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a  b  s  t  r  a  c  t

The  Ordos  Block  and  its surrounding  areas  play  a special  role in the  kinetic  pattern  of  current  tectonic
deformation  in mainland  China  (East  Asia).  In order  to better  understand  the  recent  crustal  deformation
and  geodynamics  of  this  region,  we  use  GPS  velocities  and  employ  the  least-squares  collocation  (LSC)
technique  to  estimate  the  distribution  of  the  crustal  strain  rate fields.  We  calculate  the  principal  compo-
nents of  strains,  such  as  the  maximum  shear  strains,  the  plane  strain  gradients  and  the principal  axes  of
strains. The  strain  fields  obtained  in  this  paper  can  well  portray  crustal  deformation  in  the  region.  Our
results  show  that  the  relatively  higher  maximum  shearing  strain  rates  are  mainly  distributed  over  region
surrounding  the Ordos  Block,  indicating  these  periphery  areas  have  intense  crustal  activities.  Indeed,
these  periphery  areas  encompass  major  active  tectonic  belts  (e.g., the  western  edge of  the  Qilian  Fold
System,  the northeastern  margin  of  the  Tibetan  Plateau  and  the  Taihang  Mountain)  and  active  grabens
(e.g.,  Yinchuan,  Hetao,  Shanxi  and  Weihe  Grabens).  Significant  plane  strain  gradients  concentrated  over
the periphery  areas of  the  Ordos  Block,  indicating  that  these  areas  have  more  intense  crustal  activity  and
are  more  prone  to  earthquakes.  The  principle  strain  rates  also  show  the  strain  rates  for  the periphery  of
the Ordos  Block  are  higher  than  other  regions.  The  highest  strain  rates  are  along  the  southwestern  side  of
the Ordos  Block,  indicating  that  the  eastward  extrusion  dynamics  from  the  Tibetan  Plateau  may  still  be
the  main  cause  of tectonic  deformation  in  this  region.  The  extensional  strains  are  present  in most  parts

of the  Yinchuan,  Hetao  and Shanxi  Grabens.  Finally,  the  characteristics  of  the strain  fields  predicted  by
the LSC  technique  are  discussed,  and  some  interesting  tectonic  deformation  information  can  be found
through  further  comparison  with  the  strain  results  predicted  by  other  methods  The  detailed  results  and
findings  obtained  in  this  paper, could  further  help  us better  understand  the  recent  active  deformation
and  geodynamics  in  the  surrounding  areas  of the  Ordos  Block.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

The surrounding areas of the Ordos Block in East Asia are ideal
laces for studying active tectonic deformation, because there are

 series of intracontinental graben systems and a variety of fault
nd fold systems (Molnar and Deng, 1984; Molnar and Lyon-Caent,

989; Deng et al., 2003; Liu et al., 2004; Yuan and Feng, 2010; Zhang
t al., 2011a; Cheng et al., 2014; Liu et al., 2016; Cui et al., 2016).
ecause of the characteristics of the unique geological structure

∗ Corresponding author.
E-mail address: zhonglu@smu.edu (Z. Lu).

ttp://dx.doi.org/10.1016/j.jog.2017.01.005
264-3707/© 2017 Elsevier Ltd. All rights reserved.
and spatially asymmetric seismicity, the surrounding areas of the
Ordos Block have been studied as a hot topic for decades.

Recent geodetic, geologic and geophysical investigations have
revealed various important aspects of this district. The horizontal
crustal movements were described by GPS velocities (Yang et al.,
2000; Dai et al., 2004; Chen et al., 2005; Guo et al., 2010; Zhang
et al., 2011a; Qu et al., 2014a; Cui et al., 2016), and the vertical
crustal movements were analyzed by leveling data (Hu et al., 2006a;
Ta et al., 2014) and gravity measurements (Hu et al., 2006b). The
crustal strain fields were studied by using the block model (Qu et al.,

2014a) and the uniform deformation model (Cui et al., 2016) based
on GPS observations. The characteristics of active faults and flexu-
ral fold structures were revealed by field investigations (Jiang et al.,

dx.doi.org/10.1016/j.jog.2017.01.005
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2017.01.005&domain=pdf
mailto:zhonglu@smu.edu
dx.doi.org/10.1016/j.jog.2017.01.005
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000a; Feng and Dai, 2004; Shi et al., 2008; Yang et al., 2013; Lin
t al., 2015; Rao et al., 2015), and high-resolution remote-sensing
magery (Rao et al., 2014). The historical and current seismicity was
eported in several studies (Jiang et al., 2000a; Song et al., 2012;
heng et al., 2014; Liu et al., 2016). The tectonic stress fields were
etected by fault slip data (Zhang et al., 2003), numerical simula-
ions (Zhang et al., 2011b; Sun et al., 2015), and focal mechanism
ata (Wang et al., 2012; Li et al., 2015). The deep crustal struc-
ure and geophysical characteristics beneath the study area were
robed by seismic wave data (Huang and Zhao, 2006; Chang et al.,
007; Tang et al., 2010; Ren et al., 2012; Li et al., 2014), and mag-
etic anomalies (Gao et al., 2015; Wang et al., 2015). In addition,
ome researchers also studied the recent ground fissure hazards of
he study area (Myers and Gomez, 2010; Zhang et al., 2011b; Qu
t al., 2014b).

Previous studies that applied different methods to investigate
rustal deformation and tectonic activities in the surrounding areas
f the Ordos Block have provided important references for the geo-
ynamics of the region. Among above-mentioned technologies and
ethods, GPS technology has great advantages in studying active

rustal deformation, particularly the crustal velocities of the region.
ompared with the GPS velocity, the strain rate is independent
f the frame of reference and can reveal local strain accumula-
ion rates and their possible connections to seismic hazards (Ward,
994; Riguzzi et al., 2012; Jiang and Liu, 2010; Wu  et al., 2011,
015). Strain rates of the region have been calculated by the block
odel (Qu et al., 2014a) and the uniform deformation model (Cui

t al., 2016). These strain computation approaches have different
pplicability for different research purposes, but the strain results

alculated by the two methods are useful for the inverse problem.
owever, sparseness and poor geometric distribution of GPS data as
ell as observation errors in GPS data may  result in a biased strain
eld. Thus a more stable and robust technique should be considered

ig. 1. Location of the region surrounding the Ordos Block in China. The red rectangular b
haracteristic of the Ordos Block while thick navy blue arrows represent the motion dir
hina,  such as Beijing, Shanghai, Xi’an, Chengdu, Wuhan and Lanzhou. Red solid lines repr
cean  in China, such as the Pohai Sea and the Yellow Sea. The light yellow regions repres

n  this figure legend, the reader is referred to the web  version of this article.)
amics 106 (2017) 1–11

to calculate crustal strain fields. The least-squares collocation (LSC)
technique is a viable method to calculate the strain field by utilizing
spatial interpolation and filtering based on a covariance function
that describes the spatial correlations between any two observa-
tions. As the parameters of the covariance function are calculated
using statistical methods, there is no subjective judgment involved
in the calculation of crustal strain rate (Heiskanen and Moritz, 1967;
Moritz, 1984; El-Fiky et al., 1997; Zhang et al., 1998a,b; Jiang et al.,
2003; Wu et al., 2006; Jiang and Liu, 2010; Jiang et al., 2014; Wu
et al., 2011, 2015).

In this paper, we  delineate the crustal strain fields in the sur-
rounding area of the Ordos Block using the high-precision GPS
data from the Crustal Movement Observation Network of China
(CMONOC). First, we apply the LSC technique to the GPS horizon-
tal velocities to obtain the distribution of crustal strain fields in
the region. Second, according to the strain results the recent active
tectonic deformation characteristics of the region are revealed and
the rationality of strain results is further explained based on the
tectonic and geodynamics background. Finally, we discuss the char-
acteristics of the strain rates predicted by the LSC technique, and
also compare them with the strain results calculated by other meth-
ods.

2. Geological background

The Ordos Block and its surrounding areas is located in central
China (Fig. 1). Geographically, this region represents the accom-
modation zone of differential movements of the following tectonic

blocks: the northeastern margin of the Tibetan Plateau, the Qilian
Fold System (a series of parallel NW trending mountain ranges) to
the southwest; the Yinchuan basin and Alashan block to the north-
west; the Hetao basin to the north (Yang et al., 2008); the Weihe

ox outlines the study area. The thin navy blue arrow denotes the rotational motion
ections of major microplates in China. Light blue solid circle denote main cities in
esent main faults in China (Zhang et al., 2005). The light blue regions represent the
ent the relatively low-lying regions. (For interpretation of the references to colour
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ig. 2. GPS velocities in the surrounding areas of the Ordos Block for the period of
late  based on ITRF2005 reference frame. Each arrow originates at the location of the

imit.  The white stripes represent main faults over the region (Zhang et al., 2005).

raben and Qinling Orogenic Belt to the south (Pan and Niu, 2011;
un et al., 2014); the Shanxi Graben, Taihang Mountains and the
estern edge of the North China Block to the east (Zhang et al.,

998a,b; Jiang et al., 2000b; Tian et al., 2011) (Fig. 1). The Ordos
lock and its surrounding areas play a special role in the kinetic
attern of current tectonic deformation.

Since the Cenozoic, a series of fault belts have developed around
he stable Odors block (Deng and You, 1985; Xu, 2006). The NNW
nd NW reverse faults and extruded folds developed on the south-
estern side of the Ordos Block due to the extrusion from Tibetan

lateau (e.g., the Haiyuan and Liupanshan faults). In contrast, nor-
al  faults are distributed on other margins of the Odors Block

n the NNE or EW direction. Neotectonic movements frequently
ccurred in the sheared and strained tectonic zones around the
rdos Block (Bi et al., 2012). Large earthquakes frequently occurred
n the periphery areas of the Ordos Block (Deng et al., 1996; Fan
t al., 2003; Liu et al., 2016) including the 1920 M 8.5 Haiyuan earth-
uake on the southwestern side of the Ordos Block, the 1556 M
.5 Huaxian earthquake on the eastern part of the Weihe Graben
hat destroyed 130 counties in 11 provinces and killed more than
30,000 people, the 1739 M 8.0 Yinchuan-Pingluo earthquake in
he Yinchuan Graben, and the 1303 M 8.0 Hongdong earthquake in
he Shanxi Graben (China Earthquake Administration (CEA), 1995;
hina Earthquake Administration (CEA), 1999; Gao et al., 2015;
ao et al., 2015). The seismicity over periphery areas of the Ordos

lock in recent years is also active, and frequent earthquakes have
rought huge destruction to the safety of human life and local eco-
–2007. Solid arrows are observed GPS velocities with respect to the stable Eurasia
on and points to its motion direction. The error ellipse represent the 95% confidence

nomic development (Deng et al., 1996; Jiang et al., 2000a; Cheng
et al., 2014; Liu et al., 2016).

3. GPS data and analysis

The GPS data in this paper are from CMONOC, which was built
to investigate the crustal movement and deformation of mainland
China. The GPS velocities used in the study were taken from Wang
(2009), who processed the GPS data using the GAMIT/GLOBK soft-
ware packages (King and Bock, 2000; Herring, 2002), based on the
processing strategy used in Shen et al. (2000) and Gan et al. (2007).
Station positions and velocities were estimated in the ITRF2005 ref-
erence frame (Altamimi et al., 2007) by using the QOCA software
(http://gipsy.jpl.nasa.gov/qoca/). The QOCA modeling of the data
was done through sequential Kalman filtering, allowing free rota-
tion and translation for each daily solution and permitting certain
parameters to have random walk style perturbations. (Dong et al.,
1998, 2006; Shen et al., 2000; Gan et al., 2007). The GPS velocity
fields can be further transformed into regional reference frames
by applying constraints that minimize the motions within the sta-
ble interior of specific blocks. As the focus of this paper is on the
analysis of the interior crustal deformation of the mainland China,
the GPS velocity solutions were further transformed into a regional
reference frame with respect to the Eurasia plate by applying con-
straints that minimize the motions at 11 IGS stations distributed

within the stable plate interiors. Details on the GPS site selection
are described in Qu et al. (2014a).

Fig. 2 shows the horizontal components of the GPS velocity vec-
tors along with the 95% confidence error ellipses. These GPS velocity

http://gipsy.jpl.nasa.gov/qoca/
http://gipsy.jpl.nasa.gov/qoca/
http://gipsy.jpl.nasa.gov/qoca/
http://gipsy.jpl.nasa.gov/qoca/
http://gipsy.jpl.nasa.gov/qoca/
http://gipsy.jpl.nasa.gov/qoca/
http://gipsy.jpl.nasa.gov/qoca/
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Fig. 3. (a) the fitness to the GPS observations using the Gaussian function, Hirvonen
function and Exponential function, respectively, (b) the misfit to the statistics of
variance and covariance using the exponential function with different statistical
distance intervals, and (c) the statistics of variance and covariance and two empirical
exponential covariance functions calculated from GPS velocity during 1999–2007.
 W.  Qu et al. / Journal of G

ectors are representative of the recent secular deformation in sur-
ounding areas of the Ordos Block. The GPS velocities indicate that
he overall crustal movement of the study region is towards the
outheast with respect to the Eurasia plate (Fig. 2). Relative to
he Weihe basin and Qinling Orogenic Belt, the Hetao Graben has
ower crustal movement velocities. The southwestern side of the
rdos Block and the Yinchuan Graben have larger crustal move-
ent velocities than the Shanxi Graben and the western edge of

he North China Block.
However, the spatial distribution of GPS velocity fields is just

 direct reflection of crustal movement, while the crustal strain
elds could further reflect the response of the internal mechanism
f crustal deformation. Thus in this paper the above GPS horizontal
elocities are further used to estimate the horizontal strain fields
y the LSC technique which is discussed below.

. Least-squares collocation (LSC) technique

The basic observation equation of the LSC technique can be
riefly expressed as follows (Moritz, 1984; Jiang et al., 2001; Jiang
nd Liu, 2010; Wu  et al., 2011):

 = BZ Ẑ + GŶ − L (1)

here Z represents the estimates of signal at any location either
bserved station or estimated position, BZ is the coefficient matrix
or the signal: identity matrix for observed points but a zero

atrix for estimated points, G is a design matrix, Ŷ is a vector of
odel parameters (non-random), L is vector of the observed val-

es. According to Eq. (1), crustal movement can be described as a
ombination of the whole movement (GŶ), the deformation (BZZ)
nd the error (V). According to the theory of the indirect adjust-
ent and matrix inversion (Yu and Lu, 1978; Wu  et al., 2009), the

olution of Eq. (1) can be obtained as follows (Wu  et al., 2011):

Ŷ =
{
GT (DX + D�)−1G

}−1
GT (Dx + D�)−1L

Ẑ = DZ (DX + D�)−1(L − GŶ)
(2)

here DX represents the covariance matrix of signals at the
bserved stations, DZ is the covariance matrix of signals at all posi-
ions (including the observed stations and estimated positions), and
� is the covariance matrix of observed values.

Eq. (2) is a theoretical formula of the LSC technique. To compute
rustal movement using this equation, it is necessary to determine
he characteristics of the covariance distribution in advance (Jiang
t al., 2003). The most common way is to use empirical covariance
unction (ECF) to fit the covariance distribution. The Gaussian func-
ion (C(d) = C(0) exp

{
−k2d2

}
(Jiang and Liu, 2010; Wu  et al., 2011,

015) or the exponential function (C(d) = C(0) exp
{

−kd
}

) (Jiang
t al., 2014), has been taken as the ECF to calculate the covariance
atrix in the analysis of crustal movement: where C(0) and k are

he constants estimated from a covariance plot of the data, d is
he distance between the GPS stations, and C(d) is the covariance
alue. Then DZ and DX in Eq. (2) are constructed from C(d). Once the
ovariance functions are determined, it becomes possible to esti-
ate the signal (e.g., horizontal GPS velocity fields) at estimated

oints in the study area (El-Fiky et al., 1997; Wu et al., 2009; Jiang
nd Liu, 2010). Further, the estimated velocities can be differenti-
ted in space to calculate the strain rate components in latitude,
ongitude and shear directions (ε� , ε�, ���) in the spherical coordi-
ates based on the differential relationship between velocity and

train rate (Shi and Zhu, 2006; Fu and Huang, 2001; Jiang et al.,
003; Wu et al., 2009). Based on these strain rates components, the
rincipal components of strain rates such as the maximum shear
train rate, the plane strain gradient, principal strain rates can be
The red color denotes the E-W component of the GPS measurements. The black color
represents the N-S component. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

further calculated (Turcotte and Schubert, 1982; Zhang et al., 2013;
Wu et al., 2015).

5. Strain results and analysis

5.1. Estimation of the crustal strain rates using LSC technique

Here, we  employ the LSC technique to estimate the crustal strain
rate field based on the GPS observations shown in Fig. 2. We  use

abovementioned ECFs (Gaussian and exponential functions) to con-
struct the variance-covariance matrixes. Then the GPS velocities
at observation stations can be predicted using the LSC technique.
Fig. 3a shows the misfits to GPS observations from the two  differ-
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Fig. 4. (a) comparison of the observed GPS velocities (black arrows) and the predicted velocities (red arrows) based on LSC technique at each GPS station, (b) and (c) histograms
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f  residuals between the observed and predicted velocities in the E-W and N-S com
eferred to the web  version of this article.)

nt covariance functions at different statistical distance intervals.
he minimum root-mean-square error (RMSE) is obtained by using
he exponential function (Fig. 3a). Therefore, the exponential func-
ion is chosen as the local empirical covariance function of this
tudy area. Additionally, in order to determine the better distance
nterval, we further calculate the misfits to the variances and covari-
nces at different intervals using exponential function. The results
Fig. 3b) show that a trade-off point may  appear at the distance
nterval of 30 km.  So we take 30 km as the best distance interval to
alculate the statistics of variance and covariance.

The final parameters of the covariance function (in exponen-
ial form) for E-W and N-S components of GPS velocity fields are
hown in Fig. 3c (only selected values used to invert the empirical
ocal covariance function are plotted in Fig. 3c). We  can conclude
hat the correlation distance is approximately 400–500 km and the
orrelation distance of the E-W component is larger than that of
he N-S component. The reliability of the estimated strain rates
epends on the quality of the fit to the GPS velocity data, so we
rst analyze the characteristics of the residual errors between the
bserved and the LSC-predicted at GPS observation stations. Fig. 4a
hows the comparison between the observed GPS velocities and
he model-predictions based on LSC technique by using exponen-
ial function as the local empirical covariance function. The RMSE
alue is only 0.74 mm/yr. The histogram results (Fig. 4b and c) fur-

her show that the residual distribution satisfies the requirement
or normality and lacks of bias.
ts. (For interpretation of the references to colour in this figure legend, the reader is

5.2. Distribution of the crustal strain rates

Fig. 5 shows that the maximum shear strain rates are mainly
along the periphery areas of the Ordos Block. The northeastern
margin of the Tibetan Plateau, the western edge of the Qilian Fold
System and the Yinchuan Graben over the southwestern and north-
western sides of the Ordos Block possess the highest value of the
maximum shearing strain rate (about 1.6 × 10−8/yr). Almost the
whole Shanxi Graben, the central areas of the Taihang Mountain
and the western edge of the North China Block over the eastern
side of the Ordos Block have relative higher maximum shearing
strain rate (about 1.2 × 10−8/yr). Additionally, the middle and east-
ern edges of the Hetao Graben, the western and eastern areas of
the Weihe Graben, the junction areas between the Qinling Orogen
Belt and the North China Block also have higher maximum shearing
strain rate.

The magnitude of the shear strain rate reflects the degree of the
crust deformation; the higher the shear strain rate, the more severe
the crustal activity. Furthermore, higher rates of strain accumula-
tion generally should be associated with larger or more frequent
earthquakes (Segall, 2010). Indeed, those areas holding higher max-
imum shearing strain rates correspond to tectonically active zones
surrounding the Ordos Block, including the northeastern margin of
the Tibetan Plateau, the western edge of the Qilian Fold System,

Yinchuan, Hetao, Shanxi and Weihe Grabens. More importantly,
strong historical and recent earthquakes frequently occurred in
these areas (Fig. 1). The relatively higher maximum shearing strain
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Fig. 5. The distribution characteristics of maximum shear strain rate

ate appear in the Taihang Mountain and the western edge of the
orth China Block. This is also consistent with the geophysical and
eological observations showing low velocities beneath the Tai-
ang Mountains, the Shanxi Graben and the western edge of the
orth China Block (Chang et al., 2007). The lower seismic velocity

s representative of weakness in the underlying crust. Geological
bservations have also suggested that the active deformation on
he eastern side of the Ordos Block is localized mainly around the
arrow Shanxi Graben (Wesnousky et al., 1984; State Seismological
ureau Research Group (SSBRG), 1988; Xu and Ma,  1992), and
round the Taihang Mountains and the western edge of the North
hina Block (Ye et al., 1985; Tian et al., 1992). Additionally, higher
aximum shearing strain rate appear in the junction areas between

he Qinling Orogen belt and the North China Block, suggesting that
hese areas were formed in response to the collision between the
outh China Block and North China Block and this dynamic pro-
ess may  still be continuing (Meng and Zhang, 2000; Ratschbacher
t al., 2003; Chen et al., 2015; Guo and Chen, 2016). The crustal
ctivity is also intense and there has been a long historical record
f earthquakes around this areas (Shaanxi Earthquake Information
etwork (SEIN), 2011).

Plane strain gradients describe the gradients of the areal dilata-
ional strain that can portray the enhancement, range and the
uration of the crustal stress. To certain extent, the distribution
f plane strain gradient can reflect the characteristics of the differ-

ntial motions among the tectonic block boundaries (Zhang et al.,
013). The region with high strain gradient indicates that the areal
ilatational strain change significantly in space. The transition zone
ossessing large spatial variations in plane strain gradients indi-
e areas surrounding the Ordos Block for 1999–2007 (unit:10−8/yr).

cates higher likelihood of strong earthquakes, which can used be
for medium to long-term earthquake prediction in mainland China
(Zhang et al., 2013).

Compared with the distribution of the maximum shear strain
rates (Fig. 5), the transition zones of the high and low plane strain
gradients concentrate on the periphery areas of the Ordos Block,
such as along the southwestern side of the Ordos Block, the whole
Yinchuan Grabens, most parts of the Hetao, Shanxi and Weihe
Grabens, the central areas of the Taihang Mountain and the west-
ern edge of the North China Block, the junction areas between
the Qinling Orogen belt and the North China Block (Fig. 6). These
transition zones of the significant plane strain gradients indi-
cate the strain accumulation in these areas reach the maximum
and are therefore the dangerous areas where large earthquakes
likely occur (Zhang et al., 2013). This feature is also consistent
with the aggregation of the spatial distribution of earthquakes in
this region (historical and recent earthquakes shown in Fig. 1)
(China Earthquake Administration (CEA), 1995; China Earthquake
Administration (CEA), 1999; Deng et al., 1996; Fan et al., 2003; Liu
et al., 2016) (Fig. 7).

The compressional strain rates are in the nearly NE-SW direc-
tion and mainly along the southwestern side of the Ordos Block,
accompanied by the extensional strain in the NW-SE direction. This
feature may  be formed if the eastward movement of the crustal
material of the Tibetan Plateau encounters the associated resistance

of the stable Alashan and Ordos Blocks (England and Houseman,
1986; Liu et al., 2007; Bai et al., 2010; White and Lister, 2012).
Over the Yinchuan Graben, most parts mainly present extensional
strain rates in the NW-SE direction, while local areas in the south
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Fig. 6. The distribution characteristics of plane strain gradient of

how compressional strain rates. The Hetao basin overall presents
xtensional strain rates in the NW-SE direction, especially in the
iddle-eastern parts. The northern Shanxi Graben presents sig-

ificant extensional strain rates in the NW-SE direction and the
entral areas of the Shanxi Graben also have extensional strain
ates. The western edge of the Shanxi Graben mainly presents
xtensional strain while the eastern edge compressional strain. The
hole Shanxi Graben has characteristics of dextral tension, while

he overall Weihe Graben shows characteristics of slightly left lat-
ral compression. The junction areas between the Qinling Orogen
nd the North China Block present obviously compressional strain
ates; this feature might be related to the evolving stress field of the
inling Orogenic Belt formed in response to the collision between

he North China Block and South China Block. This also may be the
eason that the principle strain rate in the Weihe basin dose not
ossess significant extensional feature. Additionally, there are two
igher strain rates zones: a higher compressional strain zone in
he central Taihang Mountain, and a higher extensional strain zone
ver the central western of the North China Block (at coordinates
bout 37.2◦N, 114.9◦E). This phenomenon may  also indicate that
he crustal activities in these higher strain zones are significantly
ifferent from adjacent areas, as shown in Figs. 5 and 6.

. Discussions
.1. Characteristics of the strain rate fields predicted by LSC

We  use the exponential function as the local empirical covari-
nce function to carry out the LSC calculation over our study area.
eas surrounding the Ordos Block for 1999–2007 (unit:10−7/km).

However, the misfit to GPS observations from the Gaussian function
is relatively higher (average RMSE ∼0.89 mm/yr) (Fig. 3a). It should
be noted that the Gaussian function has been successfully used to
fit the signal covariance in other regions in mainland China (Zhang
et al., 1998a,b; Jiang et al., 2003; Wu  et al., 2006; Jiang and Liu, 2010;
Jin et al., 2012; Wu et al., 2011, 2015). Therefore, the choice of the
empirical covariance function depends on the GPS observations in
the specific study area.

Additionally, when we  construct the empirical covariance func-
tion based on the GPS observations, the decay model of the
covariance with the site spacing is not only related to the spatial
distribution of the GPS observations, but also specific to the study
region (Jiang and Liu, 2010). Therefore, the strain rates estimated
from the covariance constructed by different decay models actually
take into account the deformations in different frequency domain.
For example, the maximum shear strain (plane strain gradient)
rates in the surrounding areas of the Ordos Block have differ-
ent scales from that the entire mainland China (GPS data during
1999–2007) (Zhang et al., 2013). These differences illustrate that
the strain rates in this study can reflect more detailed local defor-
mation. The maximum shear strain rates (the transition zones of
the high and low plane strain gradients) mostly concentrate on the
periphery areas of the Ordos Block. Most importantly, these periph-
ery areas all possess the most intense crustal activity belts within
the study area. We  can see that the deformation information in

relatively high frequency domain has been identified by using the
LSC technique. On the other hand, the above analysis also indicates
that the uniqueness of the strain field, which is not affected by the
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Fig. 7. The distribution characteristics of the principal strain rates

eference frame, may  be affected by the different spatial frequency
omain and error filtering (Jiang and Liu, 2010).

.2. Comparison with the strain results calculated by other
ethods

Previous studies on the Ordos and its surrounding areas were
ummarized in the introduction section. The latest study on the
nalysis of crustal strain fields was carried out by using the block
odel (Qu et al., 2014a) and the uniform deformation model (Cui

t al., 2016).
Although the observation time of the GPS data in the study of Cui

t al. (2016) does not overlap with this study, the crustal deforma-
ion should be consistent if there is no large tectonic event occurred
n the region). Indeed, there was no big earthquake (ML  > 5.5)
ccurred in this study area during the two observations, and the
oseismic effects (e.g., 2001 Kokoxili M 8.1, 2008 Wenchuan M 8.0,
010 Yushu M 7.1 and 2011 Japan M 9.0 earthquakes) have also
een removed from the GPS velocity (Wang, 2009; Cui et al., 2016).

n addition, in the study of Cui et al. (2016) the GPS velocity fields
ere also firstly estimated on grid points by using the LSC tech-

ique, then the strain results were calculated based on the linear
unctional relation between the velocity and the strain rate under
he assumption that the medium is homogeneous and the strain
s uniform between adjacent points (Zhang et al., 1998a,b). There-
ore, it’s useful to compare the strain results of Cui et al. (2016) with

hose from this study.

There are similar characteristics in the two studies, but also exist
ome differences. Both studies show that compressional strain rates
n the nearly NE-SW direction are mainly along the southwestern
 areas surrounding the Ordos Block for 1999–2007 (unit:10−8/yr).

side of the Ordos Block (accompanied by the extensional strain in
the NW-SE direction). This feature may  indicate that the eastward
extrusion from the Tibetan Plateau may  still be the main cause of
tectonic deformation of the region (Wang et al., 2013). Most of the
Yinchuan Graben mainly presents extensional strain in the NW-
SE direction, the Hetao basin overall presents extensional strain
in the NW-SE direction especially in the middle-eastern areas, the
northern and central of the Shanxi Graben present extensional
strain rates, the west edge of the Shanxi Graben mainly presents
extensional strain and the east edge presents compressional strain.
These similar characteristics from the two studies all reveal that the
higher strain rates almost concentrate along the periphery of the
Ordos Block, which is consistent with the recent dynamics back-
ground over the region (Bi et al., 2012). However, Cui et al. (2016)
presented the compressional strain on the southwestern corner of
the study area, and relative complex principle strain rates within
the Weihe basin and Qinling Orogenic belt. It may  indicate the
tectonic stress field in this area has been modified after the 2008
Wenchuan M 8.0 and 2010 Yushu M 7.1 earthquakes. The direc-
tion of the extensional strain axis in the western edge of the Shanxi
Graben has also changed, indicating the tectonic stress field in this
area has been adjusted after the 2011 Japan M 9.0 earthquake.

It is difficult to compare the strain results calculated by the block
model (Qu et al., 2014a) with the spatial distribution strains pre-
dicted by the LSC technique in this paper. Because the block model
approach divides the study area into several blocks and computes

the strain parameters for each block. The spatial distribution of the
strain field is made of individual results from all blocks. The spatial
distribution from the block model is a process of rejecting gross
error and performing grid processing, which is not strictly continu-
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us processing and filtering and also can be affected by the density
f observations and observation errors. However, the LSC technique

s useful for estimating nonrandom parameters, signal with ran-
om attributes, and random errors. The LSC technique realizes the
patial interpolation and filtering based on a covariance function
hat describes the spatial correlations between any two  points. But
ven so, the strain results calculated by the block model could well
eflect the overall tectonic features of separated blocks (Qu et al.,
014a).

. Conclusions

In this paper, we use the LSC technique to calculate the strain
ate fields over the surrounding areas of the Ordos Block based on
he high- precision GPS data from the CMONOC. The LSC technique
s proved to be an effective method for obtaining the distribution
f the strain rate field, which well portrays recent active crustal
eformation and geodynamics in the region.

The relatively high maximum shearing strain rates are mainly
long the periphery areas of the Ordos Block, such as the south-
estern side of the Ordos Block (the northeastern margin of the

ibetan Plateau and the western edge of the Qilian Fold System),
he whole Yinchuan Graben, the middle and eastern edge areas
f the Hetao Graben, almost the whole Shanxi Graben, the central
reas of the Taihang Mountain and the western edge of the North
hina Block, the western and eastern areas of the Weihe Graben,
he junction areas between the Qinling Orogen Belt and the North
hina Block. These features indicate that these periphery areas hold

ntense crustal activities.
Compared with the distribution of the maximum shear strain

ates, the distribution of the plane strain gradient could more
learly portray that the transition zones of the high and low val-
es significantly concentrate on the periphery areas of the Ordos
lock. This feature further indicates that these periphery areas have
ore intense crustal activity and are more prone to earthquakes.

The distribution of the principle strain rates also shows the
train rates for the periphery areas of the Ordos Block are higher
han other regions. The compressional strain rates in the NE-SW
irection are mainly along the southwestern side of the Ordos
lock, the junction areas between the Qinling Orogen Belt and the
orth China Block. The highest strain rates are significant along the

outhwestern side of the Ordos Block, which indicates that the east-
ard extrusion dynamics from the Tibetan Plateau may  still be the
ain cause of tectonic deformation (Wang et al., 2013). The exten-

ional strain in the NW-SE direction are mainly presented in most
arts of the Yinchuan, Hetao and Shanxi Grabens. The two sides
f Shanxi Graben show distinct strain characteristics: the west-
rn side mainly presents extensional strain while the eastern side
resents compressional strain. These features are consistent with
he tectonic background of the region.

Through further comparing with the strain results calculated
y other methods, we further find that the crustal tectonic defor-
ation of the study area is temporally continuous, and some

ifferences may  indicate the tectonic stress field has been adjusted
n local areas. The detailed results and findings obtained in this
aper could further help us to better understanding the recent
rustal deformations and geodynamics in the area surrounding the
rdos Block. It also should be pointed out that the GPS obser-
ations can provide accurate and large-scale information of the
rustal movement, which reflects the present-day activity level of
he crustal active deformation. However, the observation of nearly
 years is still only a brief moment if compared with the geological
ime scales. Therefore, in order to further understand the evolution
f geodynamics of the study area, our future work will continue
he monitoring of crustal movement to obtain longer time-scale
amics 106 (2017) 1–11 9

GPS observations, along with additional level monitoring and large-
scale satellite observations.
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