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Abstract: Seismicity and distribution of earthquakes can provide active fault structural information on
the crust at a regional scale. The morphology of faults can be derived from the epicentral distribution
of micro-earthquakes. In this study, we combined both the relocated earthquake catalogue and
related preliminary geophysical information for 3D modeling of the crust in the Xichang area, Sichuan
province, China. The fault morphology and deep crustal structure were automatically extracted by
the machine learning approach, such as the supervised classification and cluster analysis methods.
This new 3D crustal model includes the seismic velocity distribution, fault planes in 3D and 3D
seismicity. There are many earthquake clusters located in the folded basement and low-velocity zone.
Our model revealed the topological relation between the folded basement and faults. Our work
show the crustal model derived is supported by the earthquake clusters which in turn controls the
morphological characteristics of the crystalline basement in this area. Our use of machine learning
techniques can not only be used to predict the refined fault geometry, but also to combine the seismic
velocity structure with the known geological information. This 3D crustal model can also be used for
geodynamic analysis and simulation of strong motionseismic waves.

Keywords: fault morphology; seismic velocity structure; supervised classification; clustering analysis;
geological modeling

1. Introduction

In recent years, a large number of high-precision observation arrays have been de-
ployed in Sichuan and Yunnan provinces with the support of the China Seismic Experi-
mental Site (CSES). The accuracy of seismic location and the inversion method of velocity
structure was greatly improved [1] based on enhancing the microseismic monitoring ca-
pability in this region [2]. The research on fault activity has been greatly improved [3-5].
At the same time, fruitful scientific research achievements have been produced, such as
precise location data, focal mechanism solutions [6,7], and velocity structure models based
on different methods and data sources [8-16]. In addition, there has been a good attempt
to study local engineering geological conditions by integrating multi-source geophysical
data [17]. However, the crustal medium structure model used for simulating numerically
large-scale regional deformations is relatively simple, which cannot well-reflect the mor-
phological characteristics of actual crustal medium structure, and affects the reliability
of simulation results [18,19]. Therefore, comprehensively utilizing the existing scientific
research achievements and automatically establishing a more realistic crustal medium
structure model for later model analysis and geophysical field simulation has become an
urgent scientific research task to be solved.

With the increase in station density, observation accuracy improves, and the data
volume and complexity are significantly enhanced. The traditional data processing methods
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are difficult to process the current observation data efficiently, and some Machine Learning
(ML) algorithms have been widely used in Geoscience [20,21]. For example, automatic
detection of rupture using source location [22], earthquake relocation [23], automatic
acquisition and application of source mechanism [24,25], seismic probabilistic hazard
analysis [26], fault geometry based on source information [27-30], etc. In addition, 3D
visualization technology has also been deeply applied in structural geology, fault plane
fitting, and the 3D structure of the lithosphere [31]. However, relatively few studies on
automatic modeling are based on multiple data [4,5]. Therefore, we plan to construct a
crustal framework by combining velocity structure and relocated earthquake catalogue and
related geophysical prior information. Then we will refine the crustal medium structure
by local refinement with a combination of fault model and source model. Finally, we
integrate the multi-source model is by generating the crustal medium structure model, This
geometric model will then be used for numerical simulation of seismic wave propagation.

2. Data and Methods
2.1. Data
2.1.1. Seismotectonic Setting

The Xichang area is located in the middle of the Kangdian earth’s axis, at the junction of
the east and west tectonic units in China, and the rhomboid block region’s core Xianshuihe
and Xiaojiang fault system [32,33]. Due to the complex seismogenic structure and dynamic
mechanism, this region has become important for studying intracontinental deformation.
Large fault zones such as the Anninghe fault zone, Xianshuihe fault zone, and Daliangshan
fault zone are mainly developed in this region with strong historical seismic activity [34].
Multi-stage magmatic rocks, metamorphic rocks, and sedimentary rocks are in contact,
resulting in extremely complex tectonic and geological conditions [35]. The density and
quality of the regional seismic network have been greatly improved in recent decades.
Many teams have deployed dense arrays with different scales and station spacing. With
the constant improvement of the precision and quality of observation data, more and more
fundamnetal investigations are focused on the fault block and seismicity in this area [36,37],
sliding rate of active faults [38,39], motion mode [40], structural characteristics [40,41], focal
mechanism [7]. Therefore, we have now a great variety of geophysical and geological
results thus providing an accurate constraint for the modeling of crustal dynamics in the
Xichang area.

2.1.2. Earthquake Catalogue

In 2012, The Institute of Geophysics of China Earthquake Administration deployed
a high-density and broadband mobile seismic array in Luding-Mianning-Xichang along
the Anninghe fault zone to monitor the deep seismic activity behavior. It evaluated the
detection ability of the array for microearthquakes at different depths [2] and seismic
activity parameters [42]. This campaign provides reliable data sources and parameter
support for our quantitative approach. We have selected 9338 earthquakes monitored in
this area from 2013 to 2019 as samples to conduct precise relocation. The magnitude (ML)
range is —2.0 to 6.9. Combined with the characteristics of tectonic faults and lithology
distribution, it is suggested that (Figure 1), except for the granite body in the Shimian area
cut by the Daliangshan fault, the other faults are distributed along the boundary of the
magmatic body or the Xichang basin, obviously constrained by the geometric framework of
the basement. Earthquakes in this region are mainly distributed in clusters along intrusive
granitic rocks and deep fault zones, especially in areas with complex fracture structures,
such as the Shimian area. Along this profile, the seismic clusters also have good stratification
characteristics. Most earthquakes are concentrated in the 5-20 km depth range, while the
clusters in the depth range of 20-35 km are also found at fault intersections.
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Figure 1. Seismicity and seismotectonic setting in the study area.

2.2. Methods

The traditional geophysical modeling method is to establish a relationship between
velocity structure and geological body based on a large number of borehole data, seismic
profile, magnetotelluric, etc. [43]. First, based on the above multi-source data, a reliable
velocity structure model suitable for modeling was selected through comparative analysis
of different velocity structure model results. The rock mass structure and layer structure
were extracted to establish a regional crustal medium framework model combined with
geological evolution data and velocity structure characteristics. Secondly, the fault ini-
tialization model is established based on the fault data on the surface, fault initial model
data, and focal mechanism solution provided by the Sichuan—Yunnan experiment site.
The relocated earthquake catalog established a complex fault model with a more fine
structure using supervised classification, cluster analysis, and other machine learning
algorithms to extract morphological fault features. Thirdly, combined with the seismic
precision location data, the equivalent seismic energy particles were obtained by using the
magnitude-energy conversion relationship, and the seismic energy clusters were obtained
by using the unsupervised clustering ML method. The kernel density of the energy clusters
was calculated respectively, and the density isosurfaces were extracted to obtain the source
structure model. At last, based on the above three models, We use the Gempy library
(https:/ /www.gempy.org/, accessed on 30 January 2022) for model calculation, and the
crustal medium structure model was generated. From this we derive the geometric model
to be used for numerical simulation of seismic waves. The complete workflow is displayed
in Figure 2.
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Figure 2. Workflow of modeling.
3. Velocity Structure Model

Seismic tomography has now been proved very powerful tools for studying the
three-dimensional velocity structure at different scales in the earth [44-46]. At present,
the commonly used methods include body wave tomography, surface wave tomography,
receiver function, joint inversion, etc. With the significant improvement of the density
and quality of the regional seismic network, many velocity structure models have been
produced [8-16]. However, due to the inherent uncertainty of the model and the different
sensitivity of different data types and inversion methods, the inversion results also have
some differences. The comparative analysis of different velocity models (Table 1) found
that they are generally consistent in large-scale characteristics. It can study block structure,
high-speed anomaly body, and Moho surface in a large area. In this study, the model
with high horizontal / vertical resolution calculated by Shen et al. (2016) [12] was selected.
In order to prevent the non-uniformity of data points on the profile and distortion of
interpolation result, we carried out layer interpolation based on different depths to obtain
the distribution characteristics of velocity anomaly regions at different depths. Afterwards,
the three-dimensional matrix data were superimposed to provide better constraints for
the model, and the crustal medium frame model of this region was established for later
geological modeling.

Table 1. Comparison of seismological velocity models.

Regional Model Inversion Method H Resolution V Resolution Dataset

USTClitho2.0 Joint Inversion 0.5° 5 km Han et al., 2021 [16]
SWChinaCVM-1.0 Joint Inversion 0.5° 5 km Liu et al., 2021 [15]
USTClithol.0 DD seismic tomography 0.5° x 0.5° 5 km Xin et al., 2019 [14]
Xichang Region Ambient noise tomography 20-40 km 20 km Tan et al., 2018 [13]
China Surface wave dispersion 0.5° x 0.5° 0.5 km Shen et al., 2016 [12]
Mainland China P-wave anisotropic tomography 0.7° x 0.7° 35 km Wei et al., 2016 [11]
Tibetan Plateau Lg-wave Q tomography 1° x 1° 0.2 km Zhao et al., 2013 [10]
Tibet Ambient noise tomography 1° x 1° 0.2 km Yang et al., 2012 [9]

South China Ambient noise tomography 0.5° x 0.5° 0.2 km Zhou et al., 2012 [8]

H&V resolution: Refers to the horizontal or vertical resolution of data supported by shared data.
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Figure 3a shows the profile characteristics of the S wave velocity structure. By color
standard processing, we enhanced the display of the crustal structure. We can conclude:
(1) The shallow strata with wave velocity between 1.28 km/s and 2.8 km/s have great
velocity variation and shallow burial depth, consistent with the relief of Xichang Basin
and relate to the boundary of the basin. (2) The velocity of 2.8-3.2 km/s cover the whole
region with the gentle change, reflecting the distribution characteristics of sedimentary
cover on the shallow surface, which may be Precambrian metamorphic sedimentary rocks
or igneous rocks. (3) Earthquakes mostly occur in the blue region where the wave velocity
structure is 3.2-3.6 km/s. The geometric morphology of this region is consistent with
the folded basement of geological history. We see the presence of magmatic rocks and
shallow metamorphic rocks with brittle quality and low hardness. (4) The red region with
wave velocity structure in the range of 3.6-3.8 km/s has a certain uplift feature along
the N-S direction in the middle, which is relatively consistent with the exposed position
of the Kangdian axis and the surface granites. It is an anomalous area with high wave
velocity and a hard Crystalline basement. Beneath Shimian, the rock mass is broken and
staggered, resulting in many earthquakes. (5) The velocity of 3.8-4.2 km/s changes rapidly
and presents discontinuity distribution, which may be Moho. In addition, on the west side
of Xianshuihe, a low-velocity body appears within the Folded basement, which may be
a weak mechanical zone formed by crustal compression and thickening. There are also
many earthquakes in the vicinity of this low-velocity body. Given the above characteristic
velocity features, the isosurfaces of 2.8 km/s, 3.2 km/s, 3.6 km/s, 3.8 km/s and 4.2 km/s
are extracted respectively (Figure 3b), which have a good relationship with the distribution
characteristics of faults, earthquakes, and geomorphic fluctuation features of the surface.
This demonstrates the reliability of the crustal model we are dealing with (Figure 3c).
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Figure 3. Velocity profile and structural characteristics. Velocity profile characteristics in each
direction after interpolation (a), crustal medium layer based on profile feature extraction (b), interpret
crustal medium structure by combining geological structure and seismic data (c).
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4. Morphology of Active Fault

Basement faults are usually the boundary of tectonic blocks and the potential location
of moderate and strong earthquakes. In order to study more carefully the deformation
characteristics, stress accumulation, and earthquake swarm migration of fault locked-in
regions, we need to obtain the morphological characteristics and interactions of differ-
ent faults [47]. Numerous studies have been carried out to constrain the morphological
characteristics of subsurface active faults, including structural geology, topography, ge-
omorphology, trenching, drilling, etc. The deep morphological characteristics of faults
are mainly obtained by relying on the focal mechanisms, seismic tomography, and other
geophysical evidences [48,49].

Since most earthquakes are distributed along the fault planes, unsupervised clustering
ML technology has achieved good results in extracting the fault morphology of earthquake
clusters [21]. Therefore, we focus on using structural geological data to constrain the surface
morphological characteristics of a shallow fault, then uses precise seismic location, focal
mechanism solution, and other research data to constrain the deep characteristics of the
fault plane, so as to automatically and quickly extract the three-dimensional morphological
characteristics associated with seismogenic active faults.

4.1. Initial Fault Model

By collecting carefully the distribution characteristics of earthquakes and the deep
faults exposed in this region, we have analyzed eight deep fault zones, such as Longmen-
shan fault, Xianshuihe fault, Anninghe fault, Daliangshan fault, Xiaojianghe fault, Qinghe
fault, Mopanshan fault, and Zemuhe fault. These faults occurred in the intermediate
transition position of the Xianshuihe-Xiaojiang fault system and spread in a spindle shape
near Shimian, and cut the Xichang area into multiple structural units. By referring to the
basement fault data published in CSES [4], combined with the latest research results and
1:500,000 geological map of the region, the fault linear feature and occurrence information
were extracted to constrain the morphological fault characteristics on the shallow surface.
The details of the initial model parameters are shown in Table 2.

Table 2. Initial parameters of the fault model.

Faults Length (km) Strike Dip Dip Angle Fault Property Data Sources

Xianshuihe Fault (Moxi) 600 340° 70° 85° Strike-slip Chen et al., 2014 [36]

Longmenshan Fault 600 3° 273° 80° Thrust Lu, 2019 [5]
Xiaojinhe Fault 300 45° 315° 70° Strike-slip Chen et al., 2014 [36]

Qinhe Fault 200 5° 275° 70° Strike-slip Lu, 2019 [4]

Mopanshan Fault 300 178° 268° 83° Strike-slip Lu, 2019 [4]
Anninghe Fault 300 173° 83° 80° Strike-slip He et al., 2007 [34]
Zemuhe Fault 300 330° 45° 70° Strike-slip Chen et al., 2014 [36]
Daliangshan Fault (N) 300 160° 250° 55° Strike-slip Chen et al., 2014 [36]
Daliangshan Fault (S) 300 180° 270° 55° Strike-slip Sun et al., 2016 [38]

The focal mechanism is very important in describing geometric characteristics of
faults, evaluating stress disturbance and evaluating aftershock mode. It contains the
dislocation information of source rupture, and can also constrain the occurrence of a deep
fault plane and distinguish the fault dislocation type. Li Jun et al. (2019) [7] analyzed
the spatial distribution characteristics of the tectonic stress field in this area by using the
focal mechanism solution and considering that the regional earthquake fault type is left-
lateral strike-slip type. Along the Xianshuihe—Xiaojiang Fault Zone on the east boundary
of the Sichuan—Yunnan block, the principal compressive stress gradually changes from
NWW to NW with a clockwise rotation of about 50°. Moreover, the angle between the
principal compressive stress axis and the fault strike on the east boundary remains nearly
the same [7]. Because of one of the interfaces in the focal mechanism, the solution may be
approximately parallel to the fault plane. Therefore, we can extract the focal mechanism
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solution within 5 km of the fault by means of buffer analysis, combined with the extended
azimuth of the fault plane. We select the focal node information consistent with the fault
plane (Table 3), and by doing so one can restrict the position of the deep fault plane.

Table 3. Focal mechanism solutions.

Longoltude Latlgude Depth Mag Plane 1 Plane 2 Fault
©) ©) (km) s1 d1 rl 52 d2 12

102.45 27.57 -5 4 179 74 —-29 98 62 —162 ZMHF
102.49 27.44 -3 4.2 157 90 0 67 90 —180 ZMHF
101.8 29.6 —28 5.6 0 59 10 85 81 149 LMSF
101.9 294 —-25 6.5 9 65 —-17 106 75 —154 LMSF
102.84 27.88 -7 3.6 172 79 13 80 77 169 DLSF
102.78 27.98 -19 4.6 172 80 3 81 87 170 DLSF
102.79 27.98 -8 4.7 172 75 -7 83 83 —164 DLSF
102.79 28.4 —9.3 5.1 169 80 24 74 66 169 DLSF
102.73 28.37 —15 5.6 170 82 31 75 59 171 DLSF
102.79 28.4 -9 5.1 169 80 25 74 66 169 DLSF
102.815 28.32 —14 3.2 148 61 —-11 63 80 —150 DLSF
102.27 29.18 —6 44 173 78 0 83 90 168 DLSF
102.28 29.15 —14 4.8 5 81 2 95 88 171 ANHF
102.25 29.01 —-10 4 10 79 —6 101 84 —168 ANHF
102.36 29.06 —26 3.6 8 82 173 99 84 8 ANHF
102.25 29.09 -5 4.2 166 86 175 73 52 38 XSHF
102.27 29.18 —6 44 173 78 0 83 90 168 XSHF

4.2. The Geometric Features of Fault Plane

We can use a high-quality earthquake catalogue to constrain the deep structure of the
fault and extract more fine morphology of the fault plane. However, the fault distribution
in the Xichang area is complex, and the earthquake clusters are unevenly distributed, so
it is difficult to distinguish the relationship between earthquakes and faults. Therefore,
based on the previous dataset, this study established the initial model of the fault plane,
used the supervised classification algorithm in machine learning to classify the earthquakes
according to faults, used the machine learning unsupervised clustering technique to extract
the earthquakes closely related to the fault plane, then the fault plane of the core cluster was
formed. The source location was fitted by spline function to obtain the three-dimensional
shape of earthquake clusters corresponding to faults and extract the morphology of fault
planes. The key procedures are as follows:

(1) There is no clear correspondence between earthquake and fault. How to link
earthquakes with faults has always been a key problem. The common method is buffered
analysis, that is, the closer the earthquake is to the fault, the greater the possibility that the
earthquake belongs to the fault. It is based on the determined fault plane. It is difficult
to determine the boundary range of the distance quantitatively. However, the earthquake
subordination is more complex in the adjacent or intersecting deep faults, which needs to
be classified by machine learning correlation algorithm. We try to use the fault line and
fault occurrence information to produce the initial fault plane model, take the fault plane
node data as the training dataset, use the supervised classification of K nearest neighbor
(KNN) algorithm training model, and use the seismic data as the test set to predict the
faults to which the earthquake may belong, so as to classify the existing earthquakes, the
classification results are shown in Figure 4a.

(2) Due to the uncertainty of earthquake location and background noise effects, the
earthquakes are not strictly distributed according to the fault direction. There are often
some background earthquakes between faults, which may affect the fitting accuracy of the
fault plane. The spectral clustering algorithm has obvious advantages in screening seismic
clusters related to the fault plane [31]. It is based on the spectral graph theory, which has
the advantages of clustering in the arbitrary shape of sample space and converging to the
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optimal global solution compared with the traditional clustering algorithm. The closer an
earthquake is to a fault line, the greater the probability related to the fault and the greater
the degree of membership. The definition of distance or similarity measure usually controls
the shape of the clusters. Therefore, it is necessary to calculate the distance between the
earthquake and the extension direction of the fault line, the distribution direction of the fault
plane, and the direction of the focal mechanism nodal plane, respectively, and establish a
quantitative similarity matrix based on this. Then, the spectral clustering algorithm selected
the earthquakes related to faults. In the process of spectral clustering, the number of seismic
clusters and the number of iterations need to be set. After repeated experiments, the final
parameters were selected as n_cluster =5, n = 100 times. The earthquake clusters close to
the fault were selected in the clustering results so that the background noise earthquakes
could be better eliminated. See Figure 4b for the clustering results.
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Figure 4. Results of seismic clustering analysis and extraction of fault morphological features.
Classification of earthquakes by faults based on supervised classification (a), earthquakes associated
with faults were obtained based on cluster analysis (b), morphological features of fault plane were
extracted based on spline interpolation (c).
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(3) After obtaining the earthquake clusters highly related to faults, they can be spatially
interpolated, and the most suitable 3D fault plane can be fitted. In order to facilitate
calculation, the fault plane fitting method similar to Brunsvik et al. (2021) [31] was adopted
in this study, and the strike, dip, and normal direction pointing to the hanging wall of the
fault plane were selected as the three coordinate axes of the local coordinate system. In
order to avoid unnatural oscillations between high-order polynomial interpolation data, a
bicubic spline was used to interpolate seismic sources. The spline algorithm constructs a
continuous smooth piecewise polynomial. A 7 x 7 grid node (solving spline parameters
of nodes) was created on the most suitable fault plane, ensuring that all the earthquake
clusters are included in the node grid. The least-square method was used to invert the node
parameters to minimize the distance between the source and the spline curve. The node
parameters describe the third-order polynomial defined only locally around the node and
finally obtain the most suitable fault model to refine the fault plane’s structure further.

5. Seismotectonic Structure

The earthquake distribution is affected by the fault location and influenced by crustal
medium structures. Different shapes of earthquake clusters formed and depicted the crustal
medium fracture zone, a high probability area for seismic energy release. The intersection
of its extension direction and fault may be an important area for large earthquakes and
new potential fractures in the future. The construction of the seismic source model is the
most subjective and controversial part. In general, there is no systematic and quantitative
way to accomplish this task [26]. Therefore, to further refine the geometric features of the
seismic source area and fully consider the damaged areas of the crustal medium caused by
the different earthquakes, this study extracted the density isosurfaces of seismic clusters to
obtain the geometric features of the focal area combined with the distribution characteristics
of earthquake clusters. Our source model is naturally more suitable for the observed
seismicity than the models derived from other geological and seismotectonic information.

5.1. DBSCAN

The DBSCAN algorithm can describe the tightness of a sample set based on a group of
neighborhoods. Two parameters (¢, MinPts) are used to describe the tightness of the sample
distribution of the neighborhood. The ¢ describes the neighborhood distance threshold of
the sample. The MinPts describes the neighborhood sample number threshold of a certain
sample whose distance is €. The biggest advantage of this algorithm is that it does not need
to input the number of clusters K and can find clusters of arbitrary shape and eliminate
some scattered noise events. Since the density clustering still needs to provide the distance
threshold of the sample field and the number of samples, in order to achieve a better
clustering effect, this study measures the rationality of clustering by Silhouette coefficient,
setting the neighborhood distance range of the samples as 0.1-1 and the step length as 0.02,
the threshold range of the number of seismic cluster samples as 10-100 and the step size as
5. Figure 5a shows that with the increase in test thresholds, the Silhouette coefficient also
increases rapidly. The Silhouette coefficient tends to rise slowly when the neighborhood
distance exceeds 0.26, and the corresponding model parameters are (¢ = 0.26, MinPts = 25).
However, the sample number of some earthquake clusters is small, so it is difficult to
extract the corresponding source morphology. On the premise of ensuring the diversity
of classification, the clustering effect is the best when the model parameters are ¢ = 0.58,
MinPts = 70. Seven earthquake clusters were obtained, and all were distributed near the
fault, which can better display the characteristics of the source structure (Figure 5b).
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isosurface (d).

5.2. Seismic Energy Cluster

Due to the small number of earthquake samples, it is not conducive to describing
the morphological characteristics of earthquake clusters. In addition, the seismic cluster
analysis only considers the source location information but ignores the magnitude of
earthquakes. As the magnitude of an earthquake increases, the energy it releases and the
range of its effects increase exponentially. In order to eliminate the influence of magnitude
on the shape of seismic clusters, we calculated the energy of each earthquake by the relation
of magnitude and energy, which can be transformed into equivalent earthquake particles
positively distributed in the source so as to describe the morphological characteristics
of earthquake clusters truly. Combined with the clustering results of seismic clusters
mentioned above, the equivalent seismic particles are further classified to obtain the
corresponding seismic energy clusters.

5.3. Density Calculation and Isosurface Extraction

The distribution of equivalent seismic particles in the seismic energy clusters is not
uniform. The more concentrated the distribution is, the greater the density is, the more
concentrated the energy release is, and the greater the rupture degree of the crustal medium.
The seismic energy cluster density isosurface can better describe the seismic source struc-
ture’s morphological characteristics. Therefore, in this study, the kernel density of each
seismic energy cluster is calculated through Gaussian kernels. Then the isosurface is
extracted to obtain more natural geometric characteristics of the source. The clusters in
Figure 5c are divided into three levels according to the density marked with blue, yellow,
and red, respectively. The blue delineated area is mainly the seismic cluster at the lower
part of several fault zones, and the long axis direction is consistent with the fault direction.
The crustal medium is relatively broken due to fault crisscross in the Shimian area. The
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yellow delineated area is mainly the intersection of the Daliangshan fault, Xianshuihe fault,
Anninghe fault, and the corner position near Qinghe fault and Mopanshan fault. The
area delineated in red is mainly the intersection axis of the Daliangshan fault, Xianshuihe
fault, and Anninghe fault, which is the location of active seismicity (Figure 5d). Therefore,
the seismic source structure is not only impacted by the fault’s direction, but also by the
bending shape of fault and the cutting depth of crustal rock mass.

6. Crustal Medium Structure

In order to couple the above structural models into the prior comprehensive geologi-
cal model, an appropriate modeling method was developed by integrating multi-source
datasets such as topographic and geomorphic data, velocity structure dataset, fault plane
data, seismic structure data, and Moho data. The topological relationship of crustal medium
structure is established through the model calculation, the unified crustal medium structure
model is finally generated, and the 3D format required for numerical simulation is derived,
which can be used in the later finite element modeling. In addition, with the improvement
of observation accuracy and the maturity of inversion methods, the result data used in
modeling will be updated, and the corresponding model will be optimized accordingly, so
that the model has a good inheritance. The model data can also be complex and diverse for
the regions with different deep studies, making the model more adaptable.

By the modeling of crustal medium structure, the distribution characteristics of sedi-
mentary cover, fold basement, and crystalline basement in the Xichang area are revealed
(Figure 6). The complex fault plane cuts the base and forms the corresponding fracture
zone. Because of its low mechanical strength, it is broken in the extrusion process and
forms earthquakes. Moreover, there are low-velocity anomalies under Mt. Gongga with
high terrestrial heat flow value, indicating that the region’s lithologic medium and physical
state has changed significantly, resulting in the decline of its mechanical strength and a
certain viscosity and ductility. There are also a lot of earthquakes around the lower part of
Mt. Gongga, and the concentrated earthquake area further reveals the morphological char-
acteristics of the focal region. The seismological velocity structure and fault model depend
on and constrain each other and form the crustal medium structure model of the Xichang
region together. Our model reveals better the relationship between different structures in
the Xichang area, and the large-scale structure has good consistency with previous studies;
the model provides more detailed features. It has obvious advantages in describing regional
seismicity and can meet seismic scientific research and seismic engineering application
modeling needs. Our model is significant for understanding the distribution and physical
property differences of sub-blocks, structural characteristics and geodynamics problems,
inversion, and other scientific problems.

Legend
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Figure 6. Modeling results of crustal medium structure.
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7. Discussions and Conclusions
7.1. Discussion

There is complex structural morphology, crisscross of deep and large faults, and mas-
sive earthquakes in the Xichang area, which have produced rich seismic scientific research
and structural models. Those results provide high-quality datasets for crustal medium
structure modeling and are conducive to studying the automatic modeling technique. By
means of automatic modeling, the results can well reflect the features of the regional crustal
medium structure.

The crustal medium structure in the Xichang area shows that with the continuous
enhancement of tectonic stress, the high-speed body is not easy to fracture due to its high
degree of crystallization and strong mechanical properties of rock. Once it is fractured, the
earthquake will focus on the fault section. However, the low-velocity body has potentially
good ductility or rheology due to the participation of underground fluid or partial melting,
which is mainly plastic deformation. The folded basement between the two is brittle and
easy to release energy and cause earthquakes, and the penetration of the seismic fracture
surface further forms a fault. It further explains why the fault plane is greatly affected by
the shape of the high-speed body in the folded basement.

Combined with the fault morphology and source structure, it can be seen that the
location of the earthquake in the study area is usually concentrated in three areas: (1) At
the intersection of faults, the rocks in this area are broken. It is easy to be squeezed and
deformed when the surrounding stress is strengthened, forming the mid-small events with
high frequency and dense distribution. (2) The region with large fault bending amplitude,
which is mainly influenced by the shape of a high-speed body, is prone to the locked status
and stress concentration release and then forms a moderate earthquake. (3) The low-velocity
zone, which is greatly affected by temperature and fluid, has certain rheological properties
and ductility. The unloading area is formed around it, which can cause small and medium
earthquakes. In summary, the crustal structure and geological mechanics background
can control the stress distribution and energy release. Therefore, we can further calculate
the stress distribution state and concentration area through numerical simulation and
analyze the area where earthquakes may occur combined with the mechanical background
of geological bodies. It can helpfully estimate the earthquake risk source and verify the
reliability of the model based on the observation datasets.

7.2. Conclusions

Our main aim is to explore a new approach to automatically build a more realistic
crustal medium structure model based on the previous results, which can be used in the later
geophysical field simulation and forecast. It is a comprehensive application of previous
research results, and its main data sources rely on velocity structure data, geological
structure data, and relocated earthquake catalog. Therefore, modeling uncertainty is also
limited by the used prior research results. With further research, the accuracy of various
input data may be improved, and the crustal medium structure model will be continuously
updated to reflect the real seismogenic structure.

Moreover, the efficient automatic modeling technique can more efficiently make the
conversion from the numerous geoscience datasets to the comprehensive model, which
can not only be used for mutual verification of the reliability of research results, but also
better serve the earthquake engineering, earthquake emergency response, and operational
earthquake prediction.

Finally, we need to select the model scale and to combine this with the actual scenario.
In this case of the Xichang crustal medium we show clearly that the accuracy of the
kilometer level is able to satisfy the description of the structural characteristics of large-
scale seismotectonic units. If there is a higher precision model scenario, it may bring higher
data redundancy and increase the burden of model calculation. Therefore, the accuracy
of datasets and modeling purpose is mutually dependent. The reasonable trade-off can
provide a good balance between the modeling difficulty and scenario application.
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