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Abstract

InSAR time series techniques can provide high-spatial resolution deformation fields across an active fault belt, even for zones with
heavy vegetation coverage. An interseismic deformation map across the Garze–Yushu fault belt in the Tibetan Plateau, �300 km by
�100 km, is derived from C-band Envisat/ASAR imagery collected between 2003 and 2010. Unlike previous research, we obtain a
lookup figure which relates the slip rate with the fault locking depth, the dip angle and the rake angle. The estimated slip rate changes
significantly with the locking depth and the rake angle, but relatively little with the dip angle. When considering the focal mechanism
solutions of historical earthquake along the Garze–Yushu fault, the interseismic slip rate of the Garze–Yushu fault is close to a value
of 6.4 mm/yr, which is between the highest (18.2 mm/yr) and the lowest (3.1 mm/yr) slip rate from GPS estimations, but slightly less
than the minimum value (� 7 mm/yr) from the geological estimations. The earthquake recurrence interval on the Yushu part of
Garze–Yushu fault equals 272 yr, and the April 14, 2010 Mw 6.9 earthquake has not completely released the accumulated strain energy
between 1738 and 2010.
� 2011 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

To predict the earthquake probability along an active
fault in the future, a high spatial resolution and high preci-
sion strain (rate) map is needed. GPS can measure small
surface movements of a magnitude of up to sub-mm and
can provide high frequency signals up to 1 Hz or greater
(Bock et al., 2004; Larson et al., 2003). However, to achieve
more than about 0.5-km sampling of deformation measure-
ment requires a dramatic densification of the GPS observa-
tion stations, which is costly and therefore unlikely to
happen (Wei et al., 2010). Due to its high spatial resolution
(e.g., up to tens of meters for Envisat satellite and up to 1 m
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for TerraSAR-X), Interferometric Synthetic Aperture
Radar (InSAR) can complement this disadvantage of
GPS to measure surface deformation and can be an useful
tool to monitor the near-fault strain accumulation and
release.

InSAR, which can obtain the large-scale, minor-magni-
tude position change, is a unique technique to monitor
crustal deformation, especially for interseismic movements
across active fault belts. When InSAR is used to measure
the surface displacement, the main errors consist of the
lack of accurate satellite orbits, tropospheric and iono-
spheric disturbances, and other random noise (Hanssen,
2001). Based on multi-temporal interferograms, InSAR
time series methods can address these problems to provide
a quite high-precision deformation series, even for zones
with heavy vegetation coverage and small magnitude
rved.
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deformation signal (Biggs et al., 2007; Cavalié et al., 2008;
Elliott et al., 2008; Gourmelen et al., 2010; Li et al., 2009;
Wang et al., 2009).

On April 14, 2010, an Mw 6.9 earthquake occurred on
the Garze–Yushu fault belt, located in the center of the
Tibetan Plateau (Fig. 1). The Garze–Yushu fault belt
strikes northwest and runs through Zhiduo, Dangjiang,
Yushu, Dengke, and Garze counties from NW to SE, with
a length of about 500 km (Peng et al., 2006). Together with
the Xianshuihe fault belt, the Garze–Yushu fault belt
forms the northern boundary of the Sichuan–Yunnan
active tectonic block and the Qiangtang active tectonic
block and the southern boundary of Bayankala active tec-
tonic block (Zhang et al., 2003). It dominates the tectonic
activities and the recurrence of the characteristic
earthquakes.

Previous geological studies have suggested that the Qua-
ternary strike-slip rate of the Garze–Yushu fault belt
ranges from 7 mm/yr to 14 mm/yr (Wang et al., 2008a;
Wen et al., 2003; Zhou et al., 1996). Based on the faulted
landform, displacement of young deposit layers and geo-
logic chronology, Zhou et al. (1996) determined that the
average slip rate of the Yushu part of the Garze–Yushu
Fig. 1. Tectonic settings of the Garze–Yushu Fault belt, which is located in th
500 km. White rectangle delimits the extents of the InSAR data (Track 276). T
red arrows are GPS velocities in a Eurasia-fixed reference frame (Gan et al., 2
earthquake occurred here, and two earthquake source mechanism (from CEA
this study with the major tectonic faults (Peltzer and Saucier, 1996).
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fault belt since later quaternary is about 7 mm/yr. Wen
et al. (2003) suggested the average left-lateral slip rate
along the Garze–Yushu fault of about 12 mm/yr using
the later Quaternary activity and recent large earthquake
ruptures. Based on the distribution of stream deflections
along the Garze–Yushu segment of the Xianshuihe fault,
Wang et al. (2008a) proposed that the Holocene slip rate
along it decreases from 10 to 14 mm/yr around Dengke
(SE) to about 7 mm/yr around Dangjiang (NW). The
GPS velocity field across the fault belt indicates that the
decennial-scale strike-slip rate of the fault belt is around
10 mm/yr (Gan et al., 2007; Meade, 2007; Wang et al.,
2008b, 2011), which is consistent with the magnitude on
the millennial-scale. Using a simple dislocation model in
an elastic half space (Okada, 1992) and GPS data, Gan
et al. (2007) found that the average left-lateral slip rate
along the Xianshuihe fault (including the Yushu segment
studied in this research) as a whole is 14.4 mm/yr. Based
on a three-dimensional, regional-scale elastic crustal block
model and GPS data, Meade (2007) reported that the
Yushu fault slip left laterally at about 10 mm/yr. Using
the least squares method and GPS data, Wang et al.
(2008b) employed a linked-fault-element model to invert
e center of the Tibetan Plateau, strikes northwest, with a length of about
hin black lines denote the Quaternary active faults (Deng et al., 2003). The
007) being used in Fig. 5 (without Y224). On April 14, 2010, an Mw 6.9
and USGS, respectively) are plotted. Inset maps show the interest area in

e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
16/j.asr.2011.08.020

http://dx.doi.org/10.1016/j.asr.2011.08.020


Y. Liu et al. / Advances in Space Research xxx (2011) xxx–xxx 3
for contemporary slip rates along Garze–Yushu fault, and
the value ranges from 3.1 mm/yr for the NW segment
(where the Yushu fault is located) to 13.0 mm/yr for the
SE segment. Using GPS data and an elastic block model,
Wang et al. (2011) estimated the slip rate along the Xian-
shuihe fault which also includes the Yushu part studied
in this paper is up to 18.2 mm/yr. Large discrepancy among
results derived from GPS and geological data exists, and
the reason for this can be mainly attributed to different
types of observations with timescales differing by a factor
of a thousand at least, or to different datasets even with
the same type of observations, and then other independent
measuring data are further needed to evaluate the slip rate.

In this research, we examine 20 scenes of Envisat ASAR
images (descending track: 276; period: from 2003 to 2010)
covering the Yushu segment of the Garze–Yushu fault belt
to measure the interseismic surface deformation field using
InSAR time series technology. We estimate the interseismic
slip rate with different locking depths, different dip angles
and different rake angles, using a buried planar dislocation
in an elastic half space (Okada, 1992). We then plot a
lookup figure to investigate the relationships among the
rake angle, the dip angle, the locking depth and the slip
rate, and obtain the optimal slip rate together with other
independent data. Finally, we investigate the earthquake
recurrence interval and strain release along the Yushu part
of Garze–Yushu fault.

2. Data and methods

2.1. Data

During the period from the launch of the Envisat satel-
lite in 2002 to the Yushu Mw 6.9 earthquake of April 14,
2010, there were two descending tracks (Tracks 4 and
276) and two ascending tracks (Tracks 455 and 498) which
imaged the Yushu part of the Garze–Yushu Fault zone.
The limited SAR data and/or their poor perpendicular
baselines from Tracks 4, 455 and 498, make them not good
datasets to obtain a high-precision InSAR displacement
field, especially when measuring the minor interseismic
deformation. Fortunately, 20 images of Track 276 can be
used to extract reliable deformation with InSAR time series
technique.

All interferograms with perpendicular baselines less
than l00 m are produced from the ASAR raw images using
the Caltech/JPL ROI_PAC software (Rosen et al., 2004).
The 3 arc-second Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) dataset is used
to remove the topographic phase component (Farr et al.,
2007), and the Statistical-cost network-flow algorithm for
phase unwrapping (SNAPHU) software is used to unwrap
all differential interferograms (Chen and Zebker, 2002). All
63 interferograms are finally geocoded to the geographic
coordinate system.

The geocoded interferograms often have unwrapping
errors which appear as 2p phase jumps which can be
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
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distinguished easily once plotted. To remove this phenome-
non as far as possible, the phase closure technique developed
by Biggs and her colleagues is used to identify and correct the
remaining unwrapping errors (Biggs et al., 2007). Further,
we only select the interferograms which have observations
on both sides of the fault trace, resulting in 18 interferograms
being excluded. Finally, to increase the Signal-to-Noise
Ratio (SNR) of the interferograms, only those 11 interfero-
grams with temporal baselines larger than 1 yr are used in the
following InSAR time series (Fig. 2).

2.2. Methods

InSAR time series techniques are an effective method
to reduce the atmospheric effects, orbital ramps, and other
un-modeled errors on radar measurements (Li et al., 2009;
Schmidt and Bürgmann, 2003; Wei et al., 2010). In partic-
ular, using InSAR to measure interseismic surface defor-
mation, Biggs et al. (2007) proposed a multi-
interferogram InSAR time series method, which uses an
iterative algorithm with four key steps: correction of orbi-
tal errors, correction of atmospheric turbulent errors, con-
struction of a rate map and estimation of the fault slip
rate. Elliott et al. (2008) improved Biggs et al. (2007)
method by correcting the atmospheric signal correlated
with topography and used it to estimate the slip rate
along the Altyn Tagh fault, northern Tibet. Wang et al.
(2009) made use of the method from Elliott et al. (2008)
to construct the LOS deformation on the northwestern
Xianshuihe fault with ERS-1/2 and Envisat data, to fur-
ther assess its interseismic slip rate.

Consistent with these previous methods (Biggs et al.,
2007; Elliott et al., 2008; Wang et al., 2009), the method
used in this research is as follows with Fig. 3 showing the
corresponding flow chart:

(a) Based on the previous geophysical, geological, and
GPS results, we propose the fault geometry, including
strike, dip angle, rake angle and locking depth, and
the slip rate (for the first-time run, let slip rate equal
to a given value; for the latter iterations, slip rate
equals to the estimated value from the last iteration).
We then compute the forward interseismic deforma-
tion field according to the dislocation formulas in
an elastic half space (Okada, 1992) and remove this
a priori deformation interferogram by interferogram.

(b) A planar ramp is removed to minimize the orbit and
other long wavelength errors, then phase-topography
correlation of each interferogram is estimated and
used to remove atmospheric signals correlated with
topography.

(c) To refine interferograms further, phase resulting from
turbulent processes in the atmosphere for each inter-
ferogram is estimated by high-pass filtering along the
time axis and low-pass filtering to across each SAR
coverage, and then removed interferogram by
interferogram.
e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
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Fig. 2. Spatial and temporal baselines for Track 276. Red lines show image interferometric pairs to be processed using InSAR time series method.

Fig. 3. Flow chart for the InSAR time series method.
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(d) The residual phase of the interferograms is averaged
and normalized, and is superimposed with the priori
deformation model. Finally, a slip rate is estimated
by linear least squares.

(e) Return to step (a) until the variation of the estimated
slip rate is less than a threshold, such as 0.01.
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
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During processing, we repeat the InSAR time series anal-
ysis each time we change the rake angle, the dip angle, or the
locking depth and estimate the slip rate simultaneously.
Then, based on all these parameters (rake angles, dip angles,
and locking depth) and results (slip rates), we plot a figure
which shows the relations among these four variables
e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
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(Section 3.2), which can be used as a lookup figure to find the
parameters to be determined, jointly using the other inde-
pendent information about the fault being studied.
3. InSAR deformation map and slip rate inversion

3.1. InSAR LOS deformation map

An interseismic rate map (Fig. 4) is derived by estima-
tion of a constant rate on each pixel by least squares,
weighing all points equally, where each pixel being coher-
ent throughout the data set is not required (Biggs et al.,
2007). Due to the good coherences in the southern part
of the Garze–Yushu fault, its southern side has more obser-
vations than the northern side. Assuming that the signal in
Fig. 4 is dominated by the aseismic surface motion, a steep
displacement gradient across the fault trace can be easily
observed. Supposing that the motion is predominately hor-
izontal and parallel to a local strike of the Garze–Yushu
fault, the deformation pattern is consistent with left-lateral
shear movement.

The InSAR LOS deformation map also shows some
exceptional signals, such as in the extreme northern part
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Fig. 4. LOS rate map derived from 11 interferograms after removing
orbital and atmospheric delay phases. Positive values (red) are for areas of
movement away from satellite, and negative values (green) for areas of
movement approaching to satellite. Pixels located in the blue rectangle are
plotted in Fig. 5. Thin black lines denote the Quaternary active faults.
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and in the left center of the southern part. However, this
signal is not well resolved and might be affected by the
remaining topography-dependent atmospheric effects.

To illustrate the LOS rate map more clearly, we extract
a swath profile across the InSAR rate map (Fig. 4) and
show it in Fig. 5. From both the scatter plot (blue dots)1

and mean value plot (black lines with error bar) of the
Fig. 5, we can observe an approximate arctangent sigmoid
curve across the fault trace (gray vertical bar), which shows
that the observed velocity increases with distance from the
fault. The general trend of the LOS profile is consistent
with the theoretical model (red curve in Fig. 5), where
the assumed fault has a vertical fault plane and strikes with
only left-lateral motion, and the locking depth and slip rate
are 15 km and 6.4 mm/yr, respectively. Five GPS data
(purple lines with error bar) are also projected into InSAR
LOS direction, which shows good consistent with both In-
SAR observations and theoretical model.

Close to the near-field zone (around the geological fault
trace), the consistency between the observed and model
profiles is slightly worse. The possible reason for it is the
fact that a single fault model is used in this study, without
attention to details of the fault geometry and movement,
which we will take into account in the future by segmenting
the fault into several parts and estimating the correspond-
ing parameters, respectively. However, we need to specify
that the theoretical arctangent curve falls into the range
of the mean value plot when considering one-time standard
deviation (Fig. 5).
3.2. Slip rate inversion

The InSAR deformation map across the fault can be
well explained by a buried planar dislocation in which
the fault is driven from a freely slipping fault at depth
embedded in a homogeneous, elastic half space (Wang
et al., 2009). At the same time, it is also common knowl-
edge that most studies using GPS use the same model
(Bürgmann et al., 2006; Feigl et al., 1993; Gan et al.,
2007). For example, Gan et al. (2007) modeled the GPS
deformation of the northeastern plateau by deep slip of
simple dislocation segments locked 20 km to the surface
and slipping below to an infinite depth in an elastic half
space (Okada, 1992), and determined the slip rate for each
dislocation by minimizing the Root Mean Square (RMS)
velocity of all the GPS observations around the area. Dur-
ing the processing of the InSAR time series, we use a buried
elastic dislocation model in an elastic half space (Okada,
1992) to remove and restore the aseismic surface deforma-
tion relative to the deep fault slip movement.

As we know, the locking depth and deep slip rate are sig-
nificantly correlated with each other when both are esti-
mated simultaneously using geodetic data (Fialko, 2006;
1 For interpretation of color in Figs. 1–8, the reader is referred to the
web version of this article.
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Segall, 2002). When increasing the locking depth, the slip
rate needs to have a higher value to achieve the same sur-
face deformation. Also, to a certain degree, there is a trade-
off between the dip and the slip rate (Bendick et al., 2000).

In this research, unlike the previous research, we esti-
mate the interseismic slip rate with different locking depths,
different dip angles and different rake angles, using a buried
planar dislocation in an elastic half space (Okada, 1992).
Then, we plot a lookup figure to investigate the relation-
ships among the rake angle, the dip angle, the locking
depth and the slip rate. The process can be illustrated,
for example, as:

We assume that the rake angle of the modeled fault
equals �10�, the dip angle is 74�, the locking depth is
3 km, and the slip rate is assigned a nominal value (e.g.,
1); we then do the InSAR time series as demonstrated by
Section 2.2, and the slip rate can be determined when iter-
ation outcomes converge.

For the computations in this process, a slip rate is esti-
mated each time we change the rake angle from �10� to
10� by a step of 2�, the dip angle from 74� to 90� by a step
of 2�, the locking depth from 3 km to 21 km by a step of
2 km, successively. So, 990 (11 � 9 � 10) analyses of InSAR
time series on the slip rate are done, and then a figure
showing the relationships among the rake angle, the dip
angle, the locking depth and the slip rate is plotted as in
Fig. 6. Correspondingly, Fig. 7 shows the RMS misfits
for each fault geometry model, all of which are slightly
higher than 1 mm, suggesting a good fit to the
observations.

From Fig. 6, we find out that the estimated slip rate
changes a lot when the locking depth varies from 3 km to
21 km, and also changes significantly when rake angle
ranges from �10� to 10�, but only changes a little when
the dip angle varies from 74� to 90�, regardless of the
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
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magnitude of the locking depth. The estimated slip rate
changes from �2.6 mm/yr to �21.1 mm/yr, when the lock-
ing depth ranges from 3 km to 21 km.

According to Fig. 7, the locking depth seems to have a
higher value than 15 km, model of which can achieve a
lower RMS misfit (1.02 mm) of the observations. This
depth is almost consistent with the coseismic rupture depth
of the 2010 April 14 Mw 6.9 Yushu earthquake (Li et al., in
press; Liu et al., 2010; Zhang et al., 2010), which may sug-
gest that the 2010 event almost ruptured through all the
locking depth.

4. Discussion

4.1. Determination of dip angle, rake angle and locking depth

From Section 3.2, we know that the estimated slip rate
hardly changes with the dip angle, regardless of the magni-
tude of the locking depth. The reason for this can be
mainly attributed to the low sensitivity of surface deforma-
tion to the dip angle of the deep dislocation model. In addi-
tion, if the rake angle is fixed and only the dip angle varies,
then the pattern of the surface deformation from the deep
dislocation model may not change significantly, but it
changes from symmetric to asymmetric.

When the dip angle varies from 74� to 90�, the global
deformation pattern remains the same. During the InSAR
time series process, while a planar ramp is removed to
reduce orbit ramps and other long wavelength errors, the
effect due to the variable dip is also minimized. Therefore,
we conclude that using images from one track (descending
or ascending) may not constrain the dip angle well.

Regardless of the magnitude of the locking depth, when
the rake angle changes, the estimated slip rate also changes.
The reason for this can be mainly attributed to the high
e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
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sensitivity of surface deformation to the rake angle of the
deep dislocation model. If the dip angle is constant and
only the rake angle varies, then the pattern of the surface
deformation from the deep dislocation model may change.
At the same time, it is also related to the fact that the
InSAR data are only one component data (in the LOS
direction). Thus the estimated slip rate is strongly depen-
dent on the assumed projection of the slip into the LOS
direction, which depends on the rake angle. Then, if data
about the locking depth and slip rate can be provided
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
observations between 2003 and 2010. J. Adv. Space Res. (2011), doi:10.10
accurately, by referring to Fig. 6 the rake angle and the cor-
responding confidence interval can be determined,
properly.

For the locking depth, the estimated slip rate also
changes with it. For example, when the rake angle equals
0� and dip angle 90�, the estimated slip rate increases from
�3.9 mm/yr to �7.7 mm/yr as the locking depth increases
from 3 km to 21 km, which is consistent with the fact that
the slip rate needs to a higher value to achieve the same sur-
face deformation while increasing the locking depth
e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
16/j.asr.2011.08.020

http://dx.doi.org/10.1016/j.asr.2011.08.020


8 Y. Liu et al. / Advances in Space Research xxx (2011) xxx–xxx
(Segall, 2002). In this case, as with the method of the rake
angle estimation mentioned in the preceding paragraph, we
can obtain a reasonable estimate for the locking depth once
we determine the slip rate and rake angle from other inde-
pendent data.

4.2. Determination of slip rate

Segall (2002) used a bootstrap resampling procedure to
determine the range of slip rate and locking depth. Segall’s
results show that the slip rates on the San Andreas Fault
system in the range of 34–41 mm/yr are consistent with
GPS observations. In this research, a lookup figure
(Fig. 6) is made to show the relationships among the rake
angle, the dip angle, the locking depth and the slip rate
(Section 3.2), which can be used to find the preferred slip
rate. Fig. 6 shows the possible slip rates when a priori
knowledge of the Garze–Yushu fault geometry is known.
Thus, a combination of multi-disciplinary knowledge is
required to quantify the slip rate of the Garze–Yushu fault.

The April 14, 2010 Yushu Mw 6.9 earthquake (33.2�N,
96.6�E), with a focal depth of 14 km and a rake angle of
�2� (Li et al., in press; Liu et al., 2010; Zhang et al., 2010),
occurred on the Garze–Yushu fault belt which is located in
the center of the Tibetan Plateau (Fig. 1). This earthquake
created three left-stepping fault ruptures: the northern pri-
mary rupture with a length of about 16 km; the central one
with a length of about 9 km; and the southern one with a
length of about 7 km (Chen et al., 2010). Additionally, two
large earthquakes have been officially recorded over the last
200 yr, including the December 23, 1738 Mw 6.5 earthquake
occurred in and to the northwest of Yushu, Qinghai Prov-
ince, and the March 1896 M 7.0 earthquake occurred
between Luoxu, Shiqu county, Sichuan Province and Yushu,
Qinghai Province (Group of the Data Compilation of Earth-
quakes in Sichuan, 1980). What is more, the fact that the epi-
center of the December 23, 1738 Qinghai Yushu earthquake
revealed by the isoseismal map (Institute of Geophysics,
China Earthquake Administration, 1990) has almost the
same place with the seismogenic segment of the April 14,
2010 Mw 6.9 earthquake, indicates an in situ recurrence of
large earthquakes (Chen et al., 2010).

According to these historical earthquake records, we can
assume that the locking depth for Yushu part of the Gar-
ze–Yushu fault belt equals 15 km, the rake angle is about
0�, and we can conclude that the interseismic slip rate for
the Yushu part of the Garze–Yushu fault is close to a value
of 6.4 mm/yr after consulting Fig. 6. As suggested by Sec-
tion 4.1, the slip rate does not correlate with the dip angle,
obviously, so we do not consider the effect on the slip rate
estimation of the dip angle.

4.3. Joint inversion of GPS and InSAR data

It is common knowledge that there is a strong tradeoff
between slip rate and locking depth using the InSAR data
alone, caused in large part by a correlation between the
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
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long-wavelength ramp of InSAR and the sigmoidal pattern
of interseismic deformation. Addition of GPS data to
InSAR data can help to resolve this problem (Wang
et al., 2009).

As shown in Fig. 1, a total of 6 GPS stations are near the
observation extent of InSAR and the Garze–Yushu fault
belt, and only 1 GPS station (Y226) is located within the
observation extent of InSAR. Additionally, due to having
different fault-parallel velocity characteristics from the
other 5 GPS stations, station Y224 is not used to combine
with InSAR data to evaluate slip rate. Joint inversion of
GPS and InSAR data shows that the estimated slip rate
ranges from �3.0 mm/yr to �14.2 mm/yr (Fig. 8), range
of which is narrower than that (from �2.6 mm/yr to
�21.1 mm/yr) derived from inversion of InSAR data only,
when the locking depth ranges from 3 km to 21 km. This is
similar to the conclusions of Wang et al. (2009) who found
that the range of slip rate is reduced evidently with the joint
inversion of GPS and InSAR data. Still assuming the same
priori information of locking depth and rake angle as that
in Section 4.2, the preferred slip rate of the Garze–Yushu
fault is close to a value of 6.0 mm/yr, which is fairly close
to the 6.4 mm/yr derived from inversion of InSAR data
only.

Due to not enough common space coverage between
GPS and InSAR data and possible different slip rate for
different parts of the Garze–Yushu fault, we adopt slip rate
results from inversion of InSAR data only in the following
sections, although joint inversion of GPS and InSAR data
can provide a narrower range of slip rate.

4.4. Comparison with other slip results

Previous geological studies have suggested that the Qua-
ternary strike-slip rate of the Garze–Yushu fault belt
ranges from �7 mm/yr to 14 mm/yr (Wang et al., 2008a;
Wen et al., 2003; Zhou et al., 1996). Based on the regional
geological mapping results and interpretation of satellite
images and arial photos in combination with detailed field
investigations, Zhou et al. (1996) generated a spatial distri-
bution of the recent surface activity of the Garze–Yushu
fault belt. Furthermore, the faulted landform, deformation
and displacement of young deposit layers, and results of
geologic chronology (Carbon 14 and Thermolu minescence
dating) suggested that the fault horizontal average slip rate
of the Yushu part of the Garze–Yushu fault belt since later
Quaternary is about 7 mm/yr. Wen et al. (2003) re-investi-
gated the later Quaternary activity and recent large earth-
quake ruptures of the Garze–Yushu fault, and
determined that the average left-lateral slip rate along the
fault is about 12 mm/yr for the last 50,000 yr from both off-
set landforms and ages of the correlative sediments at 7
locations. Wang et al. (2008a) documented the distribution
of stream deflections along the Garze–Yushu segment of
the Xianshuihe fault, and proposed that the Holocene slip
rate decreased from 10 to 14 mm/yr around Dengke (SE)
to about 7 mm/yr around Dangjiang (NW), and the Yushu
e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
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Fig. 8. Same as Fig. 6 but here slip rate map is derived from joint inversion of GPS and InSAR data.
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segment studied in this paper is located between these two
sites geographically.

The GPS velocity field across the Garze–Yushu fault
belt indicates that the decennial-scale strike-slip rate of
the fault belt is around 10 mm/yr (Gan et al., 2007; Meade,
2007; Wang et al., 2008b, 2011), but there exist large dis-
crepancies among results derived from different papers.

In this research, the preferred slip rate approximates to a
value of 6.4 mm/yr, falling between the highest (18.2 mm/
yr) and the lowest (3.1 mm/yr) slip rates from GPS estima-
tions (Gan et al., 2007; Meade, 2007; Wang et al., 2008b,
2011), but less than the minimum value (�7 mm/yr) from
the geological estimations (Wang et al., 2008a; Wen
et al., 2003; Zhou et al., 1996). The reason for this outcome
can be attributed to different types of InSAR data from
GPS and geological data, or to the complexity of the fault
geometry and movements which have been determined by
geological and remote sensing results (Wang et al., 2008a;
Wen et al., 2003; Zhou et al., 1996) which show that not
only strike slip movement but also transtensional and
transpresional structures such as pullapart basins and
thrust faults along different parts of the fault at different
times can accommodate the tectonic evolution of the cen-
tral eastern Tibet.

These slip rate discrepancies can be reduced if we modify
the former assumed locking depth and rake angle. From
Fig. 6, if we assumed that the locking depth equals to a
value of 21 km from one or more external data set(s), then
the estimated slip rate would range from �4.2 mm/yr to
�21.1 mm/yr, depending on the rake angle. Additionally,
if we assumed that the locking depth equals 3 km from
one or more external data set(s), then the estimated slip
rate would range from �2.6 mm/yr to �7.9 mm/yr, also
depending on the rake angle. So, to quantify quite a
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
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narrow range of the slip rate, more independent data sets
are requested to provide more prior information about
the fault locking depth, rake angle, and so on.

4.5. Earthquake recurrence interval and strain release

After the April 14, 2010 Mw 6.9 earthquake, Chen et al.
(2010) acquired the images of the earthquake surface rup-
ture by rapid and exhaustive field investigations, and com-
pared it with large historical earthquake on the Garze–
Yushu fault, showed that the Garze–Yushu fault domi-
nated the occurrence of the April 14, 2010 Mw 6.9 Yushu
earthquake, and had short-term recurrence intervals of
large earthquakes ranging from 274 yr to 677 yr, with
274 yr for the Yushu part where the 2010 earthquake
happened.

If the April 14, 2010 Mw 6.9 earthquake and the Decem-
ber 23, 1738 Mw 6.5 earthquake are considered as a couple
of characteristic earthquakes along the Yushu part of the
Garze–Yushu fault, the recurrence interval for this part
can be considered to be about 272 yr, in good agreement
with the recurrence interval of 274 yr from Chen et al.
(2010). Given this recurrence interval, knowing the average
slip rate for this part allows us to make an estimate of the
accumulated slip deficit of this part by multiplying the
recurrence interval (272 yr) and the average slip rate
(6.4 mm/yr). As a result, the Yushu part of the Garze–
Yushu fault accumulated a slip deficit of about 1.74 m
between December 23, 1738 and April 14, 2010.

According to the coseismic surface rupture data from
Chen et al. (2010), the measured horizontal strike slip dis-
placement of the northern primary rupture is between
1.1 m and 1.8 m, the maximum measured horizontal dis-
placement of the central one is 0.9 m, and the measured
e Garze–Yushu fault belt in the Tibetan Plateau from C-band InSAR
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horizontal displacement of the southern one at
32�57019.700N, 97�02001.300E is 0.5 m. On the whole, a good
consistency between the interseismic accumulated slip def-
icit and the coseismic surface rupture can be found. The
discrepancy between them can be attributed either to the
errors in estimating the slip rate due to the InSAR defor-
mation errors or the simplified fault model, or to the pos-
sible man-made errors in estimating surface ruptures in
the field, or to the possibility that the 2010 event only
released part of the accumulated strain energy, or to
near-surface effects due to the inelastic seismic response
of the brittle uppermost crust (e.g., Fialko et al., 2005;
Xu et al., 2010).

Assuming that the formula M0 = lWLs is available to
compute the scalar seismic moment (M0), where l is the
elastic shear modulus (3.2 � 1010 Pa), W the fault width
(15 km), L the fault rupture length, and s the average slip
on the fault, knowing the fault rupture length (L) and seis-
mic moment (M0) allows us to estimate the average slip (s)
on the fault. GCMT moment tensor solutions show that
the released seismic moment of the April 14, 2010 Yushu
earthquake is 2.5 � 1019 Nm (USGS, 2010). If the rupture
length is fixed as 31 km (Chen et al., 2010), an estimate for
the average slip of 1.68 m on the fault is obtained, very
close to the accumulated slip deficit of about 1.74 m, indi-
cating that the April 14, 2010 Mw 6.9 Yushu earthquake
has released almost all the accumulated strain energy. If
we take the en-echelon tensile fissure zone with a length
of 2 km as the north end of the rupture zone, the rupture
would have a length of about 51 km (Chen et al., 2010;
Li et al., in press), then the estimated average slip is about
1.02 m, which is less than the accumulated slip deficit of
about 1.74 m, indicating that the April 14, 2010 Mw 6.9
Yushu earthquake has not released the accumulated strain
energy between 1738 and 2010 completely, and that the
Yushu part with 0.72 m of slip deficit still suffer a seismic
risk in the future.

5. Conclusions

In this paper, we estimate the interseismic surface defor-
mation along the Yushu part of the Garze–Yuahu fault
using InSAR time series technology based on the Envisat
ASAR data (descending track: 276) between 2003 and
2010. We conduct 990 (11 � 9 � 10) analyses of InSAR time
series on the slip rate for different rake angles, different dip
angles, and different locking depths, and plot a lookup fig-
ure to investigate the relationships among the rake angle,
the dip angle, the locking depth and the slip rate, from
which we can determine the preferred estimate, and the
corresponding error band if the error ranges of the inde-
pendent data can be given quantitatively.

A combination of multi-disciplinary knowledge is
required to quantify the slip rate of the Garze–Yushu fault.
When considering the focal mechanism solutions of the his-
torical earthquake records along this fault belt, the interse-
ismic slip rate for the Yushu part of the Garze–Yushu fault
Please cite this article in press as: Liu, Y., et al. Interseismic slip rate of th
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is close to a value of 6.4 mm/yr. There exist slip rate dis-
crepancies among the estimations derived from InSAR,
GPS and geological observations, and the reasons for this
can be attributed three aspects. First InSAR data is a dif-
ferent type of observation from GPS and geological data,
second we only use an ideal single fault model whereas
the fault geometry and movement is very complex indeed,
and third the prior information about the fault locking
depth and rake angle are not sufficient to constrain the
fault properties accurately. When the April 14, 2010 Mw
6.9 earthquake has a rupture length of 51 km, the slip rate
equals 6.4 mm/yr, and the earthquake recurrence interval
on the Yushu part of Garze–Yushu fault equals 272 yr,
the April 14, 2010 Mw 6.9 earthquake has not released
all the accumulated strain energy between 1738 and 2010,
and the Yushu part with 0.72 m of slip deficit still suffer
a seismic risk in the future.

At the same time, our results show that using images
from one track (descending or ascending) may not con-
strain the dip angle well, and both the ascending and
descending observations shall be used to optimize the slip
rate inversion in the future.
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