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ABSTRACT

We derived a new GPS site velocity field by integrating the data of ten newly
built stations across the Liupan Shan Fault, in the northeastern margin of the Tibetan
Plateau and those of pre-existing sites in this area for the period of 1999 - 2015.
The GPS velocity field in a Eurasian plate-fixed frame shows a clockwise rotation
around the Ordos cratonic block. Relative to the Ordos block, GPS sites generally
move northeastward. The inferred GPS velocity profile across the Liupan Shan Fault
shows that fault-normal velocities decrease from west to east from 5.4 + 0.9 mm yr,
at the central of the Lanzhou block to 0.1 £ 0.8 mm yr' at the western Ordos craton.
We estimated the locking degree and the slip deficit rate on the Liupan Shan Fault us-
ing the tectonic elastic block model. Modeling results show that the Liupan Shan Fault
is characteristic of segmentation in terms of locking degree and slip deficit rate. The
southern segment has the largest locking degree, with complete locking to the depth of
13 - 15 km; the locking degree in the central segment is smaller than that of the north-
ern and southern segments. On average, the slip deficit rate at the northern segment
is larger than that of the Southern and central segments. We estimate the maximum
magnitude of an expected earthquake based on the moment budget since the last large
earthquake of M 6.7 in 1921. If the accumulated energy was completely released by
a single earthquake, the expected maximum magnitude would be M,, 6.7. The model
prediction suggests a high potential for seismic hazard in the Liupan Shan area.

1. INTRODUCTION

The Tibetan Plateau has been growing toward the east
and northeast, accompanied by extrusion along the left lat-
eral strike-slip faults that slice Tibet’s east side. This has
been occurring since India collided with Asia ~55 million
years ago (Tapponnier et al. 2001). In the northeastern mar-
gin of the Tibetan Plateau, the NWW-striking Haiyuan Fault
is deforming via large-scale left-lateral shearing due to the
eastward extrusion of the Tibetan Plateau, forming a com-
pression zone in its southeastern terminus (Deng and Zhang
1989). The compression zone is mainly composed of the
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Madongshan Fold Belt, the Liupan Shan Fault, and the Xi-
aoguan Shan Fault. The Liupan Shan Fault, located between
the Ordos craton in the east and the Lanzhou tectonic block
in the west (Loveless and Meade 2011), strikes generally
north-northwest (Fig. 1). Connecting with the left-laterally
shearing Haiyuan Fault in the north and the Longxian-Baoji
Fault in the south, the Liupan Shan Fault is a transition sec-
tion, undergoing both reverse and left-lateral deformation
(Deng et al. 1984, 2019; Burchfiel et al. 1991).

GPS and leveling observations demonstrate that the
northeastern margin of the Tibetan Plateau is experienc-
ing significant crustal shortening (Hao et al. 2014a, b). The
maximum uplift in the northern part of the Liupan Shan
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Fault occurred close to the fault, but the primary uplift in
the southern portion appears 20 km west of the Liupan Shan
Fault (Hao et al. 2014a). These studies show that the Liupan
Shan Fault area is accumulating significant strain and the
Liupan Shan Fault is strongly locked. However, the details
of crustal shortening and strain accumulation in this region
are still not very clear.

To characterize strain accumulation and earthquake po-
tential in the Liupan Shan area in the northeastern margin
of the Tibetan Plateau, we constructed ten continuously op-
erating GPS stations across the Liupan Shan Fault in 2012
to complement the relatively sparse GPS site coverage here.
In this study, we present a new GPS velocity field for the
northeastern margin of the Tibetan Plateau by integrating the
ten newly built continuous sites, and the sites of the Crustal
Movement Observation Network of China (CMONOC), and
those of the Continental Tectonic and Environmental Moni-
toring Network (CTEMN) to identify the spatial distribution
of crustal shortening. The locking degree and slip deficit on
the Liupan Shan Fault is investigated based on the elastic
tectonic block modeling, constrained by the new GPS veloc-
ity field. The earthquake potential of the Liupan Shan Fault
is estimated using the historical and modern seismic cata-
logues, and the GPS-derived slip deficit distribution. The
estimated maximum magnitude of a potential earthquake is
about M,, 6.7. This study is beneficial to the seismic hazard
assessment in the northeastern margin of the Tibet Plateau.

2. GPS OBSERVATIONS AND DATA ANALYSIS

GPS measurements have been conducted in the north-
eastern margin of the Tibetan Plateau since 1999, when the
CMONOC was initiated, and its successor CTEMN com-
menced in 2010 (Meng et al. 2015). Thirteen CTEMN/
CMONOC continuous GPS stations are distributed within
the Lanzhou and Ordos blocks. Additionally, more than 111
CTEMN/CMONOC campaign-mode GPS sites of are locat-
ed within the study area. Most sites are observed regularly
every two years. With the financial support of the project
of Study on Strain Accumulation across the Liupan Shan
Area, we established 10 continuous GPS stations across the
Liupan Shan Fault in 2012 (Fig. 2), with reinforced concrete
pillars into bedrock or sediment. All the newly built stations
have been operating continuously since early 2013.

The GPS data are processed using GAMIT/GLOBK
software (Herring et al. 2015a, b) to derive time series of
the station coordinates in the ITRF2008 reference frame.
Regional station coordinates, 11 tropospheric zenith delay
parameters per site per day, and phase ambiguities are es-
timated in each single-day solution. IGS final orbits and
IERS Earth Orientation Parameters are used, and eleva-
tion-dependent absolute antenna phase center corrections
are applied, following the IGSO8tables. The daily loosely
constrained solutions from our processing are combined

with the loosely constrained solutions of ~45 International
GNSS (Global Navigation Satellite Systems) Service (IGS)
stations, the data for which are available from the Scripps
Orbital and Positioning Analysis Center (SOPAC) (http://
sopac.ucsd.edu). The least squares adjustment vector, the
variance-covariance matrix for station positions and orbital
parameters estimated for each independent daily solution
are then combined with global H-files from the Scripps In-
stitution of Oceanography (SIO). Common parameters in
all solutions, such as the satellite orbit, polar motions, and
tracking station positions, are solved with loose constraints.
In the final step, station positions and velocities are esti-
mated with the QOCA software (Dong et al. 1998) through
sequential Kalman filtering, allowing adjustment for global
translation and rotation of each daily solution. We impose
the reference frame by minimizing the position and veloc-
ity deviations of ~45 IGS core stations with respect to the
ITRF2008 (Altamimi et al. 2011) while estimating the ori-
entation, translation, and scale transformation parameters
for each day. Random walk perturbations are allowed for
the parameters whose errors are correlated with time. The
height coordinates and vertical velocities are weighted by
a factor of 10 less than the horizontal components. The
velocity solution is transformed into a Eurasia-fixed refer-
ence frame using the angular velocity parameters of Eurasia
with respect to the ITRF2008 (Altamimi et al. 2012). The
weighted least squares approach is employed in the fitting
of the GPS site position time series with a function of lin-
ear, annual and semi-annual components (Bos et al. 2013).
The site velocity uncertainties are scaled on a component by
component basis according to goodness of fit.

The coseismic displacements due to the 2008 M,, 7.9
Wenchuan earthquake, which occurred approximately 450
km away from the study area, were identified and removed
from the GPS position time series. We calculated the co-
seismic displacements at GPS sites in the Liupan Shan area
by the Green Functions of the analytic solutions of Okada
(1985) and the finite-fault slip distribution of Shen et al.
(2009). Postseismic effects of the Wenchuan earthquake are
estimated to be less than 1.0 mm generally with the rheo-
logical lithospheric structure of Diao et al. (2018), an update
of Huang et al. (2014). Thus, we did not consider the post-
seismic deformation for the following analyses. To obtain a
reliable velocity field, we utilized only horizontal velocities
for continuous and campaign-mode GPS sites. To avoid the
effect of non-tectonic signals, we removed data, which falls
into the following two categories: (1) a data span less than 3
years for survey-mode sites; (2) the number of surveys was
less than 5 times.

Integrating the data of the ten newly built GPS sites
and pre-existing GPS sites of CMONOC and CTEMN in the
northeastern margin of the Tibetan Plateau, we present a new
horizontal field within a stable Eurasian plate-fixed frame
(Fig. 3a). The GPS sites within the area of 100 - 104°E,
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35 - 39°N, to the northwest of the Ordos block, are charac-
terized by northeastern movement. However, GPS sites west
and southwest of Ordos block display a pattern of southeast-
ward movement, indicating a clockwise rotation around the
Ordos block (Gan et al. 2007; Meng et al. 2015). At the same
time, the estimated GPS velocity field exhibits a consistent
west to east decrease in horizontal velocity magnitude from
10.5 £ 0.8 mm yr! in the area of 100 - 104°E, 35 - 39°N to
4.9 mm yr' in the western flank of the Ordos block. The con-
sistent variation of movement direction and the west to east
decrease of horizontal velocity magnitude can be attributed
to the obstruction of the relatively rigid Ordos Bock and the
locking effect on the fault patches of the Liupan Shan fault
(Meng et al. 2015). We estimate Ordos block angular veloc-
ity with an iterative approach (Shen et al. 2005). We first use
the velocities of all 19 sites on the Ordos block to estimate
the block angular velocity by least squares regress. Then we

80°E 100°E 120°E

50°N §

evaluate the postfit residual )(ﬁ , where n is the number of site
in the block and remove the site with the largest posfit re-
sidual and use the remaining site velocities to reestimate the
block angular velocity. Subsequently we evaluate the postfit
residual y;_;, using the F-test to evaluate the significance of
the outlier by the probability P(F). The site is removed if the
F-test exceeds 90% confidence. The procedure is stopped
when F-test yields < 90% confidence. Twelve sites are re-
moved by this procedure. We use the velocities of remain-
ing seven sites to estimate the angular velocity of the Ordos
block. The angular rotation is 0.2742 + 0.0583° myr' with a
pole at (116.1937 + 1.9484°E, 44.5454 + 1.3864°N).

We transformed the velocity field with respect to the
Eurasian plate-fixed reference frame (Fig. 3a) into the Or-
dos block-fixed reference frame. The velocity field relative
to the Ordos block (Fig. 3b) shows clearly a west to east
decrease in horizontal velocity magnitude. The estimated
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Fig. 1. The seismotectonic framework for the northeastern margin of the Tibetan Plateau. The upper left inset displays the location of this study. The
solid lines are Quaternary faults from Deng et al. (2003). Red dots are M = 3.5 earthquakes from 1965 - 2017 (China Earthquake Networks Center
catalogue). The cyan asterisk is the epicenter of 1921 M 6.5 earthquake. Abbreviation are: XGS F., Xiaoguan Shan Fault; HY F., Haiyuan Fault;
LB. F., Longxian-Baoji Fault; MDS. F., Madong Shan Fold Belt. 1: Fold belt; 2: thrust; 3: strike slip fault.
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Fig. 2. GPS site array across the Liupan Shan Fault. The 10 newly built sites are continuous sites.
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Fig. 3. GPS-derived velocity field relative to (a) Eurasian plate and (b) Ordos block. The rectangle is the profile of Fig. 4.

velocities for most sites near the Liupan Shan Fault are close
to zero. To study the horizontal velocity gradient across the
Liupan Shan Fault, we made a GPS velocity profile across
the fault as shown by the rectangle in Fig. 3b. GPS site
velocities within the rectangle are decomposed into fault-
parallel and fault-normal components, respectively (Fig. 4).
It can be seen that a gradient zone is identified from the
profile of fault-normal velocity components, which is about
300 km wide west of the Liupan Shan Fault. No prominent
differential motion is identified for the fault-normal and
fault-parallel velocity components of GPS sites close to the
Liupan Shan Fault, indicating that the Liupan Shan Fault is
not very active currently.

3. GPS VELOCITY INTERPRETATION
3.1 Methodology

GPS horizontal velocities can be modeled as the sum

of contributions from tectonic block rotation, elastic defor-
mation from locked faults (backslip) bounding the tectonic
blocks, and internal strain within the tectonic blocks (Mc-
Caffrey 2013). With respect to the Ordos block, the ob-
served horizontal GPS velocities at the Lanzhou block can
be represented as,

‘/k(X) = [RQB X X]k + 8kkAXk + gklAXl

+Zj=1yz2j=1,N['RQBXQi]j¢iij(X, Ql) (1)

where X is the GPS site position; V,(X) is the horizontal ve-
locity of GPS sites at X; €25 is the Euler vector of the tec-
tonic block B with respect to the specified reference tectonic
block R; k is the index of GPS velocity components; ¢ is the
horizontal strain tensor and AX is the differential position
vector between the specified reference point for strain ten-
sor and the GPS site. N is the number of nodes on the fault;
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Fig. 4. GPS site velocities along the cross-section shown as in Fig. 3. Upper and lower are the fault-parallel and fault-normal velocity components

with 20 error bars. The red lines represents Liupan Shan Fault.

Q; is the position of the ith node; ¢; is the locking rate of the
ith node; Gy (X, @) is the Green Functions which represent
the velocity component in the direction & of the GPS site at
position X due to a unit slip in direction j (along the strike
direction or along dip direction) of the node at position i.

The DEFNODE program developed by McCaffrey
(2013) is employed in the modeling. A hybrid algorithm is
used to solve the parameters of the cost function: first, a
grid search approach is implemented to obtain initial values
of all unknown parameters, and then the stimulated anneal-
ing algorithm is used to determine the optimal parameters,
including the Euler vector, internal strain tensors of the tec-
tonic blocks, and the slip deficit rates.

The locking degree of the fault can be represented as

V. Y

p=1 Vo =V, 2)

where V is the estimated slip rate of the fault, Vj is the es-
timate from the relative motion of the adjoining tectonic
blocks, V, is the slip deficit rate (V, - V), and V,, is the value
calculated from the relative motion of the adjacent tectonic
blocks. The locking rate ¢ is generally in the range of O
and 1. When @ = 0 the fault is fully creeping and when ¢
=1 it is completely locked (McCaffrey 2005). Values of ¢
between O and 1 indicate that some parts of the fault creep
and some parts do not (McCaffrey 2005).

In this study, the locking rate is allowed to decrease
monotonically with depth in the modeling. The goodness
of fit is based on the reduced y? statistic expressed as (Mc-

Caffrey 2005):

=W -P)" gl 3

where N is the number of observed data; P is the number of
free parameters; (N - P) is the number of degrees of free-
dom; and ¢ is a misfit function. For a single GPS velocity
with east and north components V, and V,,

g=R"C'R @)
where R is the matrix of velocity residuals; 7 represents the
transpose of the matrix; and C is the EW and NS velocity
covariance matrix (McCaffrey 2005).

3.2 Model Setup and Resolution Test

The Lanzhou tectonic block and the Ordos cratonic
block are two primary tectonic units in the northeastern mar-
gin of the Tibetan Plateau (Loveless and Meade 2011). The
Ordos cratonic block is the western part of the North China
craton, and it is relatively stable compared with the Lanzhou
tectonic block (Zhao et al. 2005, 2007). Therefore, the Ordos
block is specified as the reference block in this modeling.

The Liupan Shan Fault can be divided into three seg-
ments from north to south, based on previous geological and
geophysical studies (e.g., Xiang et al. 1998a; Zhang et al.
2004, 2006). The three segments have different geometric
parameters as shown by Table 1. A cross-sectional view
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Table 1. Geometric parameters of three segments of Liupan Shan Fault.

Segment Spatial spanning Length(km)  Strike (°) Dip (°)
North Caojiake-Kaicheng 25 330 60 - 70
Middle Kaicheng-Xiangshuidian 35 350 40 - 60
South Xiangshuidian-Sanzhuangzi 30 340 50 -70

of the Liupan Shan Fault shown by Fig. 5 gives the geo-
metric parameters versus depth, modified by the study of
seismic wide-angle reflection and refraction sounding (Li
et al. 2017). The strike direction of the Liupan Shan Fault
is 330°N for all three segments. In the upper part from the
surface to 25 km in depth, the dip angle is 70°; in the deeper
portion below 25 km, the dip angle decreases to 50°. The
bottom of the fault model is assumed to be less than 35 km,
considering that most M = 4.0 earthquakes registered by
China Earthquake Networks Center (CENC) are less than
35 km in depth. To be conservative, we take the lower depth
of the fault model to be 40 km. This can also be confirmed
by the Moho depth of this region obtained by seismic re-
ceiver function inversion and active source sounding (Zeng
and Sun 1995; Tong et al. 2007; Li et al. 2014).

The checkerboard approach (Humphreys and Clay-
ton 1988; Jiang et al. 2015) is employed to test the dislo-
cation model resolution. We discretize the Liupan Shan
Fault model into 9 x 5 subfaults along strike and downdip
directions, respectively, each subfault with a size of 10 x
10 km? (Fig. 6a). In the synthetic model, we set the locked
and stable sliding patches alternately in space. We forward
calculate the theoretical velocities at each GPS site, based
on the analytical solutions of Okada (1985), and then per-
form an inversion, with a hybrid algorithm encompassing
a grid search, and the simulated annealing optimization to
calculate locking rates to test how the input model can be
recovered. Multiple tests show that generally the shallower
patches have higher resolution than those in lower portion,
and the locking rate of patches in the central segment of the
fault model can be well recovered (Fig. 6b). This indicates
that the newly established 10 continuous GPS stations play
a significant role in enhancing the model resolution. For
several patches that are not well recovered, we merge them
with adjoining patches into a single larger patch to ensure
that all the patches can be recovered correctly (Fig. 7).

4. MODELING RESULTS
4.1 Model Parameter Setting

Referring to the above resolution test, we divide the
fault model into 6 layers, with layers at 0, 5, 12, 24, 36,
and 43 km in depth, respectively (Fig. 8) and allow the bot-
tom edge of the fault model to slip freely. Several patches
are merged into a larger single patch on the upper five lay-

ers to secure a good resolution, as guided by the resolution
tests. The upper two layers have a dip angle of 70°, and
the lower three layers have a dip angle of 50°. The locking
degrees of patches are allowed to decrease monotonously
downwards. During the optimization procedure, the F-test
statistical method is taken to exclude GPS sites with statis-
tically anomalous postfit residuals. A smoothing factor is
employed to balance the model roughness and the postfit
residual. The hybrid algorithm including a grid search and
a simulated annealing optimization is used to identify the
optimal smoothing factor and the model parameters.

4.2 Modeling Results

As shown by Fig. 9, postfit data residual % decreases
monotonously with the increase of smoothing factor. If the
smoothing factor A is zero, it means that the locking rate is
the same along the strike direction of the fault model, only
varying along the dip direction. In this case, %* is 2.407. This
indicates that if the locking rate is constrained to vary only
along the dip direction, it cannot resolve the locking rate
variation along the strike direction. When A increases be-
yond 0.6, * gradually decreases to 1.6 or so. Thus, the lower
bound of the smoothing factor A should be 0.6. Lower bound
here means the smoothing factor A beneath which the rms
misfit begins to rise steeply (Fig. 9). To have a good balance
of the model roughness and postfit data residual, we take the
smoothing factor of 0.6 to obtain the optimal model param-
eters. It should be noted that the smoothing factor A here is
the maximum variation of locking rates within one degree in
space along the strike direction of the fault model.

Figure 10 shows the optimal slip deficit rate of the Liu-
pan Shan Fault model. It can be seen that the slip deficit rates
are heterogeneous on the fault model. Generally, the locking
rates are higher in the upper zone than those in the lower
zone. For the shallow zone, the fully locking depth is at ~6 km
in the northwest and at 13 - 15 km in the southeast. The cen-
tral segment has the smallest slip deficit rates, with full lock-
ing depth at 2 km. The zone beneath 40 km along down-dip
direction experiences free sliding everywhere. Overall, the
slip deficit rates are in the range of 0 - 2.5 mm yr'. The es-
timated slip deficit rates (Table 2) show that the maximum
slip deficit rate of 1.25 mm yr' is in the southern segment.
Following that is the northern segment, where the slip deficit
rate is 1.16 mm yr'. The central segment has the smallest
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Table 2. Average slip deficit rates of different segments of the Liupan Shan

Fault.
Average slip deficit rate (mm yr')
Depth (km)
Northern segment Central segment  Southern segment
0-24 1.57 1.25 145
24 - 40 0.75 045 1.05
40 - 43 0.00 0.00 0.00
0-43 1.16 0.85 1.25

average slip deficit rate at 0.85 mm yr'. The shallow zone
0 - 24 km deep has larger slip deficit rates than those in the
deep zone of 24 - 40 km for all segments. For the northern
segment, the zone at the depth of 0 - 24 km has an average
slip deficit rate of 1.57 mm yr', two times larger than the
slip deficit rate of 0.75 mm yr! of deep zone at 24 - 40 km.
For the southern segment the zone 0 - 24 km deep has an
average slip deficit rate of 1.45 mm yr', slightly larger than
that of deep zone of 24 - 40 km. For the central segment, the
shallow zone has an average slip deficit rate of 1.25 mm yr',
more than 2 times larger than that in the deep zone. The slip

deficit rate distribution suggests that strain is accumulating
faster in the southern segment than in the northern segment.
In the central segment, crustal strain is accumulating more
slowly compared with the northern and southern segments.
The locking depth of central segment is very shallow at a
depth of ~2 km, implying possible creeping here.

The block model gives an angular velocity of -0.6498°
+ 0.0479° Myr' for the Lanzhou tectonic block with a pole
at (106.288°E, 34.305°N) with respect to the Ordos block,
indicating that the Lanzhou block is undergoing clockwise
rotation with respect to the stable Ordos block. The internal
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strain tensor of the Lanzhou tectonic block (Table 3) suggest
that the Lanzhou block is experiencing prominent compres-
sion. The postfit data residuals as shown by Fig. 11 indi-
cate that the residuals are generally smaller than 2 mm yr
within the interior of Lanzhou and Ordos blocks. However,
several sites have residuals more than 2.5 mm yr', possibly
due to the activities of subsidiary tectonic units. Overall, the
residuals are random in space, without systemic distribution
of large residuals.

5. DISCUSSIONS

5.1 Comparison with Previous Studies

Previous researchers characterized contemporary crust-
al motion in the northeastern margin of the Tibetan Plateau
using small amounts of geodetic data (e.g., Zhang et al.
2004; Gan et al. 2007; Hao et al. 2014a, b; Meng et al. 2015).
Crustal shortening was identified in a zone about 300 km
wide west of the Liupan Shan Fault, but horizontal deforma-
tion was found to be insignificant close to the Liupan Shan
Fault (Hao et al. 2014b). Based on the data of spirit leveling
routes across the northern and southern parts of the Liupan
Shan Fault, Hao et al. (2014a) claimed that the vertical uplift
of the Liupan Shan Fault differs for the northern and south-
ern segments. The largest uplift of the northern segment is
close to the fault; the maximum vertical motion of the south-
ern segment appears 20 km west of the Liupan Shan Fault
(Hao et al. 2014a). The differential vertical motion suggests
that the southern segment has a higher locking degree than
the northern segment. The geomorphological terraces and
sample dating reveal that the Quaternary uplift of the Liupan
Shan Fault is 0.9 mm yr!, with a left-lateral horizontal slip
rate at 1 - 3 mm yr' for the northern part (Xiang et al. 1998a).
This geomorphological study shows that the activity of the
southern part of the Liupan Shan Fault is smaller, indicative
of a higher locking degree. The numerical modeling in this
study shows that the Liupan Shan Fault is currently strongly
locked, without significant motion over the entire fault, con-
sistent with previous geodetic study (Hao et al. 2014a). On
the other hand, the geodetically inferred movement of the
Liupan Shan is roughly consistent with late-Holocene mo-
tion, documented by geological study (Xiang et al. 1998b),
suggestive of an inherited mode of slow strain accumulation
in the Liupan Shan area.

5.2 Limitation of the Elastic Block Model

Several tectonic blocks are distributed in the northeast-
ern margin of the Tibetan Plateau, including the Lanzhou,
Ordos Plateau, Gonghe Nanshan, West Qinling blocks,
which are bounded by major Holocene-late Quaternary
faults (Deng et al. 2003; Loveless and Meade 2011). Mul-
tiple subsidiary faults are distributed within each of the tec-
tonic blocks. To characterize the first-order deformation in

the Liupan Shan area in the northeastern margin of the Ti-
betan Plateau, we simplified the tectonic units in this area
in configuring the block model, including the Lanzhou and
Ordos blocks and the Liupan Shan Fault. The GPS sites on
the Ordos block used in this study are largely located in the
western area of this block, thus their velocities are primar-
ily composed of contributions from the motion of the Ordos
block and the activity of the Liupan Shan Fault. The Ordos
block is a rigid cratonic unit and thus has an insignificant
deformation rate. Relative to the Ordos block, the velocities
of GPS sites close to east of Liupan Shan Fault are primarily
attributed to the activity of this fault. However the velocities
of GPS sites at the Lanzhou block could not only include the
contribution from the general motion of the Lanzhou block
and the activity of the Liupan Shan Fault, but also involve
some contribution from the faults bounding the Lanzhou
block. The Lanzhou block is bounded by the Haiyuan Fault
in the north, West-Qinling Fault in the south and the Sun-
Moon Fault in the west, with all characterized as right-lateral
strike-slip faults (Ge et al. 2013). The possible effects to GPS
site velocities within the Lanzhou block, close to the three
faults caused by the three faults are ignored in this modeling.
Additionally the subsidiary faults within the Lanzhou block
are also ignored in the modeling. The internal strain of the
Lanzhou block (Table 3) could be attributed to the factors.
About 14 km east of the Liupan Shan Fault, there is a small
blind fault, the Xiaoguan Shan Fault, subparallel to the Liu-
pan Shan Fault (Xiang et al. 1998b). The Quaternary activity
of the Xiaoguan Shan Fault is not well characterized geolog-
ically due to its less geomorphological features (Xiang et al.
1998b). In this modeling we do not take the Xiaoguan Shan
Fault into account, considering the difficulty in separating a
small tectonic block between the Liupan Shan Fault and the
Xiaoguan Shan Fault, given the sparse spatial coverage of
GPS sites between the two faults.

The postfit velocity residual distribution (Fig. 11)
shows that the GPS sites within the Lanzhou block, close
to the Haiyuan, West-Qinling and Sun-Moon faults have
velocity residuals at ~1.5 mm yr!, comparable to the un-
certainties of observed velocities. No systematic distribu-
tion of large residuals is identified for the GPS sites within
the Lanzhou block. Additionally, the GPS sites close to the
Xiaoguan Shan Fault mostly have small residuals less than
2.0 mm yr', indicating that the activity of the Xiaoguan
Shan Fault is insignificant contemporarily. Thus, the sim-
plification in configuring the elastic block model seems to
be justified in this study.

5.3 Implications for Earthquake Hazard Assessment

The historical earthquake catalogue in the northeastern
margin of the Tibetan Plateau has been compiled by China
Earthquake Administration (Division of Earthquake Moni-
toring and Prediction, State Seismological Bureau 1995;
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Table 3. Internal uniform strain rates of Lanzhou block.

Strain rate (10” yr')

Tectonic block
€

ew

€ns €en

Lanzhou -5.69+0.77 -604+102 -584x0.66

39°

38°

37°

36°

35°

34° , .
100° 102° 104°

106° 108’ 110°

Fig. 11. Postfit data residuals of the elastic block model. The solid lines are active faults.

Division of Earthquake Monitoring and Prediction, State
Seismological Bureau 1999). Modern seismic events are
well recorded since the setup of seismic monitoring net-
works in the 1970s in this region. Based on the earthquake
catalogue of China Earthquake Data Center (http://data.
earthquake.cn/data/), the most recent large earthquake of M
6.5 occurred close to the Liupan Shan Fault in 1921. Taking
this earthquake as the onset of the recent earthquake cycle,
we can calculate the accumulated seismic moment since
then. The seismic moment rate M can be expressed as,

M = usDt 3)

where u is the shear modulus or rigidity coefficient of crust;
s is the fault area; D is the average slip deficit rate; and
t is the time span since the last large earthquake. With a
shear modulus of 33 GPa (Hamiel et al. 2006; Cochran et al.
2009), the inferred accumulated moment since 1921 is 1.26
x 10" Nm. Referring to the relationship of earthquake mo-
ment and the moment magnitude (Kanamori 1977),

MW = %logmM() -6.03 (6)

Where M,, and M,, are moment magnitude and accumulated
moment, respectively, since the last earthquake of M 6.5 in
1921, we derive an equivalent magnitude of M,, 6.7. This
estimate suggests a high potential for seismic hazard in the
Liupan Shan area.

6. CONCLUSIONS

We report a new GPS site velocity field by integrating
the data of the ten newly built continuous stations across
the Liupan Shan Fault for the northeastern margin of the
Tibetan Plateau and those of pre-existing GPS sites in this
area. The GPS velocity field with respect to the stable Eur-
asian plate exhibits a clockwise rotation. Relative to the
Ordos cratonic block, the GPS sites generally move north-
eastward, reflecting the undergoing northeastward extru-
sion of the northeastern borderland of the Tibetan Plateau.
The GPS velocities of the profile across the Liupan Shan
Fault show that fault-normal velocities decrease from west
to east from 5.4 + 0.9 mm yr! at the central Lanzhou block
t0 0.1 £ 0.8 mm yr' at the Western Ordos craton, indicating
a crustal shortening within a zone of ~300 km west of the
Liupan Shan Fault. No noticeable GPS site velocity gradient
is identified close to the Liupan Shan Fault, suggesting the
fault is strongly locked presently.

We invert for the locking degree and slip deficit rate
of the Liupan Shan Fault constrained by the GPS velocity
field using an elastic tectonic block model. The modeling
results show that the Liupan Shan Fault displays segmenta-
tion in terms of locking degree and slip deficit distribution.
The southern segment has the largest locking degree, with
full locking at the depth of 13 - 15 km; the northern segment
has complete locking depth at ~6 km and the locking de-
gree in the central segment is smaller than that of the north-
ern and southern segments, with complete locking depth at
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~2 km. On average, the slip deficit rate at the northern seg-
ment is larger than that of the southern and central segments,
with the largest value of 2.5 mm yr' at the northwestern-
most terminus of the fault. We estimate the maximum mag-
nitude of an expected earthquake based on the accumulated
moment since the last large earthquake of M 6.5 in 1921,
which ruptured the Liupan Shan Fault. If the accumulated
energy was completely released by a single earthquake, the
expected maximum moment magnitude would be M,, 6.7.
The model prediction of the possible earthquake in the fu-
ture suggests a high potential for large earthquakes in the
Liupan Shan area, in the northeastern margin of the Tibetan
Plateau, thus further observation of crustal strain accumula-
tion in this area is warranted.
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