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The Shanxi rift valley is a continental rift system that is characterized by mantle
uplift, crustal thinning, and tectonic deformation. A continuous, vertical crustal-
deformation field can elucidate the constraints for understanding the mechanisms
currently driving the deformation of the rift. Accordingly, we acquired and
processed data from 250 continuous and mobile GPS stations located in the
Shanxi rift valley and its surrounding region. Accounting for the influence of fault
activity, we established the vertical crustal-deformation field of the Shanxi rift
valley as a continuous function of space, using an adaptive least-squares
collocation method. The main research findings are stated as follows: 1) the
adaptive least-squares model yielded a reliable interpolation prediction results
with adequate robustness, even for relatively sparse actual observation data. 2)
The current general deformation pattern of the Shanxi rift valley exhibits an uplift
of the mountainous regions on both sides and subsidence of the central basin. The
average uplift rate of the mountain area is 2—3 mm/a, and the subsidence rate of
the basin is not uniform and is positively correlated with the spatial distribution of
the Cenozoic sediment thickness. However, in certain areas, a high subsidence
rate of 10-30 mm/a is associated with human activities such as groundwater
exploitation. 3) In summary, the current vertical crustal deformation occurring in
the Shanxi rift valley correlates with the pattern over a time scale of millions of
years. Overall, it is controlled by regional geological structure pattern, and is
influenced by nonstructural factors in the shallow crust, exhibiting both complex
and orderly characteristics in its spatial distribution.

KEYWORDS

vertical deformation field, Helmert estimation, GPS, Shanxi rift valley, least-square
collocation

1 Introduction

Continental rifting is an important global tectonic phenomenon and rift valleys are one
of the most intense places of tectonic movement. Their formation and development are of
great significance to the study of geodynamics (Zygouri et al., 2008; Zwaan et al., 2020),
mineral exploration (Zou et al., 2015), and seismology (Crone and Haller, 1991; Roberts and
Koukouvelas, 1996). The Shanxi rift valley is a distributed continental rift system that spans
more than 1,000 km from north to south in a slanted “S” shape. The northeast-end strikes to
the ENE, extending into Yuxian-Huailai Basin in Hebei province, and the southwest-end
trends toward the WSW, extending into the Weihe Basin in Shaanxi Province (Zhang et al.,
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1981; Liu et al., 1982; Xu and Ma, 1992). As a boundary zone
between the Ordos and North China Plain, the Shanxi rift valley
exhibits strong mantle upwelling, crustal thinning, and tectonic
deformation (Xu et al, 1993). Strong earthquakes (Ms > 5.0)
have frequently occurred here, indicating frequent activity and
ongoing development of the rift valley (Xu and Ma, 1992; Bai
et al, 1994). The interior of the rift is not a single shear and
tensile structure but is composed of five Cenozoic graben basins
en echelon with NNE-and NE-trending strikes: Datong, Xinding,
Taiyuan, Linfen, and Yuncheng. The non-uniformity of crust
deformation in the rift is reflected by the significant variations in
seismic activity of these faulted basins, and variable the Cenozoic
sediment thickness (Xu et al., 1993) (Figure 1). The nonuniform
deformation characteristics indicate that the intensity of fault
activity and the risk of future strong earthquakes differ in each
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graben basin. To clearly reveal these nonuniform deformation
characteristics, a reliable and accurate 3D-velocity field of the
present crustal deformation is required.

Several research groups have comprehensively studied the
deformation characteristics of its rift structures in depth. In
terms of horizontal deformation, the Shanxi rift valley is
consistent with the entire North China region. In other words,
the maximum compressive stress axis of the tectonic stress field is
aligned in the ENE-WSW direction, the maximum tensile stress axis
is in NNW-SSE direction, and the elevation angle of principal stress
axis is close to zero (Li, 1980; Li et al., 1982; Zhang et al., 1987; Zhuo
etal., 2016). This tectonic deformation feature may be related to the
far-field effect of subduction and the impact of the Indian and
Eurasian plates (Li, 1997; Cen, 2015; Zhang et al., 2019). In terms of
vertical deformation, the Shanxi rift valley displays characteristics of
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FIGURE 1
Seismic geological structure of the Shanxi rift valley.
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inheritance and neogenesis, which may be related to the geological
structure pattern (Hu et al., 1987; Zhang, 1993), regional stress-field
variations (Hu et al., 1993), deep mantle material activity (Hao et al.,
2016), and human activities, particularly groundwater extraction
(Zhao et al., 2018; Yang et al., 2020; Liu et al.,, 2021).

Although Zhao et al. (2014) determined the GNSS vertical
motion rate in North China, most measurement points were in
campaign measurement mode and had a short observation periods
and limited accuracy. Pan et al. (2021) used 260 continuously
operating GNSS stations to demonstrate the vertical rate in
mainland China. However, the obtained spatial resolution was
low owing to the sparsely located ¢cGNSS stations, and only the
overall characteristics of a large range of vertical deformations were
revealed. In general, the detailed characteristics of the current high-
precision vertical deformation, along with its tectonic significance in
the Shanxi rift valley, are still unclarified, mainly because of the
following reasons: 1) The sparse spatial distribution of ¢GNSS
observation data and the short observation period of the GNSS
data in the campaign measurement mode failed to fulfill the high
accuracy requirements of vertical deformation mapping. 2) The
high-precision leveling points are primarily distributed along the
roads; many of them are insufficient in the main structural units, and
the crustal movement pattern as imaged by the measured points is
incomplete.

Aiming at the need for studying vertical crustal deformation in
the Shanxi rift valley, this study proposes a modeling method of
crustal-deformation field based on an adaptive least-squares
method, fault
Subsequently, we acquired GNSS observation station data of

collocation considering  regional activity.
70 continuous measurement sites and 180 campaign sites for
multiple period observations in the Shanxi rift valley and its
surrounding areas. We computed regional GNSS vertical motion
velocity field by refined processing and constructed the continuous
distribution of the vertical crustal-deformation field of the Shanxi
rift valley with the constraint of vertical motion velocity (Dong et al.,
2008; Zhang et al,, 2011; Liang, 2014). Furthermore, the fine features
of the present vertical deformation and its tectonic significance were
analyzed. The results provide reliable data constraints for the
dynamic mechanism of current vertical deformations in the

Shanxi rift valley.

2 Adaptive least-squares collocation
method considering fault activity

2.1 Method of building vertical deformation
field with least-squares collocation

Vertical crustal deformation includes both regional-scale tectonic
deformation and local-scale nontectonic deformation. Regional-scale
tectonic deformation exhibits appropriate stability over the geological
time scale of millions of years, whereas local-scale nontectonic
deformation exhibit randomness. In this paper, the least-square
configuration method was employed to construct a vertical crustal-
deformation model, which was segmented into two components: fixed
effects and random effects, representing the background field and local
motion signals of vertical crustal deformation obtained from the
geodetic survey.
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L=AX+BS+r (1)

where L denotes the observation vector, representing the vertical
deformation of the monitoring point; AX represents the fixed effect
component; BS denotes the random effect component; X denotes a
nonrandom undetermined parameter vector; A indicates the
coefficient matrix, representing the influence of parameter X
(coordinate information of observation station) on the observed
value L; S denotes the signal vector, representing the current crustal-
deformation signal of the monitoring point after subtracting the
overall crustal background deformation; B indicates the coefficient
matrix of S, considered to be the identity matrix. R indicates the
random observation-error vector.

The first term accounts for the regional-scale tectonic
deformation of the block. Herein, a two-dimensional surface with
a second-order polynomial fit in latitude and longitude is used for
fitting, and the coefficient matrix A can be expressed as

1 Ap, AL A(pf Ag, AL, A)Lf

A=|1 Ap; A\ Ag} ApAL; AX] )

1 Ag, AL, A(pf, Ap, A, A)Lfl

where (¢, A) denotes the coordinate of the monitoring point, and
(A@, AX) represents the coordinate of the monitoring point relative
to a central reference location.

The estimated and signal values of the least-square configuration
can be derived as

X=(A"C'a)ATC'L
$= C;'B'C;! (L - AX) ®3)
S’ = CS/SCZIS

In the Equation, C; = BCsBT + C,, Cs denotes the covariance
matrix of the signals between measured points, which describes the
spatial distribution correlation and dispersion of regional crustal
deformation velocity groups. Cgs denotes the mutual covariance
matrix of the measured point signal and the signal at the
unmeasured point to be estimated. C, represents the observation-
noise covariance matrix, describing the discreteness of the
deformation velocity of each point (reflecting the observation
accuracy) and the correlation of errors between various stations.

To determine the optimal weighting between the covariance
matrices of observation noise and signal, we employed the Helmert
variance component method to estimate the posterior unit-weight
variance of the observation noise and signal, respectively. Moreover,
the adaptive factor of the variance component was constructed.
After several iterations, the covariance matrix relationship was
balanced. The adaptive factor is expressed as follows (Yang et al.,
2008):

2 (i)

_ Oor

a=—5 4)
Oos

where 021,62 denote the post-test unit-weight variance of the

observation noise and the unit-weight variance of the signal after the
i-th operation, respectively. According to the adaptive factor, the (i +
1)-th observation-noise covariance matrix can be expressed as
follows:
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. 1 .
Cr(1+1) — _C,@ (5)
a

The adjusted observation-noise covariance matrix was used to
adjust until the adaptive factor « approached 1.

2.2 Fitting of block tectonic movement

Quaternary active faults segment the Earth’s crust into active
blocks of multiple sizes, and the positions and dimensions of fault
segments can be identified by analyzing spatial variation in fault
displacements and fault kinematics (Roberts and Koukouvelas,
1996). Under the influence of tectonic stress, the crustal
differential
movement of each active block. Although the internal movement

deformation is primarily characterized by the
of the block remains consistent, the movement characteristics of the
blocks vary. In particular, the fault and its adjacent crust show high
displacement gradients (Zhang and Zhu, 2000; Deng et al., 2002; Li,
2003; Tan et al, 2009). To reduce the difference between
observations, the values observed in each block are first
centralized for establishing the function model, ie., in Eq. 1, L is

the velocity relative to a reference velocity, such as
L=V-V (6)

where V indicates the mean or median of the observed crustal
movement of each block or the motion parameter determined using
the relevant geological model. After applying the least squares
collocation approach, V' is added back in the velocities of the
measured points and the unmeasured points to be estimated.

Principally, the Gaussian function is used to fit the covariance of
the crustal movement rate (Jiang and Liu, 2010). First, the study area
is segmented into multiple blocks, and the long-term background
velocity of the corresponding block is deducted from the measured
velocity field according to the block affiliation, i.e., the velocity after
centralization is determined via Eq. 6 to evaluate the signal. Second,
the correlation coefficient (0 < B < 1) of the points on both sides of
the main fault is defined with a weakened correlation to reflect the
characteristics of regional crustal deformation (Zhang and Jiang,
2001; Chai et al., 2009). Accordingly, the covariance fitting formula
is derived as follows:

F(d) = BC(0)e X%, 7)

The value of § is set as 1 when the two points are located on the
same side of the main fracture, and that on the opposite side is less
than 1, which is determined based on the actual situation,
recommended at 0.5. In the case of using the determined
covariance function to calculate Cg, Cgg, the correlation between
the points should also be considered according to the above rules.

2.3 Experiment on regional vertical-
deformation field estimation

To evaluate the reliability of the crustal-deformation model
along with the applicability of the method, we initially used an
elastic dislocation model to simulate fault activity and forward the
“theoretical deformation field.” Thereafter, we compared and
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analyzed the deviation degree between the “calculated

and the
simulated by various methods.

deformation field” “theoretical deformation field”

2.3.1 Simulation of the regional vertical-
deformation field

A fault with a positive dip distributed in the study area
(115°-120° E, 35°-40° N), with starting point (117.375° E, 39° N),
end point (117.375° E, 36° N), dip angle (45°), and dip E. In
particular, we assumed complete locking from the surface to
15 km underground, with 30 mm/a positive dip-slip and 20 mm/a
right-lateral shear below 15 km. The homogeneous isotropic semi-
infinite spatial dislocation model (Okada, 1985) is used to simulate
the deformation field (0.25° x 0.25°) generated by the fault activity on
the surface. As depicted in Figure 2A, the area with the high
displacement gradient was primarily distributed in the vicinity of
the fault. To simulate and analyze the influence of the discreteness
and inhomogeneity of the measured points on the modeling, the
measuring points in the range of the fault hanging wall (117.5°-118"
E, 36.5°-38.5° N) were initially deleted. Subsequently, 30% of the
remaining measuring points were randomly deleted. According to
the above scheme, the velocities of 281 points in total can be used as
constraints for fitting (Figure 2B), and those for 160 points can be
used for result checking (Figure 2C).

The least-square collocation method was used to establish the
overall crustal-deformation field with 0.25° x 0.25° resolution.
Moreover, the Gaussian-type function with the decay of distance
was adopted in the empirical covariance function fitting model.
According to the distribution of the measurement points, we
determine the covariance function model parameter K =
0.84 and the correlation distance d = 160 km (Zhang and Jiang,
1999). To evaluate the applicability of the method, modeling is
performed according to the following four schemes:

Scheme 1: Using least-squares collocation modeling without
considering fault activity;

Scheme 2: The variance factor for modeling was adjusted based
on scheme 1;

Scheme 3: Considering the fault activity, the study area was
segmented into two blocks along the fault. The average observed
rate in the block was used to centralize the known observed
values, and the covariance between the points on opposite sides
of the fault was weakened. The point correlation coefficient on
opposite sides of the fault was set as 0.5, and the least-squares
collocation was used for modeling;

Scheme 4: The variance factor for modeling was adjusted based
on scheme 3.

2.3.2 Analysis of experimental results

The crustal-deformation field obtained based on the four
schemes is presented in Figures 3-6, depicting the (Figures
3A-6A) vertical-deformation field estimation result, (Figures
3B,C-6B,C) residuals of fitting points and checking points,
3D,E-6D,E)
distributions of fitting points and checking points, respectively.

respectively, and (Figures residual  frequency
As shown in Figure 3A, 6A, the deformation fields obtained from
the four schemes exhibited similar overall characteristics. All of

them revealed the crustal-deformation pattern of the falling on the
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Vertical-deformation field derived from dislocation model.
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FIGURE 3

Deformation field model fitting based on Scheme 1.

hanging wall and the relatively rising on the footwall. In detail, the
area with a large-displacement difference was distributed in the
blank observation area of the hanging wall as well as the fault end.
Influenced by the fault activity in these regions, the variations in the
crustal-deformation velocity are susceptible to abrupt variability,
and the interpolation accuracy of the model is poor. In particular,
the velocity value in Figure 3A is evidently small in the fault hanging
wall area, which differs from the original velocity field. Figure 4A,
5A, 6A are approximate to the original deformation field, but the
details of the crustal deformation vary. To evaluate the accuracy and

Frontiers in Earth Science

05

usability of the model, we employed qualitative and quantitative
analysis methods to comprehensively evaluate the fitting and
interpolation effects of the four stated methods. The RMS (Root
Mean Square) values of the velocity residual between the actual
observed values and the model values of fitting points and
checkpoints obtained using the four methods are presented in
Table 1. Among them, the near-field checkpoints of the fault
included all the points within the range of 117.5°-118° and
36.5°-38.5°, and all the regional checkpoints incorporated the
near-field checkpoints of the fault and the randomly deleted points.
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Deformation field model fitting based on Scheme 3.

In this example, Method 1 assumes continuous spatial variations
of the crustal deformation. Consequently, the model exhibits
inferior fitting accuracy, and the fitting residuals are skewed
owing to the influence of abrupt variations caused by tectonic
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activities in the deformation field (Figures 3B, D). In comparison,
Method 2 uses the Helmert variance component to estimate and
construct the adaptive factor of the variance component. After

several iterations, the balance of the covariance matrix
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TABLE 1 Comparison of different velocity field modeling methods.

Point type Residual RMS (mm/a)

Scheme 1 Scheme 2 Scheme 3 Scheme 4
All fitting points 2.38 0.79 0.64 0.40
All checking points 4.73 2.93 ‘ 1.51 ‘ 1.28
Fault near-field checking points 9.95 6.55 ‘ 2.72 ‘ 1.56

relationship was achieved. Compared with the results of Method 1,
the fitting accuracy of the model significantly improved with the
application of Method 2, and the fitting residual approximated
normal distribution with zero mean (Figure 4D). Method
3 considers the influence of geological structure and regards the
regional faults as discontinuities in the continuum, which is a slight
improvement compared to Method 2 in terms of fitting accuracy
and statistical distribution of residuals. Method 4 combines the
advantages of Methods 2 and 3 by simultaneously considering the
balance of the covariance matrix relationship and the influence of
geological structure. Consequently, the fitting accuracy of the model
is the highest, and the residual approximates normal distribution
with zero mean.

Based on the perspective of external coincidence accuracy, the
interpolation accuracy of Method 4 is higher than that of Methods 1,
2, and 3, regardless of considering all regional checkpoints or fault
near-field checkpoints for analysis. Based on the perspective of all
checkpoints in the region, the interpolation accuracies of Methods
1 and 2 were greater than 2 mm/a, and the residuals displayed
skewed distribution (Figures 3E, 4E). The velocity obtained via
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interpolation exhibited prominent systematic deviation in the
observed blank area of the fault hanging wall (Figures 3C, 4C).
Although the interpolation accuracy of Methods 3 and 4 is less than
2mm/a, Method 4 delivers higher accuracy, more proximate
residual to a normal distribution with zero mean (Figure 6E),
and smaller residual in the blank area of near-field observations
of fault (Figure 6C).

Owing to the influence of the velocity of points at the footwall of
the fault, the interpolation results of Methods 1 and 2 were
remarkably inferior and failed to accurately reflect the crustal-
deformation status in the near-field area of the fault. In Method
3, the influence of fault activity was considered for constructing the
covariance matrix, and the modeling accuracy and reliability in this
area were significantly improved, which reflected the differential
motion of the two blocks. This indicated that in areas with large local
the
considering fault activity, could not easily reflect these local
variations without applying finer constraints. Based on the

deformation, least-squares  collocation model, without

perspective of interpolation accuracy of fault near-field blanks,
the results obtained by Method 4 were less than 2 mm/a. This
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finding demonstrates the advantages of using Method 4, implying
that the regional fault activity and determination of optimal weight
of noise covariance and signal covariance matrix must be considered
in practical application.

3 GPS model of vertical crustal-
deformation field

3.1 GPS data and processing

The GPS data used in this paper were primarily acquired from
the “Crustal Movement Observation Network of China,” “Shanxi
CORS network,” and “Shanxi Earthquake GPS Monitoring
Network,” with 70 continuous stations and 180 campaign
stations in the study area. Additionally, data processing was
performed in four steps using GAMIT/GLOBK (Herring et al.,
2010) and QOCA software. In particular, 1) GAMIT software
was used to process the daily observation data for obtaining the
single-day relaxation constraint solutions of the satellite orbit,
station coordinates, antenna-phase offset, and zenith atmospheric
delay parameters. 2) The regional single-day solutions were merged
with the single-day solutions of approximately 80 IGS core stations
produced by SOPAC. These IGS core stations were used as a
“bridge”
solutions into the ITRF2014 framework using seven parameters.
3) The annual motion amplitude of the GPS vertical time series can

to transform the single-day relaxation constraint

reach up to 5-10 mm owing to nontectonic factors such as
atmospheric pressure, nontidal ocean loads, and hydrological
loads (snow cover and soil water) (Mangiarotti et al., 2001; Dong
et al., 2002; Dong et al., 2006; Wang, 2009; Jiang, 2013).The
observation period of the campaign sites is small and the
observation time is not fixed each year, it is significantly affected
by the unestimated parameters when determining the vertical
motion rate (Blewitt and Lavallée, 2002; Dong et al., 2002; Bos
etal., 2010; Zhan et al., 2016). Considering that GPS vertical annual
motion bears regional correlation (Wdowinski et al., 1997; Jiang,
2013; Sheng et al., 2014), this paper used the method of Liang (2014)
to correct the vertical nonstructural load deformation of the GPS
campaign station. First, 64 GPS continuous stations with long
observational timespan were selected in the study area, and the
annual term amplitude and initial equality parameters of the
continuous station time series were fitted through the chord
function. Thereafter, by eliminating the “abnormal” continuous
stations inconsistent with the annual term amplitude and initial
phase, 61 GPS continuous stations with adequate observation
quality were ultimately selected to construct the Delaunay
triangulation network. Using the harmonic function obtained by
fitting the GPS vertical time series of the three endpoints of each
triangle, the nonstructural deformation correction corresponding to
the actual observation date of the campaign station in the network
was evaluated based on the inverse-distance weighted-average
algorithm. To ensure the accuracy and reliability of the vertical
motion rate, only GPS campaign stations with observation timespan
longer than 7 years were corrected (Blewitt and Lavallée, 2002; Bos
et al, 2010; Li et al, 2015). 4) QOCA software was used to
combinedly adjust the single-day relaxation constraint solutions
of all GPS stations that completed the nonstructural deformation

Frontiers in Earth Science

10.3389/feart.2023.1083562

3 T T
32 i + |
e +
=
£ i _
2 ; :
2 + —
i |
1k _T_ | i
|
! |
.
O 1 1
Continuos GPS Campain GPS
FIGURE 7

GPS measuring point vertical velocity RMS box diagram.

correction. Consequently, we obtained the present vertical motion

velocity field of the

ITRF2014 reference frame.
The RMS of vertical motion rates ranged between 0.1 and

Shanxi rift valley relative to the

1.0 mm/a at the GPS continuous station and between 0.3 and
1.3 mm/a at the GPS campaign station (Figure 7). Owing to the
long observation period of the continuous station, the RMS of
certain measuring points may be slightly larger than that of the
campaign station because of the noise interference, but most of them
did not exceed 2 mm/a. The observation timespan of certain GPS
campaign stations was longer than that of the continuous stations.
However, owing to the limitation of the observation mode, the
campaign observation inevitably excluded a considerable amount of
“noise” records, whereas the “signal” (velocity) retained the
information as the observation period increased and, finally,
obtained a statistically smaller RMS. Certain scholars believe that
the RMS of the GPS campaign stations should be increased at least
two times to correspond to the continuous station (Wang and Shen,
2020). However, the RMS of the vertical movement rates of the two
kinds of GPS stations were comparable after the nonstructural load
deformation correction applied in this study. For GPS vertical
motion, the points whose uplift rate is inconsistent with the
movement of most measuring points in the same block are
removed, and the remaining 212 measuring points are used for
subsequent analysis.

3.2 Continuous vertical-deformation model

The GPS-derived vertical-deformation field of the Shanxi rift
valley relative to the ITRF2014 reference frame is presented in
Figure 8, depicting that the GPS measuring points include both
uplift and subsidence. However, the uplift rate is significantly lower
than the subsidence rate, generally less than 3.0 mm/a. Primarily, the
uplift measurement points are distributed in the Taihang Mountain
area in the east and the Lvliang Mountain area in the west. In
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GPS vertical-deformation field in the Shanxi rift region (relative to ITRF2014 reference frame).

comparison, the settlement points are mainly distributed in two
types of areas: first, the Hebei Plain in the east of the Shanxi rift
valley, with a relatively dense distribution of subsidence points and
the largest subsidence amount. The maximum subsidence rate of the
measurement points is greater than 60 mm/a. Second, the Datong,
Taiyuan, and Yuncheng basins in the Shanxi rift valley. The Datong
Basin exhibits a small subsidence rate (maximum rate of ~10.0 mm/
a), whereas the Taiyuan and Yuncheng basins display larger
subsidence rates—maximum rates of —30.5 and -36.2 mm/a,
respectively. To further analyze and study the current vertical
deformation fine feature of the Shanxi rift valley, the continuous

Frontiers in Earth Science

spatial distribution of vertical crustal deformation is deduced using
the GPS velocity field of unified reference.

Due to the high gradient in crustal movement on both sides of
the fault and uneven distribution of GPS measuring stations, the
spatial information of regional crustal vertical deformation in the
Shanxi Rift is unclear. Based on the information distribution of all
observed data, spatially correlated models can be developed using
traditional spatial statistical modeling methods, which yield singular
values. In comparison, the adaptive least-squares collocation
method considering fault activity can estimate the vertical-
deformation velocity through the optimized empirical covariance
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function, which enables appropriate modeling of regions with
significant differential crustal deformation. Herein, we apply the
least-squares collocation method to construct the continuous
vertical-deformation model of the Shanxi rift valley.

The Shanxi rift valley and its surrounding areas can be
segmented into three relatively independent blocks along the
boundary faults of the five major graben basins, namely, the
Lvliang Mountain in the west, the Taihang Mountains in the
east, and the central graben basin belt. In Figure 9, the block
boundaries are demarcated using gray-dashed lines. According to
the determined block boundary, the known observed values in each
block area were respectively centralized. According to the
distribution of measurement points, the correlation distance of
spatial signals d was determined as 158.7 km, and following
inverse calculation, the covariance function model parameter K
was obtained as 0.02 (Zhang and Jiang, 1999). Considering that

Frontiers in Earth Science

the vertical motion of the mountainous region on both sides is
completely opposite to that of the graben basin, the point correlation
on both sides of the block boundary was defined as 0.5 when the
prior covariance matrix is determined using the Gaussian-type
empirical covariance function. Simultaneously, the Helmert
variance component was introduced to estimate the a posteriori
unit-weight variance of the noise and signal, which balanced the
relationship between their covariance matrices.

The vertical crust-deformation image of the continuous
distribution of the Shanxi rift valley established based on the
GPS-measured data is illustrated in Figure 9, which indicates that
the vertical deformation of the Shanxi rift valley is correlated with
the overall tectonic landform. The orogenic belt and plateau area
compose the uplift areas, primarily including the Taihang
Mountains and Lvliang Mountains on both sides of the Shanxi
rift valley, and the lateral uplift areas, such as Lingshi and Shiling
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Pass, are situated between two graben basins. Moreover, the basins
along the rift valley and plain area form the subsidence regions,
including the central graben basin of the Shanxi rift valley and Hebei
Plain, which is consistent with prior research results (Zhao et al.,
2014). Furthermore, the average uplift rate of the Taihang and
Lvliang mountains was approximately 2 mm/a, which is consistent
with the InSAR monitoring results. The vertical crustal deformation
in this region is unaffected by groundwater extraction, which may
cause the background tectonic movement during the interseismic
period (Zhao et al., 2018). Nonetheless, the subsidence of Datong,
Taiyuan, and Yuncheng basins in the central rift valley is
significantly large at a rate of 10-30 mm/a. Moreover, these
regions experience severe groundwater extraction that causes
hazardous geological disasters such as land subsidence and
ground fractures (Yang et al., 2016, 2021; Peng et al, 2017; Liu
etal, 2021). Although the Xinding Basin does not appear to subside,
it exhibits a weak uplift that is consistent with the current horizontal
extrusion deformation characteristics of the basin (Zhao et al., 2017).

The adaptive least-squares collocation method considering fault
activity can adjust the empirical covariance matrix according to the
structural characteristics of the Shanxi rift valley and the actual
situation of the observed data, which can effectively improve the
model fitting and interpolation accuracy. Specifically, in the blank
observation area near the fault field, the interpolation results were
obtained based on the observation results of the same structural area
on same side of the fault. Overall, the interpolation results yielded no
singular values, and the model results were consistent with the
measured values. We believe that this method is suitable for studying
the vertical-deformation characteristics of the Shanxi rift valley, and
the interpolation results can represent the real deformation
information of the region to a certain extent.

4 Discussion

4.1 Tectonic significance of current vertical
deformation

The current subsidence rate in the central and southern regions
of the Datong Basin increases up to 9.1 mm/a, which is the most
significant subsidence region in the basin. This area is structurally
located in the hanging wall of the Kouquan fault, with a Cenozoic
sediment thickness of 1,800 m (Xu et al., 1993). More specifically, it
encloses an industrial and agricultural activity area of Datong City,
and the excessive groundwater exploitation by industrial and
agricultural production resulted in the drainage of several
aquifers and the continuous decline of underground water level,
forming three large sedimentation funnels (Guo et al., 2002; Dong
etal,, 2008). The present vertical-deformation rate reported herein is
consistent with the spatial distribution of the subsidence funnel,
which indicates that groundwater exploitation is a vital reason for
the present vertical deformation of the crust in the Datong Basin.

The current subsidence rate of the Taiyuan Basin reaches up to
10.5mm/a and is primarily distributed along and near the Jiaocheng
fault. In comparison, the Taigu fault along the eastern boundary exhibits
a relatively small subsidence rate: 3-4 mm/a. Geological studies have
reported that the deep-fault depression in the Taiyuan Basin is mainly
distributed along the Jiaocheng fault in the west. The Cenozoic sediment
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thickness detected by artificial seismic is from 2,000 to 3,800 m, wherein
the Quaternary sediment thickness ranges from 300 to 500 m (Xu et al,,
1993). Although the Cenozoic sediment thickness along the Taigu fault
in the east spans only hundreds of meters, the Quaternary sediment
thickness ranges only within 100-150 m. The positive correlation
between the current vertical-deformation rate and the Cenozoic
sediment thickness of the basin suggests that the current vertical-
deformation pattern of the Taiyuan Basin is consistent with the
long-term deformation on geological time scales. However, the
deformation of >10 mm/a in the western region of the basin is not
entirely caused by the tectonic deformation, and it is closely related to
groundwater exploitation (Sun, 2016).

The current subsidence rate of Yuncheng Basin is up to 36.2 mm/a,
and the subsidence center region is located in the alluvial plain of the
hanging wall on the north foot of the Zhongtiaoshan fault. In this region,
the Cenozoic sediment thickness is up to 5,500 m at the deepest point,
the largest Cenozoic sediment thickness in the Shanxi rift valley. The
types of regional groundwater include pore water in loose rocks, and the
phreatic aquifer, phreatic-confined aquifer, and confined aquifer as the
major groundwater exploitation layers (Huang, 2007). The excessive
groundwater exploitation has formed a permanent groundwater drop
funnel that reduces the pore pressure of the aquifer, resulting in severe
land subsidence (Yao, 2017). Compared with the Yuncheng Basin, the
vertical-deformation range and amplitude of the Linfen Basin are
relatively small. In this region, the maximum thickness of the
Cenozoic sediment is approximately 2,200 m and pertains to the
loess platform. Moreover, the groundwater content differs, and the
correlation with land subsidence is weak (Yang et al., 2016).

The present vertical deformation of the Shanxi Rift Valley is
controlled by the existing structural pattern and influenced by the
shallow nonstructural factors as well as the physical properties of the
crustal medium. Since the Quaternary age, the faulted basins have
maintained a pattern of inherited decline, but the subsidence rate
expresses prominent inhomogeneity, which is positively correlated with
the Cenozoic sediment thickness of the basins. This type of deformation
occurs only on the shallow surface of the Earth. Based on seismic
geology, the deformation is much larger than the dip-slip rate of
~Imm/a (Miao et al, 2014), and based on leveling, the vertical
movement rate of 6-8 mm/a (Hao et al, 2016) is completely
different from the fault activity mechanism driven by deep sliding
(Qiao et al., 2019; Liu, 2021).

4.2 Dynamic mechanism of current vertical
deformation

The subduction of the Indian plate to the Eurasian plate promoted
the eastward expansion of the Tibetan Plateau along with the vertical
uplift, and the eastward transmission of the tectonic stress generated
the counterclockwise rotation of the Ordos block and the eastward
extrusion escape of the Qinling Mountain (Deng and You, 1985; Xu
et al,, 1993; Zhang et al., 2019). The northwestern boundary of the
Pacific plate subducted westward at the Japan Trench, and the
westward progression of the flattened oceanic plate at a depth of
660 km possibly extended to the Shanxi rift valley (Huang and Zhao,
20065 Lei, 2012; Shao et al., 2016). Therefore, the far-field effect caused
by the collision of the Indian and Eurasian plates and the mantle
upwelling resulting from the subduction of the Pacific plate affected
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the tectonic movement and deformation of the Shanxi rift valley
through various mechanisms.

The regional vertical crustal-deformation images presented in
this paper reflect the inherited deformation of the basin subsidence
and mountain uplift since the neotectonic movement. However, as
the vertical crustal deformation in the basin is gravely affected by
the differential
deformation rate between the faulted basin and the mountainous

nontectonic interference, vertical tectonic
regions on both sides cannot be accurately determined at present.
Considering the Datong Basin in the north of the rift valley as an
example, a vertical differential deformation rate of 2.5 mm/a was
obtained from the observation data of ground fracture activity in the
basin. After deducting the displacement caused by seasonal
groundwater exploitation, the vertical differential deformation
rate caused by tectonic activities ranged from 0.75 to 1.0 mm/a
(Liu, 2021), which is approximate to the variation range of
0.12-1.48 mm/a of a normal fault-type vertical slip rate in the
Datong Basin derived from geological data (Zhang et al., 1998;
Deng, 2002). Therefore, the neotectonic movement and human
activities, such as groundwater exploitation, combinedly affect the
vertical crustal deformation in the Shanxi rift valley. In particular,
neotectonic movement acts as the controlling factor, and under the
compound influence of upper mantle uplift, regional tensile stress,
and tectonic block movement, the fault system progress along the
fault and forms a hidden fault system on its hanging wall (Wang
et al,, 2020). In certain regions of the basin, excessive groundwater
exploitation has formed a permanent groundwater downward
funnel, which consequently reduced the aquifer pore pressure
and triggered severe land subsidence.

4.3 Application of crustal-deformation
modeling method

The velocity variations occurring because of crustal deformation
in regions with strong tectonic activity cannot be neglected, their
estimation using accurate functional models is challenging (Diao
and Xiong, 2008; Li et al., 2012; Wang et al., 2020). The least-squares
collocation is a typical statistical method with theoretical rigor,
which poses certain advantages when applied for estimating the
signal in the spatial domain based on the crustal-deformation data of
limited observation points. However, if the crustal-deformation field
exhibits discontinuous variations caused by fault activity, the least-
squares method can unreasonably estimate the correlation of point
velocities on both sides of faults, which reduces the fitting accuracy
of the velocity values in the near-fault region. Thus, the crustal
deformation is artificially weakened or annihilated. The estimation
of the variance component for adjusting the observation noise and
signal in proportion to the covariance can yield a relationship that is
more proximate to the real value. This improves the precision of the
fitting and interpolation model to a certain extent. However, the
interpolation accuracy of the deformation field remains inferior in
the significant local-effect areas such as fault near-field. Thus, the
model cannot facilely yield reliable fitting results in case of a wide
range of measured data gaps for the above regions.

The empirical covariance matrix can be adjusted with the
adaptive least-squares the
structural characteristics and the actual situation of the observed

collocation  considering regional
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data, which effectively improves the accuracy of model fitting and
interpolation in regions with fault activity. Specifically, the above-
stated method delivers higher interpolation accuracy compared with
the least-squares collocation method considering only the tectonic
characteristics in the observation blank region near the fault field,
which facilitates the current fulfillment of regional crustal
deformation monitoring and research. In addition to providing
an accurate description of the local deformation characteristics
inside the basin, the vertical crustal-deformation field in the
Shanxi rift valley based on the geological structure and GPS data
can reveal the discontinuous deformation characteristics between
the mountainous regions on both sides and the graben basin.

Notably, the interpolation method based on the mathematical
model is insufficient in the physical sense. Regardless of the least-
squares collocation method, the relationship between the
interpolation point and the known point can be derived from
the mathematical perspective. In fact, the movement and
deformation of the Earth’s crust are driven by certain dynamic
mechanisms, such as the surface movement rate of an observation
point is an external response under dynamic action. Thus,
revealing the internal physical relationship between the motion
of every point position can accurately evaluate the deformation
rate. In addition, this study considered only a strike-slip and dip-
slip fault activity, whereas fault movement, and tectonic
deformation are extremely complex to be considered in practice.
The extensive Late Quaternary active faults in the Chinese
mainland segmented the Earth’s crust into multiple levels of
active blocks, thereby presenting extremely complex motion and
deformation characteristics under the action of tectonic stress.
Based on the variance among multiple observation data and
geological structural environment, several algorithm models and
parameter settings should be utilized according to the specific
problems, which requires further in-depth research.

5 Conclusion

The adaptive least-squares collocation model considering fault
activity effect can yield more reliable interpolation prediction results
in case of relatively sparse actual observation data, and it exhibits
appropriate robustness. These results revealed fine characteristics of
vertical deformation in the Shanxi rift valley and provided reliable
data to analyze the characteristics and tectonic implications of the
present vertical deformation of the rift, thereby clarifying the
mechanism of the present vertical deformation of the rift.

The current vertical crustal deformation in the rift valley follows
the deformation pattern continuing for millions of years of
geological  history—generally  characterized by continuous
subsidence of the graben basin and relative uplift of the
mountainous regions on both sides. The average uplift rate of the
mountains on both sides was 2-3 mm/a, which may have been
caused by the background tectonic deformation. Expectedly, the
nonuniform subsidence rate of the graben basins was positively
correlated with the Cenozoic sediment thickness in spatial
distribution. However, the subsidence of 10-30 mm/a in certain
regions was not entirely driven by tectonic deformation; it is closely
associated with human production and life, such as groundwater

exploitation.
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Therefore, the complex yet orderly spatial distribution of the
vertical deformation in the Shanxi rift valley and its surrounding
regions reveals the control of regional geological structure pattern on
its current vertical deformation and the influence of nontectonic
factors on its shallow crust.
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