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Abstract

Calculation methods for large-scale strain rate fields from GNSS horizontal velocity can
be divided into two types, namely mathematical and physical methods, which reflect dif-
ferent characteristics of the strain rate field. Therefore, it is necessary to combine these
two types of methods to obtain a more reasonable strain rate field. In this study, strain
rate fields made from the least-squares collocation (mathematical method) and fault model
(physical method) were jointly processed by using Helmert variance component estima-
tion, and the reliability of the joint results was analyzed based on the simulated and
measured GNSS velocity. Then, the effect of station density on the strain rate field in the
Sichuan-Yunnan region was analyzed, and the results show that the mathematical method
was influenced by station density significantly. Based on the joint strain rate field in the
Sichuan-Yunnan region, shallow seismicity forecast rates was calculated in conjunction
with the Global Centroid-Moment-Tensor Earthquake Catalogue from 1976 to 2021. The
results indicate that the shallow seismicity forecast rates of the Sichuan-Yunnan region is
high, with 3 Mw>7.0 earthquakes may occur every 100 years.

Keywords Strain rate - Least-squares collocation method - Fault model - Helmert
variance component estimation - Shallow seismicity forecast

1 Introduction

Large-scale strain rate field are widely used for describing crustal deformation character-
ization because they do not rely on a reference frame and reflect deformation information
directly (McCaffrey 2005; Parsons 2006; Shen et al. 2007). The strain rate field can be used
to identify the deformation characteristics of the crust before a strong earthquake, determine
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the characteristics of the deformation field, and ascertain the proportion of elastic strain in
the total accumulated strain, which is directly related to the nucleation of strong earthquakes
(Li et al. 2022; Wang and Shen 2020; Wu et al. 2022). The strain rate field provides an
understanding of earthquake preparation and facilitates advancing earthquake prediction
research (Riguzzi et al. 2012; Zeng et al. 2018; Zheng et al. 2018; Guo et al. 2022; Pang
2022; Zhang et al. 2022). However, there are multiple methods to calculate strain rates,
which produce different results for the same source data. It is crucial to obtain a reliable
strain rate field.

Strain rate calculation methods from GNSS horizontal velocity can be divided into
mathematical and physical methods. Mathematical methods construct equations to solve
the strain (rate) distribution directly, mainly based on the differential relationship between
the strain rate and displacement and their graded spreads (Li et al. 2001; Hsu et al. 2009;
Yu and Lu 1978). It has the advantages of better description of the observed data, simplic-
ity of calculation, and suitability for describing continuous deformation (Tape et al. 2009;
Jiang and Liu 2010). The differences between the four mathematical methods (least-squares
collocation, spherical harmonic function, polyhedral function, and Delaunay triangle meth-
ods) have been compared systematically based on simulated and measured data, providing
an evaluation of their edge effects, reliability, applicability, and resistance to discrepancies
(Wu et al. 2011; Wu 2012). In addition to the mathematical relationship between strain
(rate) and displacement (velocity), the physical methods also consider the effects of the fault
and medium parameters in the study area, mainly including the fault model and numerical
simulation methods (Bird 2009; Savage and Burford 1973). These methods are mainly suit-
able for regions where a main fault exists in the study area and the medium parameters are
relatively clear.

The mathematical method is generally aimed at describing the observed data, but it does
not focus on whether the deformation is caused by faults, neither does it consider whether
the strain is generated by the main faults in the study area, by branching faults within the
block, or by continuous deformation of the block. It is also more difficult to reflect the rapid
deformation near the faults using the approach. The physical method considers the most
dominant strains in the study area to be caused by faults and assumes the deformation within
the block to be very weak or even negligible, resulting in high strain rates calculated near
the faults and rapid decay of strain rates away from the faults. To obtain the strain rate field
results of the Sichuan-Yunnan region of China accurately, we use Helmert variance com-
ponent estimation to jointly process strain rate field results given by the least-squares col-
location (mathematical method) and fault model methods (physical method) (Helmert 1907;
Kotsakis and Sideris 1999; Cui et al. 2009; Xu and Liu 2014). The mathematical method
is difficult to highlight the fracture deformation characteristics when there are few stations,
while the joint method can improve the calculation ability of strain near the fault effectively.
Based on this, the joint strain rate field results were used to estimate shallow seismicity
forecast rates in the Sichuan-Yunnan region based on the SHIFT assumption and algorithm
(Bird and Kreemer 2015; Zheng et al. 2018), and the seismic hazard was analyzed.
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2 Methods

Regional crustal deformation and strain distribution based on geodetic observations are
important in the analysis of the physical processes of strong earthquakes. We selected a rep-
resentative mathematical method (least-squares collocation) (Jiang and Liu 2010; Wu et al.
2011) and a physical method (fault model) (Okada 1985) to objectively describe the Global
Navigation Satellite System (GNSS) strain rate distribution in the study area.

2.1 Least-squares collocation

The least-squares collocation method has been discussed in detail in previous studies (Heis-
kanen and Moritz 1967; Yu and Lu 1978). The following Eq. (1) gives a direct solution.
In the formula, 7 is the estimation of random signals (including observation and estima-
tion values), G is the coefficient matrix of the classical adjustment, ¥ is the undetermined
parameter to be solved in the classical adjustment, L are the observed values, Dy is the
covariance matrix of measured points signals, D, is the covariance matrix of all points
signals, D 4 is the covariance matrix of observed values.

—~ -1
V= {GT<DX n DA)”G} GT(Dx + D) 'L

~ - (1

7 = Dy(Dx + D)™ (L - GY)
When Eq. (1) is used to describe large-scale crustal movements, the covariance distribution
of signals should be determined first. Previous studies have discussed the covariance distri-
bution of signals in depth (Jiang and Liu 2010; Wu et al. 2011), this study used the Gaussian
covariance function, as shown in Eq. (2).

F(d) = Ae ¥ )

In Eq. (2),A and k are parameters to be determined, which can be obtained statistically. A
relationship between the covariance and the distance d (km) can be established, d can be
expressed as a function of the geodetic coordinates (A, ¢ ) on the sphere. The displacement
field of the study area can be expressed as a function of the point position (), ¢ ) using
Eq. (2), and the strain results on the sphere can be obtained according to the differential
relationship between displacement and strain.

2.2 Fault model

Savage and Burford (1973) provided a displacement formula for the interseismic deforma-
tion curve of a strike-slip fault by means of a ‘spiral’ dislocation: the inverse tangent func-
tion. Okada (1985) summarized and deduced the dislocation formula under a semi-infinite
space uniform medium, and described the relationship between fault slip and surface dis-
placement, strain, and strain gradient. The Okada fault model is based on a finite rectangular
surface, and the representation of surface deformation and strain can be obtained by inte-
grating the point-source dislocation expressions over the rectangular surface. It is a complex
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theoretical equation suitable for calculating displacement, strain, and tilt deformation due to
any shear and tensile fault.

The geometric relation of the fault model is shown in Fig. 1. The elastic medium is filled
with the region z<0 (that is, semi-infinite space), the axis parallel to the strike of the fault is
taken as the X-axis, and the dislocation components U1, U2 and U3 respectively correspond
to the strike-slip, dip-slip and extensional dislocation components of any dislocation. § is the
dip angle of the fault plane, d represents the focal depth, and L and W respectively represent
the length and width of the fault.

The distribution of the strain field can be obtained based on the fault slip rate within
the study area using the fault model. The strain rate field is obtained in two main steps: (1)
calculating the slip rates of the main fault based on the GNSS horizontal velocity and (2)
calculating the strain rate distribution due to fault slip. Blocks software(Meade and Hager
2005)was used to calculate the slip rate. The relevant locking depth information of the fault
was sourced from previous research (Shen et al. 2005; Wang et al. 2008; Li et al. 2021). For
the fault zones where no relevant research results were available, a unified locking depth
of 15 km was used based on the results of precise relocation of small earthquakes and the
crustal structure in Sichuan-Yunnan region (Zhao 2012; Zhang 2019). Subsequently, the
surface strain rate distribution results were calculated by the fault model using the fault
slip rate. We assumed that Lamé parameters are equal (A = 1), the medium constant in the
Okada model is 0.667 (Okada 1985). The Okada model was used to calculate the strain in
the fault model method.

2.3 Helmert adjustment

Both Mathematical and physical methods have advantages as well as disadvantages. The
mathematical method can describe strain changes over a wide range of deformation fields
but does not highlight the rapid changes in the region near the faults, and the physical
method focuses on describing discontinuous changes near the faults but encounters difficul-
ties with strains in the far field.

To obtain a more accurate strain rate field, we developed a joint adjustment method using
Helmert variance component estimation to process mathematical and physical results. First,
we fitted the results of the two computational methods using a multi-surface function fit-
ting method, which was proposed by Hardy in 1978 and has been recommended for crustal
deformation analysis in the USA (Hardy 1978). In this study, the multi-surface function
was improved by constructing a functional model containing a first-order plane function
plus a step term, as shown in Eq. (3), and the kernel function was constructed as shown in

Fig. 1 Okada fault model z4
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Eq. (4). z; and y; are latitude and longitude of the station. The values of parameters k£ and
a should be determined first, which can be obtained statistically (Jiang and Liu 2010; Wu et
al. 2011). Then, based on the principle of indirect adjustment, the equation can be solved for
the parameters, and the error estimates can be obtained.

v; = A+ B, + Cy; + Da? + Ey? + Fryy; + g (0 or 1)+

Zﬂ. a;Q(Ni, 1, \j, ) — Li 3)

QN 6, 6y) = ¢ honsep)” @)

The strain results calculated by the two different methods can be expressed as a function of
latitude and longitude by using Egs. (3) and (4). Since the stations of two different methods
are different, the results are interpolated to make the longitude and latitude of the two results
completely consistent, and then the joint adjustment is carried out.

Owing to the different error compositions of the two methods, Helmert variance com-
ponent estimation was used to determine weighting. The basic process was as follows: (1)
Two sets of error equations and weight matrices P, P, were established based on Eq. (3),
then the normal equations were formed and solved. (2) Parameters #;and fywere solved
according to Eq. (5). 3)We determined whether |0;/60s — 1| < ¢ was satisfied, where ¢
is 0.01. If satisfied, iteration was halted, otherwise, P’ = PQ‘M* ZE — 1) to modify the
second weight matrix. Steps 1-3 were repeated until the iteration stopped, and the weight
matrix was obtained. Using this method, the weights of the two strain calculation methods
can be modified to form a new normal equation for a unified solution, resulting in a joint
adjustment of the two methods (Wu et al.2021).

7L172tl‘(\N )+t1('\ N-'N{N— ) tr (\ N-IN,N— ) 0] VPV 5
(\ N7INy,N- ) n272tr(N2N )+fr(\2N IN,N- ) 0, | Vi PV ()

where 61and 6, are posterior variances of the strain rate of the two strain results, P, P, V}
, and V5 are the corresponding equation matrices; N; = BlTPlBl and Ny = BQT P, B, are
the arrays of equation coefficients for the two strain datasets; N — BT PR is the array of
Helmert adjustment equation coefficients; 11,12 are the number of error equations; and
tr (M) denotes the trace of the matrix M.

3 Joint adjustment of strain rate field
3.1 Joint result based on simulated velocity
In this study, the Sichuan-Yunnan region (99°E—105°E, 24°N—33°N) was selected to imple-
ment the Helmert adjustment. First, the simulated velocity was generated by Eq. (6) and
Eq. (7), where f,, (A, ¢) and f. (), ) represent the continuous deformation components,

and g (A, @)and g.; (A, ) are the fault deformation components (see Fig. 2(a) for the
exact location of the fault). The data of three simulated faults was based on the geometric
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trend, strike slip velocity, and locking depth of the Xianshuihe-Xiaojiang fault in this region.
To render the velocity field more complicated, we added the extra exponential functions in
fo (N, @) and f. (X, ). The data simulation formula in Wu et al. (2017) was used as a refer-
ence in this study. \ represents longitude, ¢ represents latitude (in radians), V\; and V;
denote the difference between the measured point and the projected point on the fault, and
rand () is the additional white noise. Figure 2(a) shows the simulated velocity field results
for the Sichuan-Yunnan region based on the generation model with an additional error of
+1.5 mm/a.

Based on the velocity field formula, Eq. (8) can be used to calculate the theoretical strain
parameters, which in turn obtaining theoretical strain results.

{ Uy = f’n, (/\7 @) + gn1 ()\7 @) + gn2 <)\ @) + 9n3 (A7 @) + Tand () (6)
Ve = fe <)‘7 <p) + Ge1 </\, QO) + ge2 (/\7 gp) + ge3 ()‘a QD) + rand <>
fa (A @) = 15sin (422) cos (3¢?) +5.0 x 1.2% — 4.0 x 1.3 + 0.5\ — 2¢?
fe (X, @) = 18sin (3A?) cos (4¢?) + 5.0 x 1.5 — 4.0 x L.7% 4+ X — 1.5¢*
gn1 (A, ) = 3.5arctan (120 x V)
ge1 (A, p) = =3.5arctan (120 x V)
(7
gn2 (A, ©) = 9.0arctan (60 x VA9)
ge2 (A, ) = —=3.5arctan (60 x Vo)
gns (A, ) = 4.0arctan (80 x VA3)
ges (A, ) = 1.2arctan (80 x VA3)
Qugp
€ :d }E o
= R(’isga 0“)\)\ - I;ta’n(p (8)

1 Ou 1 Ouy

1 @ o ux
Rcosp O + R tamp + R (');,9}

Exp = ol

Where R is the average radius of curvature, and ¢, ¢, and &,,, are strain tensors.

Simulated faults 1, 2 and 3 were pure strike-slip faults with dip angle of 90°. The strike
and length of faults were calculated using the latitude and longitude of the two ends of the
fault. GNSS profiles were used to calculate the slip rate of the faults then the fault model was
used to calculate the strain of the simulated velocity field. First, we created a GNSS profile
on the fault, calculated the average velocity on both sides of the profile and subtracted those
two values to derive the fault’s slip rate value, the GNSS profiles’ location were showed in
Fig. 2(a), profiles results are given in Supplementary filel. Then the arctangent model was
used to invert the locking depth of the fault (Paul 2010), and the finally strain was calcu-
lated based on these parameters. Based on this simulated velocity, the strain rate field was
calculated by using least-squares collocation, the fault model, and Helmert adjustment, as
shown in Fig. 2. The difference between calculation strain results and theoretical values is
shown in Fig. 3.

@ Springer



Acta Geodaetica et Geophysica (2023) 58:499-513 505

The results calculated by the least-squares collocation method (Fig. 2¢) reflected the high
strain value near the fault and showed variations in the region away from the fault, which
was close to the spatial characteristics of the theoretical value (Fig. 2b). The results from
the fault model (Fig. 2d) were concentrated in the near-fault region, and disappeared rapidly
with increasing distance from the fault. The joint strain rate (Fig. 2e) showed both the high
strain values on the fault and low strain values in the region away from the fault, which was
closer to the theoretical values (Fig. 2b). The difference between joint strain results and the-
oretical values was smaller than the least-squares collocation result and fault model result.
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Fig.2 Simulated velocity field and maximum shear strain field results of the Sichuan-Yunnan region: a simu-
lated velocity field, b theoretical strain results, ¢ results of least-squares collocation methods, d results of fault
model, and e results of Helmert adjustment
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Fig. 3 Difference between calculated strain results and theoretical values: a difference between results of
least-squares collocation methods and theoretical values, b difference between results of fault model and
theoretical values, and c¢ difference between results of Helmert adjustment and theoretical values

The agreement between the calculated results and theoretical values was analyzed from
the perspective of correlation. The correlation coefficients between the calculated results
and theoretical results were calculated according to the correlation coefficient formula (Wu
et al. 2011). The range of the strain rate for correlation coefficients calculation was slightly
smaller than the range of the actual input data to reduce the influence of edge effects. The
results showed that the joint strain results were relatively close to the theoretical values, with
a correlation coefficient distribution of 0.91-0.97. The least-squares collocation method had
a correlation coefficient distribution of 0.89—0.93, and the joint strain field was closer to the
theoretical strain rate field.
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Fig. 4 Slip rate of main faults in sl S TR | e {o ; B |

G
“rsp LRBF

Sichuan-Yunnan region: a results
of strike-slip rate, and b results
of tension rate ) )

0

)
b T
%

10-8/yr

Fig. 5 Maximum shear strain field results: a results of least-squares collocation method, b results of fault
model, ¢ results of Helmert adjustment, d error distribution of Helmert adjustment, and e comparison of
strain field results obtained using different methods

3.2 Joint result based on observed velocity

Based on the observed velocity in the Sichuan-Yunnan region (Wang and Shen 2020), the
maximum shear strain rate in the Sichuan-Yunnan region were calculated by the least-
squares collocation method and fault model method. The fault distribution in this region
as generated by the fault model method was considered, and the slip rate of major faults
was estimated with Blocks software. First, fault location and locking degree were used
with Blocks to calculate the slip rate of the fault (Shen et al. 2005; Wang et al. 2008; Li et
al. 2021), then, the fault slip rate was used as the driving force, and the strain rate caused
by fault slip was calculated by the fault model. The slip rates of major faults estimated by
Blocks software were showed in Fig. 4. The locking depth is an important parameter. Lock-
ing depth estimates exist for all the highly studied active fault zones in the region, such as
the Ganzi-Yushu- Xianshuihe-Xiaojiang fault system, Daliangshan fault system, Longmen-
shan Red River fault system, Red River fault system and Lijiang-Xiaojinhe fault system,
therefore the relevant research results were used. As described above, a unified value of
15 km was used for the fault zones without locking depth information (Zhao 2012; Zhang
2019). Table of main faults information is given in Supplementary file2. The joint results of
maximum shear strain rate in the Sichuan-Yunnan region were obtained by Helmert adjust-
ment of the least-squares collocation and fault model methods, as shown in Fig. 5.

The high values obtained using the least-squares collocation (Fig. 5a) were concentrated
in the near-fault areas, such as the Xianshuihe-Anninghe-Zemuhe-Xiaojiang Fault, while
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the strain results in the near-fault areas and within the block exhibited less variation. The
high values obtained using the fault model (Fig. 5b) were also concentrated in the near-fault
areas, however, these values were generally higher than those of the least-squares colloca-
tion method, and the change between the main fault and the interior of the block was more
drastic. The joint strain field (Fig. 5c) retained the spatial characteristics of the least-squares
collocation results; however, the strain values in the near-fault area were higher and closer
to the fault model results. This suggests that the Helmert adjustment can combine the advan-
tages of both mathematical and physical methods of strain field calculation, by integrating
the rapid deformation near the main faults and the slow deformation characteristics within
the block to obtain more realistic strain rate results. The errors in the joint results (Fig. 5d)
were generally reduced, with high values being concentrated only at the southern edge of
the study area.

Compared with the results obtained using a single method, the most significant differences
in the Helmert adjustment were mainly in the high-value zone of the Xianshuihe-Anninghe
faults, which were somewhat elevated. To verify the results of the strain calculations, a
GNSS profile was created for the Xianshuihe fault zone and its maximum shear strain
results were calculated, as shown in Fig. 5(e). The fault model indicated that the strain was
mainly caused by the fault, resulting in a large strain rate of 16x 10~%/yr on the fault, which
decayed rapidly away from the fault. In contrast, the least-squares collocation method had
a value of 3.86x 10~ %/yr near the fault. The mathematical model is focused on describe
the observed data well and does not generally focus on whether the deformation is caused
by the fault, values in the fault zone were relatively larger than those away from the fault.
However, the difference was not significant and decayed slowly, not reflecting the rapid
deformation near the fault. After Helmert adjustment, the value was 6.34x 10~ %/yr, and the
strain value near the fault was significantly higher. In the mathematical model, the spatial
distribution of stations near the fault was not sufficient to constrain high strain rate results,
and strain rates near the fault can be underestimated due to the model errors. However, the
fault model assumed that all strains were generated by the main fault, ignoring the role of
partial branching faults or internal deformation within the block. The differences between
the two methods can be accommodated in the Helmert adjustment method, allowing the
advantages of both the mathematical method and the fault model to be incorporated, which
results in a more accurate description of strain distribution.

Another difference was observed in the Jinshajiang fault. Because of the low station
density in the zone, the mathematical model encountered difficulties in accurately describ-
ing the local deformation model, resulting in the strain results calculated by least-squares
collocation to be smaller in the area. In contrast, the deformation caused by the fault was
emphasized in the fault model, and those strain results for the Jinshajiang fault were higher.
The lack of observations can be compensated when using the joint adjustment method,
allowing accurate representation of the strain.

4 Shallow seismicity forecast
The maximum shear strain rate calculated by Helmert adjustment was shown in Fig. 5(c).

The eastern boundary of the Sichuan-Yunnan block was significantly higher than that of
other regions, indicating that the Xianshuihe-Xiaojiang fault system at the eastern boundary
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of the Sichuan-Yunnan block dominates the regional deformation. The highest maximum
shear strain value, in excess of 16x 10~ 8/yr, was present in the NW segment of the Xians-
huihe fault zone and the slip rate of the Xianshuihe fault was high under the effect of higher
shear strain. The shear strain of the Honghe Fault Zone, one of the large structures in the
region, was significantly lower. With the exception of the eastern boundary of the Sichuan-
Yunnan region, shear strain values of the southwestward extension of the Xiaojiang Fault
and Jinshajiang Fault Zones, the southeastern section of the Lancangjiang Fault Zone, the
Chenghai Basin, and nearby areas, were relatively high, whereas the shear strain values of
the Lancangjiang and Longmenshan Fault were low.

Using the joint strain field results and the Global Centroid Moment Tensor (GCMT) Cat-
alog of 1976-2021(http://peterbird.name/oldFTP/Seismicity/), shallow earthquakes were
predicted based on the SHIFT assumption and using the SHIFT GSRM2f program devel-
oped by Bird et al. (2010,2015). The SHIFT assumption converts seismic moment rates into
long-term seismic predictions along tectonic faults based on frequency/magnitude relation-
ships for the most similar plate boundary types. Seismic moment rates of tectonic faults can
be calculated from the strain rate and mean coupled seismic thickness of the most similar
plate boundary types (Bird and Kreemer 2015). We used the PB2002 rigid plate model, plate
boundary assignment rule, and other necessary parameters established by Bird as inputs to
calculate the predicted shallow earthquakes in the Sichuan-Yunnan region (Bird 2003).

The occurrence of 3 shallow earthquakes of Mw >7.0 every 100 years was predicted, and
Fig. 6(a) is the forecast result obtained based on the joint results, Fig. 6(b) is the forecast
result obtained based on the strain results of the least-squares collocation method. We per-
formed a consistency check of the Helmert adjustment forecast results against the seismic
catalog used in the forecast. We counted the earthquakes in different magnitude ranges in the
19762021 GCMT catalog and then normalized the numbers to 100-year timescale, shown
as blue circles in Fig. 6¢c. We found that our forecast results based on this seismic catalog

34
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Fig.6 Forecast result of the shallow seismicity in the Sichuan-Yunnan region: a results based on Helmert
adjustment strain, b results based on strain of least-squares collocation methods, and ¢ quality assessment
of forecast results based on Helmert adjustment strain, colored dots in a and b represent earthquakes in
the 1976-2021 GCMT catalog
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(shown as red circles in Fig. 6¢), were in good agreement with them. The non-parametric
Kendall coordination coefficient of the W test was applied to these two sets of ‘magnitudes-
times’ and a Kendall’s -W coefficient of 0.943, indicated a good agreement.

The highest values obtained based on the joint strain were mainly distributed in the
Xianshuihe-Xiaojiang fault zone, followed by the Jinshajiang fault zone. Compared with
the forecast results of the least-squares collocation method and the results of previous stud-
ies (Zhan et al. 2021), a significant difference in shallow earthquake forecast calculated by
the joint strain field was present in the Jinshajiang Fault Zone, where the value near the
Jinshajiang fault has improved from —9.0 to -8.4. This was because the strain results of the
fault model were integrated into the Helmert adjustment strain result, making up for the
defects in observed data density from using only mathematical methods. The joint result
highlighted the accumulation of the strain near the Jinshajiang fault, thus improving the
forecast quality for this fault zone.

In addition, two main factors influenced the earthquake forecast. The first was the spatial
resolution of the geodetic survey. As the geodetic spatial resolution increases, the strain
rates and raw seismic moment rates calculated based on the regular grid also become more
detailed and accurate. The second was the completeness and reasonableness of the GCMT
seismic catalog, which was used to optimize the empirical constants. The completeness
of the collected statistics and the accuracy and reasonableness of the classification of the
GCMT calculations have an important impact on the reliability of seismic predictions. With
the accumulation of seismic events and the optimization of the GCMT calculation, the
GCMT seismic catalog continues to become more complete, robust, and reasonable, which
improves the robustness of earthquake predictions.

The seismic hazard of the study area can be reflected by the seismic forecast results. It
was evident from the different forecast results that the Xianshuihe-Xiaojiang fault zone was
the most significantly deformed region in the Sichuan-Yunnan region, with higher strain
rates throughout the fault zone, and that were significantly higher than those of the sur-
rounding areas. Previous studies have defined four seismic hollow zones along this fault
zone (Wen et al. 2008; Shan et al. 2003), and the Daofu-Kangding seismic hollow zone
experienced the Kangding Mw 5.9 earthquake in 2014. However, its magnitude was small,
and the energy released was much lower than the energy accumulated (Jiang et al. 2015).
Therefore, the seismic hazard of this seismic hollow remains high.

5 Discussion

Owing to geological structures and topographic and construction conditions, GNSS stations
were not distributed randomly, and the strain rate results obtained from different velocities
were also varied. For this reason, the velocity fields of the increased stations were generated
based on the theoretical formula, and the strain rate results were compared. In this study, the
Sichuan-Yunnan region (99°E—105°E, 24°N-33°N) was selected for analyzing of the effect
of station density on the strain results calculated using the mathematical method. Figure 7(a)
shows the velocity fields based on the increased observation stations compared to the veloc-
ity in Fig. 2(a). Because the fracture zone in the Sichuan-Yunnan region is mostly dominated
by slip motion, the maximum shear strain results were selected for comparison in this study,
and Fig. 7(b) shows the theoretical maximum shear strain rate field.
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The results of the maximum shear strain rate obtained using the least-squares colloca-
tion method, based on the two different velocity fields, as in Fig. 2(a) and Fig. 7(a), are
presented in Fig. 7(c) and Fig. 7(d), respectively. In general, both strain fields reflected the
shear deformation characteristics of the study area, with higher value around the main fault.
In contrast to the theoretical results, the results showed some higher local values (different
from the theoretical results), such as those in the southeast and southwest corner of the study
area in Fig. 7(c). These deviations from the theoretical values were caused by the uneven
distribution of stations and random errors. Compared with the results in Fig. 7(c), those in
Fig. 7(d) were closer to the theoretical result. Similarly, the maximum shear strain showed
better conformity with the theoretical results, with minor differences in the specific patterns.

The results show that an increase in the number of stations had no significant effect on
the overall distribution of strain rate in the study area, however, the ability to discriminate
the deformation in the fault zone was significantly improved. Owing to the low density
of stations, the strain rate was localized, with higher values in the non-near-fault areas.
It is notable that the local migration phenomenon of strain rate results was significantly
decreased after adding additional stations, and that the high values were concentrated in the
near-fault areas, indicating that the increment of stations can improve the reliability of the
strain rate results. The correlation coefficients between the calculated and theoretical results
were calculated according to the correlation coefficient formula (Wu et al. 2011). The strain
results observed after an increasement in the number of stations were closer to the theoreti-
cal values, with the correlation coefficient distribution (0.92—0.97) being comparable to that
observed with the original stations (0.88—0.93). The strain rate results of the GNSS profiles
also showed an overall increase near the fault area after increasing the number of stations,
indicating that the density of stations had a greater influence on the strain rate results in the
near-fault area. These comparisons indicate that the density of stations plays a key role in
the mathematical calculation of strain rate since mathematical methods are more focused
on describing the observed data well, and the station density affects the accuracy of strain
calculation.

A comparative analysis of the Helmert adjustment method with different station densi-
ties were performed, the joint strain results after an increasement of stations were similar
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Fig.7 Simulated velocity and maximum shear strain rate fields calculated based on different station densi-
ties: a Simulated velocity field based on increased stations, b theoretical maximum shear strain rate field,
¢ maximum shear strain calculated based on original stations, and d maximum shear strain rate calculated
based on the increased stations
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to the original joint results, with the correlation coefficient distribution (0.92—0.98) being
comparable to joint results with the original stations (0.91-0.97). Therefore, the Helmert
adjustment of the mathematical and physical methods can compensate for an insufficient
station density.

6 Conclusions

(1) Strain rate fields from GNSS horizontal velocity by using mathematical and physical
methods reflect different characteristics of crustal deformation. A comparison of strain
rate fields based on the simulated data showed that station density plays a key role in the
mathematical method, which affects the accuracy of the strain rate fields. In contrast,
the physical methods can compensate for the loss of deformation due to insufficient sta-
tion density.

(2) To obtain more accurate strain results and better respond to the fault motion state,
Helmert variance component estimation was proposed for the joint adjustment of math-
ematical and physical methods. The joint adjustment of the least-squares collocation
method and fault model was performed using the simulated and actual measured data
in the Sichuan-Yunnan region, and the joint results were analyzed by profile to confirm
their validity, which reflected both rapid deformation in the near-fault area and continu-
ous deformation inside the block. Furthermore, the joint results can compensate for the
disadvantage that the mathematical method is difficult to highlight the fracture defor-
mation characteristics when there are few stations, and improve the calculation ability
of strain near the fault effectively, which provides a background basis for subsequent
studies of crustal motion.

(3) The results of the joint strain field in the Sichuan-Yunnan region showed that the maxi-
mum shear strain at the eastern boundary of the Sichuan-Yunnan block was significantly
higher than that in other regions. This indicated that the Xianshuihe—Xiaojiang fault
system at the eastern boundary of the Sichuan-Yunnan block dominates the regional
deformation, with the highest maximum shear strain value in the northwest section of
the Xianshuihe fault zone. Based on the joint strain fields, combined with the Global
CMT earthquake catalogue from 1976 to 2021, 3 Mw >7.0 earthquakes are predicted to
occur in the Sichuan-Yunnan region every 100 years based on SHIFT assumptions and
algorithms, and the Xianshuihe-Xiaojiang fault zone has a high seismic hazard.
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