0 0.4 ± 0.9 0.9 ± 0.4 2.8 ± 1.0 2.6 ± 0.3
13 ZF 99.9 �1.4 ± 1.3 �1.5 ± 0.4 �0.4 ± 1.3 0.1.±0.3 0.6 ± 1.5 and �0.5 ± 1.5a (Zhou et al., 2005)
14 LF 100.0 �1.0 ± 1.1 �1.3 ± 0.6 �1.6 ± 1.1 �2.7 ± 0.3 �2.7 to �0.5 (Gan et al., 2007)
15 EF

Northern
segment

99.5 �0.3 ± 2.0 �0.3 ± 0.7 1.0 ± 2.1 3.3 ± 0.5 1.0 ± 0.8 (Loveless and Meade, 2011)

Southern
segment

1.1 ± 2.7 3.5 ± 1.7 4.1 ± 0.9 (Yuan et al., 2004) 4.2 ± 0.4 (Loveless and Meade, 2011)

16 LMF
Western
segment

100.0 �1.1 ± 1.2 �1.2 ± 0.4 1.7 ± 1.1 3.1 ± 0.5 1.7 ± 0.8 and 1.2 ± 1.0a (Wang et al., 2009); 2.8–3.5 and 3.2–4.2a (Loveless
and Meade, 2011)

Central
segment

85.5 �0.4 ± 0.8 �0.8 ± 0.3 1.1 ± 0.8 0.2 ± 0.3 1.4 ± 1.1 and 3.3 ± 1.3a (Wang et al., 2009); 2.8–3.5 and 3.2–4.2a (Loveless
and Meade, 2011)

Eastern
segment

99.5 �0.8 ± 1.1 �1.9 ± 0.5 1.1 ± 0.8 �0.1 ± 0.3

17 HYF 98.0 �1.0 ± 1.3 �1.4 ± 0.4 �1.1 ± 1.9 �0.4 ± 0.3
18 LRF 100.0 �0.6 ± 1.5 1.2 ± 0.4 4.9 ± 1.5 7.6 ± 0.6 4–6 (Shen et al., 2005); �2 (Loveless and Meade, 2011)

a Normal component. Significances beyond 95% are bold. Inconsistent results are shown as italics.
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rigid block motions and possible internal deformation, and Vi
f

!
with

back-slips on block boundaries above the fault locking depth,
respectively.

Since the sizes of most blocks in the studied region are on the
order of 1� � 1�, biases introduced by neglecting the effects of earth
curvature in the deformation modeling are much smaller than the
errors of GPS velocity field. We therefore use a simple Cartesian
coordinate system in the modeling work. The horizontal

components of Vi
b

!
at any given spot within a homogeneously

deformed block are then written in the following form (Shen
et al., 1996):

Vi
x

Vi
y

 !
¼ 1 0 Dxi Dyi 0 Dyi

0 1 0 Dxi Dyi �Dxi

� �
Ux

Uy

_exx
_exy
_eyy
_x

0
BBBBBBBB@

1
CCCCCCCCA

þ eix
eiy

 !
ð2Þ

where Vi
x and Vi

y are the observed east and north velocity compo-

nents of the i-th station at a location ri
!
. All the variables on the

right-hand side of the equation are to be evaluated at the geometric

center of the station network within the block (R
!
). Dxi and Dyi are

the vector components of DRi

!
¼ ri

!� R
!
. Ux and Uy are the translation

velocity components of the block. _exx and _eyy are the normal strain
rates, _exy is the shear strain rate, and _x is the rotation rate. eix and
eiy are the errors of the corresponding velocity components at the
i-th station. When _exx ¼ _eyy ¼ _exy ¼ 0, the equation is reduced to
represent a rigid block motion model, and the parameters Ux, Uy,
and _x are related to the block angular velocity in the spherical case.

In general, a model with more parameters will result in smaller
post-fit residuals, which however does not necessarily justify that
to be a better model. Additional parameters are justified only when
their reduction of the post-fit residual v2 is statistically significant.
Therefore, parameters representing homogeneous strain rate
within a block, i.e. _exx, _eyy, and _exy in the above equation, are not
necessary unless the reduction of the post-fit residual v2 can pass
the F-test to verify its significance in improving the model.

To account for the fault locking effect at block boundaries to
station velocities, we divide block boundaries into segments of
tens of kilometers in length and deduce their slip rates from rela-
tive block motions. The fault locking effect is realized through a
back-slip model, with the Green’s functions computed using the
Okada (1992) dislocation code linking fault slip rates to GPS station
velocities. A uniform locking depth of 20 km is assumed for all the
fault segments as adopted in fault slip estimation by means of
velocity profiles. This value is different from the locking depth of
16 km found by Loveless and Meade (2011) based on velocity
residual statistics, but still within the common error margins.

We first choose the Alashan block as the local reference frame
(Fig. 2), whose Euler vector with respect to Eurasia plate is esti-
mated as (75.388�W, 35.047�E, 5.81 nanorad/a) using velocities
of stations within the block, and obtain the velocity field with
respect to the Alashan block by removing its rigid body rotation
from the velocity field. This process is important because the data
uncertainties are much smaller referenced to a local reference than
to the stable Eurasia plate by reducing positive correlations
between nearby stations due to the intrinsic nature of covariances
in GPS velocity solutions.

Constrained by these station velocities, we invert for parame-
ters of all other blocks simultaneously. Through an iteration pro-
cess, we justify the significance of internal deformation within
each block one by one in the increasing order of their overall
uncertainties of translation and rotation rates in the initial rigid
block model. For each block, we add 3 strain rate parameters in
the inversion during the iteration, and use the F-test to compare
the post-fit residual v2s obtained in the current and previous
iteration steps. Once the internal deformation significance of
one block exceeds 99% confidence, the block will always be mod-
eled with internal deformation in the following iteration steps.
The iteration is stopped when improvement in model parameter
estimation becomes trivial. Following this analysis, seven blocks
are determined to have demonstrated significant internal defor-
mation, and eight others are deemed as rigid (Table 2, Figs. 5
and 6).

As mentioned above, we choose the Alashan block as the local
reference frame, which demonstrates no internal deformation.
Our inversion results also show little or no (<3 nanostrain/a) inter-
nal deformation for the Minqin, Ordos, and Sichuan blocks, imply-
ing that these blocks are relatively stable in the studied region. This
finding is consistent with previous study results suggesting cold/
strong cratonic structure of the Ordos and Sichuan blocks, charac-
terized by high seismic velocity of upper mantle and flattened
Moho interface (Wang et al., 2003b; Huang et al., 2003; Lebedev
and Nolet, 2003; Lai et al., 2004; Guo et al., 2004; Chen et al.,
2005; Zhao et al., 2005; Li et al., 2006, 2008; Wu et al., 2006; Ma
et al., 2007).

The Qilian and Haiyuan blocks form a WNW-ESE trending nar-
row stripe, with relatively high left-lateral slip and moderate
shortening rates across their northern and southern boundaries.
The principal compressional strain rate and the maximum shear
strain rate within the Qilian block are 23.2 ± 7.0 nanostrain/a ori-
ented NNE-SSW and 14.0 ± 3.6 nanostrain/a oriented NNW-SSE,
respectively. Their narrow stripe geometries make it difficult to
distinguish between fault locking effects and internal deformation
within the block. Our results reveal a regional deformation pattern
of NNE-trending shortening and WNW-trending sinistral shear,
which agrees with the results of previous geodetic studies obtained
by Wang et al. (2002) and Zhang et al. (2002). Research on neotec-
tonics and active faults also shows strong deformation throughout
the region of the Qilian range (Institute of Geology, State Bureau of
Seismology, 1993).

In the center of the studied region, the magnitudes of the trans-
lation rates of the Qaidam, Qinghai, Lanzhou, Guinan, West Qinling,
Bayan Har, Abba, and Maerkang blocks decrease from southwest to
northeast, and their translation directions turn clockwise from
northwest to southeast. The Qaidam, Bayan Har, Qilian, West Qin-
ling, and Maerkang blocks rotate counter-clockwise, while the
Qinghai, Lanzhou, Haiyuan, Guinan, and Aba blocks rotate clock-
wise, respectively (Fig. 5).

Our results show a �10 mm/a southeastward motion of the
Litang block with respect to the Maerkang block, with a clockwise
rotation and an extensional strain rate of 13.7 ± 2.2 nanostrain/a
trending NNE-SSW within the block. We infer that its motion is
associated with the eastward extrusion of the Tibetan plateau
and the gravitational push due to sharp elevation gradient from
northwest to southeast in the region.
5. Slip rates along major faults

We estimate slip rates along major faults in the studied region
through GPS velocity projection profile (VPP) and inversion results
of the DBM, respectively (Table 1). Since the block boundaries are
separated into smaller fractions in the DBM, we determine the slip
rate across each fault/fault-segment as the averaged slip rates
across the fractions weighted by their lengths. The results show
that most faults in the studied region fall into three groups, each
sharing similar strike and mostly the same deformation style.



Table 2
Inversion results of DBM.

Blocks Num of
stations

Coordinate of the
reference point (�)

Translation rate Rotation
ratea

(nanorad/a)

Internal
deformation
significance
(%)

Maximum
normal
strain
(10�9/a)

Minimum
normal
strainb

(10�9/a)

Direction
of the
minimumb

strain(�)

Maximum
shear strain
(10�9/a)

Longitude Latitude Magnitude
(mm/a)

Direction
(�)

Alashan 49 100.38 41.06 / / / 68.6 0.9 ± 1.5 �1.5 ± 1.0 63.7 ± 22.8 1.2 ± 0.9
Minqin 25 104.47 38.62 2.2 ± 0.4 61.0 ± 10.2 �2.89 ± 0.07 4.34 �0.1 ± 2.7 �2.2 ± 4.1 29.3 ± 62.5 1.0 ± 2.5
Ordos 54 108.44 37.80 2.8 ± 0.2 84.1 ± 5.8 �9.07 ± 0.02 99.9 2.7 ± 0.7 0.8 ± 1.0 57.8 ± 18.8 0.9 ± 0.6
Qilian 35 98.66 38.70 3.3 ± 0.5 55.8 ± 9.6 �4.63 ± 0.12 99.9 4.8 ± 1.7 �23.2 ± 7.0 26.6 ± 7.6 14.0 ± 3.6
Haiyuan 10 104.84 36.98 5.0 ± 0.6 94.8 ± 9.5 4.69 ± 0.30 78.2 23.8 ± 11.8 �10.6 ± 11.5 66.6 ± 13.0 17.2 ± 9.23
Qaidam 18 95.64 37.16 8.4 ± 0.4 64.4 ± 3.1 �6.41 ± 0.07 99.4 1.6 ± 1.5 �12.0 ± 4.0 26.6 ± 8.8 6.8 ± 2.1
Qinghai 39 101.32 36.78 9.0 ± 0.3 77.5 ± 3.4 6.08 ± 0.10 100.0 11.3 ± 3.5 �5.5 ± 5.6 171.0 ± 11.1 8.4 ± 3.3
Lanzhou 29 104.94 35.73 8.4 ± 0.3 93.2 ± 2.7 17.17 ± 0.09 66.6 2.8 ± 3.8 �9.0 ± 5.2 8.0 ± 14.3 5.9 ± 3.4
Guinan 18 101.75 35.02 11.1 ± 0.4 79.0 ± 3.0 1.87 ± 0.08 94.6 5.7 ± 2.7 �6.5 ± 7.6 48.1 ± 19.1 6.1 ± 3.8
Bayan Har 7 97.16 34.32 20.9 ± 0.6 86.8 ± 1.9 �7.94 ± 0.13 100.0 6.6 ± 8.3 �14.8 ± 3.5 86.6 ± 11.2 10.7 ± 4.4
Abba 11 101.36 32.70 16.2 ± 0.4 90.9 ± 1.9 2.65 ± 0.14 100.0 12.4 ± 7.0 �13.7 ± 3.6 80.2 ± 9.6 13.0 ± 3.8
Maerkang 19 102.69 31.42 11.1 ± 0.4 105.8 ± 2.8 �4.32 ± 0.12 68.7 6.7 ± 4.3 �6.6 ± 6.5 134.0 ± 16.32 6.6 ± 3.8
West Qinling 19 106.10 33.54 8.2 ± 0.3 96.1 ± 2.7 �5.21 ± 0.07 80.6 6.0 ± 3.4 �4.5 ± 3.2 108.4 ± 13.2 5.2 ± 2.4
Litang 27 100.29 29.72 23.4 ± 0.3 124.5 ± 0.8 16.03 ± 0.05 100.0 13.7 ± 2.2 �5.8 ± 2.4 121.3 ± 4.8 9.7 ± 1.6
Sichuan 45 107.66 30.42 9.4 ± 0.2 89.7 ± 2.2 �7.52 ± 0.02 45.8 2.0 ± 1.6 �0.6 ± 0.8 50.0 ± 19.0 1.3 ± 0.9

a Rotation is measured from north, clockwise positive.
b Normal strain rates are measured extensional positive. Internal deformation significance beyond 99% are bold.

Fig. 5. Inversion results of DBM. The left panel shows translation and rotation rates of the blocks and strike-slip rates across faults. The fan-shaped symbols denote block
rotation rates referenced to zero azimuth, with their 5-r uncertainties marked by fans with smaller radii. Hollow arrows are the translation rate vectors of blocks. Values of
the translation and rotation rates are listed in Table 2. The right panel shows the uncertainties of fault shear slip rates.
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The WNW trending faults include the Northern Qilian, Minle-
Yongchang, Danghenanshan, Xiangshan-Tianjingshan, Haiyuan,
Qinghainanshan, WQNF, and East Kunlun faults. These faults and
the Ganzi-Yushu-Xianshuihe fault are characterized by left-
lateral slip, and most of them have thrust components. The
NNW-NS trending faults such as the Elashan, Yinchuan, and Huya
faults, slip right-laterally, with their slip rates much lower than
those of WNW-trending faults. The Altyn Tagh, Langshan Frontal,
Longmenshan, and Longriba faults belong to the ENE to NNE trend-
ing group. Detailed results are shown in Figs. S1, 5 and 6, and com-
parisons with estimations from previous studies are listed in
Table 1.



Fig. 6. Inversion results of DBM. The left panel shows strain rates within the seven blocks found to be internally deforming and normal-slip rates across faults. The crossed
arrows are the strain rates, whose values are listed in Table 2. The right panel shows the uncertainties of fault normal slip rates.
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6. Seismic moment accumulation rate

We measure strain energy accumulation rates within blocks
and along their boundaries, and convert them to seismic moment
accumulation rates. For strain energy within blocks, the seismic
moment accumulation rate is the product of the strain rate, block
volume, and the crustal shear modulus for the block interior. For
strain energy along block boundaries, it is the product of the fault
slip rate, the area of the fault plane above the locking depth, and
the crustal shear modulus of the fault. Assuming geodetically
derived seismic moment accumulation will eventually be released
by earthquakes, these seismic moment accumulation rates provide
important information for assessment of the seismic moment bud-
get within and along the boundaries of blocks.

Seismic moment accumulation rate along block boundaries can
be written in the following form:

_Mf ¼ _Mp þ _Mn; ð3Þ

where _Mp ¼ lLdvp, which is the seismic moment accumulation rate
for the strike-slip component. The shear modulus of crust l is taken
to be 3 � 1010 Pa in our study. L and d are the length and locking
depth (i.e. 20 km as assumed above) of the fault, respectively, and
vp is the strike-slip rate of the fault. _Mn ¼

ffiffiffi
2

p
lLdvn is the seismic

moment accumulation rate for the normal component. vn is the
convergence/extension rate, which is equivalent to dip slip rate
assuming a listric fault, and

ffiffiffi
2

p
Ld is the locking area of the fault

plane assuming a dip angle of 45�.
In order to estimate the seismic moment accumulation rate

within blocks, we first need to determine faulting styles under
which the strain energy would be released eventually during seis-
mic events. For a given fault style, we can decompose the strain
rate tensor into two or three simple components through coordi-
nate transformation, each of which is equivalent to a double-
couple dislocation source. The seismic moment accumulation rate
within a given block is the sum of seismic moment accumulation
rates associated with all of the double-couple dislocation sources.
Different decompositions of the strain rate tensor would result in
somewhat different estimates of seismic moment accumulation
rate.

Assuming that the crust media is incompressible, the strain ten-
sor is as follows under the free-surface condition:

e11 e12 0
e21 e22 0
0 0 �D

2
64

3
75;

whereD = e11 + e22 = e1 + e2, and e1 and e2 are the two horizontal
principal components. Savage and Simpson (1997) suggested three
ways to decompose the tensor into two sub-tensors:
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Fig. 7. Relationship of cumulative earthquake number vs range of events to fault
trace.
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The decompositions shown in formulae (4)–(6) share some
common features, i.e. each solution is decomposed into two
double-couple sources, with one corresponding to a pure thrust/
normal fault dipping at 45�, and the other a vertical strike-slip fault
whose strike direction rotates 45� from the horizontal principal
strain directions. Following Kostrov (1974), the corresponding sca-
lar moment of the three decompositions can be written as

M1
0 ¼ 2lSdðje1j þ jDjÞ ð7Þ

M2
0 ¼ 2lSdðje2j þ jDjÞ ð8Þ

M3
0 ¼ 2lSdðje1j þ je2jÞ ð9Þ

where l is the shear modulus, S is the area within a block, and d is
the seismogenic depth.

Savage and Simpson (1997) recommended using the following
definition to make sure that the components of both resolved
double-couple tensors have the same algebraic sign as the corre-
sponding component of the strain tensor:

MS
0 ¼ 2lSdMaxðje1j; je2j; je1 þ e2jÞ ð10Þ

where Maxðje1j; je2j; je1 þ e2jÞ is equal to the largest of je1j, je2j, and
je1 þ e2j.

Ward (1994) chose to use:

MW
0 ¼ 2lSdMaxðje1j; je2jÞ ð11Þ

for seismic moment calculation, where Maxðje1j; je2jÞ is equal to the
lager of je1j and je2j. The Working Group on California Earthquake
Probabilities (1995) used the following definition:

MWG
0 ¼ 2lSdje1 � e2j ð12Þ
Though the decompositions of formulae (4)–(6) have clear

physical meanings that the resolved matrices are equivalent to
double-couples on two non-parallel faults, it does not seem to be
physically likely that tectonic deformation in the real world would
be partitioned in such a way. It is more natural and acceptable for a
tectonic deformation field to be partitioned between two parallel
or sub-parallel faults, among which one is with pure shear and
the other with pure normal/thrust motion. This is supported by
many observations of parallel faults at oblique subduction zones,
such as at the Sumatra, Philippines, and Hikurangi subduction
zones (e.g. McCaffrey, 1992; Webb and Anderson, 1998;
McCaffrey et al., 2000). Although we do not know exactly how
the seismic moment accumulated in each block would be released,
we consider the uniform strain rate within blocks as the virtual
integration of deformation associated with intra-block minor
faults, and speculate the deformation to be partitioned in that
way. Therefore we choose the following decomposition scheme
(the detailed derivation is stated in Appendix A):
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This decomposition corresponds to two double couple disloca-

tion sources with their fault planes sharing a common strike.
Accordingly, the seismic moment accumulation rate inferred for

the block can be written in the following form based on the
Kostrov’s (1974) formula:

_Mb ¼ _M1 þ _M2; ð14Þ

where _M1 ¼ 2lSd _D, _M2 ¼ 2lSd
ffiffiffiffiffiffiffiffiffiffiffiffiffi
� _e1 _e2

p
.

Since our aim is to investigate the deformation pattern of the
studied region, it should be more robust to estimate a total seismic
moment accumulation rate for all the blocks or block boundaries
than just for an individual block or block boundary. Following
Eqs. (3) and (14) we estimate the total moment accumulation rate
within and along the boundaries of the blocks respectively. Blocks
with portions located outside of the studied region, such as the
Alashan, Ordos, Sichuan, and Litang blocks, are not accounted for
in the moment accumulation estimation. The only exception is
the Qaidam block, as it is located within the northeastern Tibetan
plateau and most of the block is within the studied region, with
enough GPS data for a reliable estimation of its block motion and
boundary slip. Since no slip rate estimate is obtained for the south-
ern boundary of the Bayan Har block, i.e. the Yushu-Fenghuoshan
fault, we use the strike slip rate of 6.1–6.6 mm/a reported by
Wang et al. (2013) to calculate its seismic moment accumulation
rate. The area of each block accounts only the interior part, i.e. a
margin of 8 km width is trimmed off (how the value is determined
is described in the following paragraph), to be consistent with the
way the seismic moment release rate is estimated in the following
section. The seismic moment accumulation rate along block
boundaries is divided equally between the two blocks. The
moment accumulation rates within and along boundaries of blocks
are thus determined as �8.40 � 1018 N�m/a and �2.06 � 1019 N�m/
a, respectively.
7. Seismicity and seismic moment release rate

In order to compare the geodetic deformation field with seis-
micity, we further perform a statistical analysis of a joint earth-
quake catalog of historical (Gu, 1983) and modern (http://www.
csndmc.ac.cn/newweb/data.htm) earthquakes. Owing to finite
widths and non-vertical dip angles of fault zones and the uncer-
tainties of earthquake locations, we first determine the horizontal
width of a fault zone by investigating spatial distribution of regio-
nal earthquakes. If the horizontal extent of a fault zone is defined
as a span within which more earthquakes occurred (or higher den-
sity of seismic moment released) than outside, the cumulative seis-
mic moment released by earthquakes located within a certain
range (w) from a given block boundary will increase along with

http://www.csndmc.ac.cn/newweb/data.htm
http://www.csndmc.ac.cn/newweb/data.htm
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w, and the increasing rate will taper down once w exceeds the
width of the fault zone (w0). Although this is not a precise defini-
tion of fault zone width, whose value is probably not well con-
strained or unique due to complexity of actual fault zone
architecture etc., it turns out to be an effective way to discriminate
earthquakes within and outside of fault zones and avoid having
earthquakes within fault zones been accounted for intra-block
seismic strain estimate. Since a relatively small number of strong
earthquakes have released most of the total seismic moment, the
statistical results based on seismic moment would be dominated
by these strong earthquakes. Therefore, we test the relationship
between the number of earthquakes occurring within a distance
range w centered at the fault trace (i.e. the block boundaries) and
the distance range w, shown in Fig. 7.

As seen in Fig. 7, the cumulative curve of earthquake count
demonstrates two different trends for data segments close to and
away from the fault trace. The intersection point of the two seg-
ments corresponds to half-width of the fault zone, which is 8 km.
Earthquakes are therefore identified as occurring either within
the 16-km-wide fault zones or in block interiors, the areal ratio
between the two regions is 0.07:1.
Fig. 8. Temporal distribution of earthquake catalog. Panels (A) and (B) show the data for 7
moment release in each year in units of moment magnitude. Black curves denote accum
lines in panel (A) delineate average release rates of seismic moment during periods of 1
As shown in Fig. 8, recorded earthquakes were scarce before
1550, more frequent after 1550, and soared considerably since
1920, when instrumental records became available. The catalog
for M > 6 earthquakes is also found to become complete in the Qil-
ian, Qinghai, and Qaidam regions (Huang et al., 1994). We there-
fore use the catalog since 1920 to estimate the seismic moment
release rate.

To convert the earthquake magnitude into seismic moment we
use the following relationship which was obtained by least-
squares fitting of a linear relationship between the earthquake
magnitudes of M � 6.0 events in the Chinese earthquake catalog
and the logarithmic of seismic moments (Wang et al., 2009):

LogM0 ¼ 7:5967þ 1:6073Ms ð15Þ

The seismic moments released within block interiors and fault
zones are then estimated as 5.76 � 1019 and 2.32 � 1020 N�m
respectively during the time period of 1920–2015. The average
seismic moment release rates are therefore estimated as
6.06 � 1018 and 2.44 � 1019 N�m/a for within the block interiors
and the fault zones during this period.
80 BCE–2015 and 1550–2015 respectively. Vertical bars indicate cumulative seismic
ulated seismic moment release since the starting time in the unit of N�m. Grey dash
550–1920 and 1920–2015, respectively.
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8. Model comparisons

Comparing our model with the one developed by Loveless and
Meade (2011), we find many similarities but also some remaining
differences. The major differences are (as shown in Fig. S2): (1) The
Wuwei and Yumushan blocks are separated from the Minqin block,
and merged into the Qilian and Alashan blocks respectively in our
model based on the block independence test results. More stations
located within the Yumushan and Wuwei blocks helped us better
define the block boundaries between the Qilian, Alashan, and Min-
qin blocks. (2) The southern boundary of the Qilian block is set as
the Holocene Danghenanshan fault rather than the Northern Qai-
dam fault, which, according to Deng et al. (2003), has not slipped
in the Holocene. (3) Between the Minqin and Lanzhou blocks, a
separate Haiyuan block is delineated with the Haiyuan and
Xiangshan-Tianjingshan faults as its southern and northern bound-
aries, respectively. This block, although rather small, is verified to
be independent from its neighbors via the statistical test. (4) The
Xining and Hezuo blocks are merged into the Qinghai and Guinan
blocks in our model, rather than the Lanzhou and West Qinling
blocks in the Loveless and Meade’s model, again based on the block
independence tests. However, since the statistical independence of
the Xining block from the Qinghai and Lanzhou blocks are not sig-
nificantly different, with values of 63.2% and 87.1%, respectively,
we do not rule out completely the Loveless and Meade’s model
geometry. (5) Inspect of the Northern Chengxian Basin fault, the
northeastern extension of the Longmenshan fault is selected in
our model as part of the northwestern boundary of the Sichuan
block. (6) The Huya fault in our model is taken as the boundary
between the Maerkang and West Qinling blocks, which is verified
to be active (Wang and Shen, 2011). Discrepancies in boundary
delineations of the Tianshui, West Qinling, Pingwu, and Maerkang
blocks may result from fewer data points used by Loveless and
Meade (2011) than that in our study in this area. (7) The Bayan
Har block is separated from the Abba block by a NE-SW trending
boundary, while this region is divided into two blocks by a NW-
SE trending fault by Loveless and Meade (2011). Nevertheless, sta-
tion coverage within the Ganzi-Xianshuihe sliver in the Loveless
and Meade’s model is too sparse to adequately define the block
geometry there.

Consequently, it is no surprise for us to obtain slip rate esti-
mates consistent with that of Loveless and Meade (2011) across
most faults in the region. Nevertheless, there are still significant
discrepancies across several faults: (1) theWQNF fault is estimated
to slip at much lower rate in our model. Compared with our model,
GPS stations located south of the WQNF fault in the model of
Loveless and Meade (2011) are much fewer (10 vs >20 in a similar
range) and more unevenly distributed, making their estimation
more prone to be biased by outliers. (2) We obtain a slip rate which
is �3 mm/a higher than their estimate across the Xianshuihe fault.
This discrepancy could be mainly due to difference in estimating
the Longmenshan block motion rate. Their estimate of the block
motion rate seemed to have incorporated a station velocity outlier
in the dataset, resulting in a more southeastward motion of the
block than that of ours, and an underestimated sinistral slip across
the Xianshuihe fault by �3 mm/a. (3) We obtain lower and higher
slip rates across the Longmenshan and Longriba faults respectively.
The difference in the Longmenshan fault slip rate estimate is
caused by the discrepancy in estimate of the Longmenshan block
motion rate as mentioned above. A slightly higher slip rate esti-
mate across the Longriba fault may be due to the deformation
tradeoff between the Longmenshan and Longriba faults. (4) our
estimation of the slip rate across the northeastern segment of the
Altyn Tagh fault is lower than that of Loveless and Meade (2011).
Such difference, however, is acceptable because the slip rate is esti-
mated in the range of 91–97�E in their model and 94.5–97�E in our
model respectively and it has been revealed that slip rate decreases
northeastward along the Altyn Tagh fault.

Loveless and Meade (2011) also assessed internal deformation
within blocks, and tested significance of internal deformation above
data noise using a Monte Carlo statistical approach. Our study
agrees with theirs in that there is insignificant internal deformation
of blocks located outside of the plateau, but disagreeswith theirs on
the internal deformation of blocks located within the plateau.
Loveless andMeade (2011) found no distinguishable internal defor-
mation within any of the blocks except a sliver block north of the
Ganzi-Yushu fault, and we infer that most of the blocks in the
northeastern plateau have significant internal deformation. The
discrepancy is not in the amount of internal deformation measured
– Loveless and Meade (2011) derived homogeneous deformation
within the blocks, which could even be higher than our estimates
– but their Monte Carlo tests showed that these estimates cannot
be distinguished from noise. The issue therefore becomes which
way would be more reliable to test the significance of the solution
for internal deformation. TheMonte Carlo simulations that Loveless
and Meade (2011) incorporated rely on GPS data uncertainties to
define the noise level locally. These uncertainties were used to
weight the data fitting residualv2s, but without taking into account
the covariances between velocities (such covariances were not pro-
vided in the dataset they used). The GPS velocity solutions they
used are referenced to the stable part of the Eurasia plate, which
is located thousands of kilometers away from the region; and the
data uncertainties are therefore relatively large. Without taking
into account the covariances (which are large between local veloc-
ities) the v2s evaluated would be much greater than they ought to
be, resulting in inadequate accounting of the noise level (we know
about this because the dataset used in their study (Gan et al., 2007)
was produced by our group). In our statistical test we use the F-test
instead, which accounts for the relative ratio of the postfit residual
v2s rather than the v2s themselves, avoiding the issue of uncer-
tainty scaling. The high confidence levels of our F-test results attest
reliability of our estimation of the block internal deformation.

Both ours and Loveless and Meade’s model are quite different
from that of Thatcher (2007), which adopts a much simpler block
geometry based on limited GPS station coverage in his study. As
shown in Fig. S2, the northeast Tibet block in his model is further
decomposed into the Qinghai, Lanzhou, Guinan, West Qinling,
and northern part of the Qaidam blocks in our model, and the
south Tibet block in his model is decomposed into the Bayan
Har, Abba, and northwestern part of the Maerkang blocks in our
model, respectively.

We use a series of F-tests to determine whether a region should
be described as one block or divided into several blocks. Zhang and
Wei (2011) dealt with the issue using a somewhat different
approach, called the K-means clustering method. Although this
approach is effective in grouping the data, it is not explicit in taking
into account the geographic locations of the data points with
respect to fault traces and is therefore not so effective in identify-
ing the right block boundaries. We made individual tests of the
sites located near the block borders using the F-test and investi-
gated velocity profiles across faults, and therefore would not have
such a problem.
9. Discussion

The estimated internal strain rates are less than 3 nanostrain/a
for blocks located outside of the Tibetan plateau, such as the Ala-
shan,Minqin, Ordos, and Sichuan blocks. Except for the Ordos block,
F-test results show that the significance of such internal deforma-
tion are lower than 70% (internal deformation within the Ordos
block is significant but still very small). For blocks located within
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the plateau, on the other hand, the magnitudes of their estimated
strain rates are much higher, ranging from 5 to 15 nanostrain/a.
The significances of their internal deformation range from 66.6%
to 99%. Most blocks with lower confidence levels either are rela-
tively small blocks or have fewer GPS velocities. We therefore con-
clude that blocks located within the plateau in general have much
stronger internal deformation than those located outside.

Though occupying only 6.5% of the total area, �71% of the seis-
mic moment was accumulated and �80% of seismic moment was
released within the fault zones in the past 95 years. The strain
energy is therefore primarily accumulated and released in the
block boundary zones, with a minor but still significant portion
within block interiors. In addition, we also note that the seismic
moment release rates are �118% and �72% of the seismic moment
accumulation rates inside and outside of the fault zones, respec-
tively. A ratio of �63% between seismic moment release and accu-
mulation rates at block boundaries has been estimated by Wang
et al. (2009) using a rigid block model and an earthquake catalog
during the period of 1879–2007 in the Songpan-Ganzi region. Both
estimates indicate comparable accumulation and release rates of
seismic moment. Deficit between release and accumulation rates
of seismic moment in their study may due to an incomplete earth-
quake catalog. The reasons for a higher/lower release rate of seis-
mic moment within and outside of the fault zones compared
with the corresponding accumulation rate could be: (a) the fault
zone width in this paper for separating earthquakes within fault
zones from those outside might be overestimated, (b) the fault
locking depths at block boundaries might be greater and/or the
elastic thickness of lithosphere within blocks might be smaller
than 20 km as assumed, (c) a certain portion of the seismic
moment was released aseismically within blocks, and (d) the
occurrence of earthquakes is clustered, the 95-year record is signif-
icantly shorter than the full recurrence intervals.

Collision between the India and Asia plates caused wide spread
lithospheric deformation in and around the Tibetan plateau. The
resultant deformation pattern, however, varies considerably and is
subject to the lithospheric strength. The integrated strength of the
lithosphere beneath the Ordos, Sichuan Basin, and Qaidam blocks
are inferred to behigher than that beneath the region approximately
embracing the Qilian, Haiyuan, Qinghai, and Lanzhou blocks, due to
differences in crustal composition, tectonic strain rate, and thermal
structure derived from heat flow measurements (Tapponnier et al.,
2001; Shen et al., 2003; Zhang et al., 2004; Yao et al., 2010; Wei
et al., 2001;Wang, 2001). This is also supported by the regional seis-
micity observations, which indicate that most earthquakes within
the Tibetan plateau occur at depths of less than 20 kmexcept under-
neath the Qaidam basin (Liu et al., 2011a,b; Sun et al., 2006; Wang
et al., 2000;Xin et al., 2010; Yang et al., 2003; Zhu et al., 2012),where
someevents could reach depths down to 24 km (Sun et al., 2006). On
the other hand, the earthquakes underneath the Ordos block reach
down to 29 km or even deeper (Wang et al., 2000), and the deepest
onesunderneath theSichuanbasinoccur as deepas of�40 km(Yang
et al., 2003). This seismicity distribution is directly related to effec-
tive elastic plate thickness across the Tibet (Braitenberg et al.,
2003; Hetényi et al., 2006; Jiang and Jin, 2005). As a result, lower
crustal materials within regions surrounding the Tibetan plateau
seemtobemorebrittle and therefore stronger than the lower crustal
materials within the plateau; and under the tectonic loading stress,
the region within Tibet has broken up into multiple blocks of
smaller-scales with significant internal deformation in contrast to
the region surrounding the plateau.

With respect to the Alashan block, the Ordos block, pushed by
blocks at its southwest rim, shows a counter-clockwise rotation
of 9.1 nanorad/a, the Sichuan basin moves east-southeastward at
9.4 mm/a under the push of blocks to its west and northwest
rim; the Qaidam, Bayan Har, Qilian, West Qinling, and Maerkang
blocks rotate counterclockwise, while the Qinghai, Lanzhou,
Haiyuan, Guinan, and Abba blocks rotate clockwise, respectively
(Fig. 5). Mandl (1987) and Guo et al. (2000) suggested that the
blocks bounded by a group of WNW-trending sinistral faults and
a group of NNW-trending dextral faults should deform in a book-
shelf style with counterclockwise rotation. This suggestion, how-
ever, disagrees with the rotation pattern of the blocks located
mainly in the east part of this region. The crust here manifests
not only regional sinistral shear, but also a northeastward push
from crustal material to the southwest. The northeastward push
is blocked by the Alashan, Minqin, and Ordos blocks to the north
and east, causing the blocks in the east region to rotate clockwise
and escape southeastward at the eastern boundary.

Chang et al. (2008), McNamara et al. (1994), Sol et al. (2007) and
Fu et al. (2008) found that the fast shear wave directions within
our studied region change from ENE in the southwest to ESE in
the northeast, and SE in the south, which is consistent with the
clockwise rotation pattern of the GPS velocity field. We infer that
the motion of the upper crust in the studied region might be driven
by flow in the lithosphere or asthenosphere.
10. Conclusion

Resisted by the stable Alashan and Ordos blocks in the north
and northeast, the northeastern margin of the Tibetan plateau
demonstrates a clockwise rotation and moves from northeastward
to southeastward toward the Sichuan basin, resulting in strain
accumulation across the Longmenshan range and the southeast-
ward movement of the Sichuan Basin. This is realized by transpres-
sional deformation with a sinistral component across most of the
WNW-trending faults and dextral deformation across most of the
NNW-trending faults, respectively.

The sinistral slip rates are estimated across the Northern Qilian
(1.1 ± 1.0 mm/a), Danghenanshan (2.8 ± 1.7 mm/a), Haiyuan
(4.3 ± 1.6 mm/a across its western segment and 4.6 ± 1.8 mm/a
across its eastern segment), Qinghainanshan (2.4 ± 1.2 mm/a),
WQNF (1.3 ± 1.0 mm/a), East Kunlun (10.8 ± 2.3 mm/a across its
western segment, 4.6 ± 2.6 mm/a across its central segment, and
3.8 ± 2.1 mm/a across its eastern segment), Ganzi-Yushu
(10.4 ± 2.1 mm/a across its southeastern segment), and Xianshuihe
(14.3 ± 1.6 mm/a) faults. Right-lateral slip at a rate of 3.5 ± 1.7 mm/
a is estimated across most part of the NNW-trending Elashan fault.
The NE-trending Altyn Tagh fault slips left laterally on its eastern-
most segment at a rate of 1.3 ± 1.4 mm/a, and the southwestern,
central, and northeastern segments of the Longmenshan fault slip
right laterally at rates of 1.7 ± 1.1, 1.1 ± 0.8, and 1.1 ± 0.8 mm/a,
with shortening rates of 1.1 ± 1.2, 0.4 ± 0.8, and 0.8 ± 1.1 mm/a
respectively. The Longriba fault slips right laterally at a rate of
4.9 ± 1.5 mm/a.

The studied region is divided by these faults into 15 blocks,
whose deformation is neither consistent with the ‘‘rigid block”
nor the ‘‘continuous deformation” hypothesis, but partitioned
between relative motion among blocks of about 100 km in scale
and internal deformation on the order of 10 nanostrain/a within
the blocks. Assuming a 20-km fault locking depth, the geodetically
determined seismic moment accumulation rates inside the blocks
and at the block boundaries are 8.40 � 1018 and 2.06 � 1019 N�m/
a, respectively. Our analysis of the earthquake catalog during the
time period of 1920–2015 indicates average seismic moment
release rates of 6.06 � 1018 and 2.44 � 1019 N�m/a within block
interiors and at block boundary zones, respectively. These results
suggest that the relative distribution of seismic and deformation
intensities between inside and outside of the block boundary zones
are similar, about 80% vs. 20% for moment release and 71% vs. 29%
for moment accumulation, respectively. Distributed low velocity
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zones and shallower seismogenic depth detected underneath the
eastern Tibetan plateau suggest that the rheological structure of
the crust and lithosphere plays an important role in restricting
the deformation style of the region, which is located at the frontier
of the eastward extrusion of the Tibetan plateau.
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Appendix A

In a principal cartesian coordinate system of xyz, the strain rate
matrix is in the form:

_e1 0 0
0 _e2 0
0 0 � _D

2
64

3
75:

In a new coordinate system of x0y0z where x0 and y0 are new axes
rotated by an angle a from the x and y axes in the x-y plane, the
strain rate tensor becomes:

_e11 _e12 0
_e21 _e22 0
0 0 � _D

2
64

3
75;

where

_e11 ¼ 1
2
ð _e1 þ _e2Þ þ 1

2
ð _e1 � _e2Þ � cos 2a ðA:1Þ

_e12 ¼ _e21 ¼ 1
2
ð _e1 � _e2Þ � sin 2a ðA:2Þ

_e22 ¼ 1
2
ð _e1 þ _e2Þ � 1

2
ð _e1 � _e2Þ � cos 2a ðA:3Þ

In order to decompose the strain rate tensor into two double-
couple dislocation components with their fault planes sharing a
common strike, the two components need to be one strike-slip
and the other dip-slip, and one of the horizontal diagonal terms

needs to be zero. Let _e22 be zero, and we get a ¼ 1
2 arccos

_e1þ _e2
_e1� _e2

� �
.

Accordingly, Eqs (A.1)–(A.3) become

_e11 ¼ _e1 þ _e2 ¼ _D ðA:4Þ

_e12 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
� _e1 _e2

p
ðA:5Þ

_e22 ¼ 0 ðA:6Þ
By substituting Eqs (A.4)–(A.6) into the strain rate tensor in the

new coordinate system, we get

_D _e12 0
_e12 0 0
0 0 � _D

2
64

3
75 ¼

_D 0 0
0 0 0
0 0 � _D

2
64

3
75þ

0 _e12 0
_e12 0 0
0 0 0

2
64

3
75 ðA:7Þ

The tensor on the left-hand side of Eq. (A.7) has the same struc-
ture as that derived by Savage and Simpson (1997) assuming a fault
system composed of two parallel faults with one dip-slip and
another strike-slip. The first term on the right-hand side of Eq.
(A.7) has two diagonal elements with the same magnitude but
opposite signs in the x0z plane, which is equal to a pure dip-slip
double-couple dislocation source with one fault plane striking in
y0-direction and dipping at an angle of 45�. The second term is cor-
responding to a pure strike-slip double-couple dislocation source
with one fault plane striking in y0-direction and dipping at 90�.
Accordingly, the seismic moment accumulation rate can be written
in the following form based on the Kostrov’s (1974) formula:

_Mb ¼ _M1 þ _M2; ðA:8Þ
where _M1 ¼ 2lSd _D, _M2 ¼ 2lSd _e12.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jseaes.2017.02.
040.
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