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Abstract: To obtain an accurate one-dimensional velocity model, we developed the EA_VELEST
method based on the evolutionary algorithm and the VELEST program. This method can quickly
generate a suitable 1D velocity model and finally input it into the 3D velocity inversion process using
the TomoDD method. We adopt TomoDD methods to inverse the high-resolution three-dimension
velocity structure and relative earthquake hypocenters for this sequence. This system processing
flow was applied to the Sichuan Maerkang earthquake swarm in 2022. By collecting the seismic
phase data of the Maerkang area between 1 January 2009 and 15 June 2022, we relocated the historical
earthquakes in the area and obtained accurate 3D velocity imaging results. The relocated hypocenters
reveal a SE-trending secondary fault, which is located ~5 km NW of the Songgang fault. In the first
ten-hour of the sequence, events clearly down-dip migrated toward the SE direction. The inverted
velocity structure indicates that the majority of earthquakes during the sequence occurred along
the boundaries of the high and low-velocity zones or high and low-Vp/Vg anomalies. Especially
both the two largest earthquakes, Mg 5.8 and Mg 6.0, occurred at the discontinuities of high and
low-velocity zones. The EA_VELEST method proposed in this paper is a novel method that has
played a very good enlightenment role in the optimization of the one-dimensional velocity model
in geophysics and has certain reference significance. The 3D velocity results obtained in this paper
and the analysis of tectonic significance provide a reference for the seismogenic environment of this

Maerkang earthquake and the deep 3D velocity of the Ganzi block.

Keywords: Maerkang earthquake; EA_VELEST; Earthquake relocation; double difference tomography;
Songgang fault; three-dimensional velocity structure

1. Introduction

Earthquake is a major natural disaster, seriously endangering the sustainable develop-
ment of society and the economy [1-3]. There are many methods for earthquake research;
the most direct is to understand the internal structure of the underground and the physical
properties of the fault. Seismic tomography technology is widely used in the study of
the earth’s internal structure and has achieved fruitful research results [4-11]. Seismic
tomography is a geophysical method [12-15] that reverses important information such as
velocity structure and other physical parameters of underground media by analyzing the
observed data of kinematic (such as travel time, ray path) and dynamic (such as waveform,
amplitude) characteristics of various seismic phases of seismic waves. However, in order
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to obtain an accurate three-dimensional velocity structure, an accurate one-dimensional
velocity model is first constructed, and then a 3-D tomographic imaging model is usually
obtained in the form of 1-D reference model perturbation. An accurate one-dimensional
velocity structure is the premise of the accurate earthquake location to avoid getting the
wrong source position. Improper selection of the velocity model, even if a double difference
precision positioning method is used [16], will lead to significant distortion and deviation
of source position. Tomographic results and resolution estimates largely depend on the
selection of initial models. Inadequate reference models may actually cause serious de-
formation of tomographic images or introduce artifacts, leading to a misunderstanding
of the results [17]. In areas with strong lateral variation and irregular terrain surfaces,
the systematic migration of significant errors or seismic positions can be solved by using
simplified one-dimensional velocity parameterization. The one-dimensional velocity in-
version method VELEST [18] is an enduring method and is widely used. The accurate
one-dimensional velocity model obtained by selecting certain reliable seismic events is
conducive to improving the accuracy of seismic location and tomography. It plays a unique
role in the correction of velocity models in regions with complex tectonic settings. To obtain
reliable results, VELEST needs a wide range of calculations, randomly perturbs the initial
speed model, and finally selects the optimal model by relying on the average root mean
square of travel time(RMS) [18-21]. This process is a time-consuming process. In this paper,
we propose a simple and fast one-dimensional velocity calculation method based on the
optimization algorithm EA (Evolutionary Algorithm) and apply it to the case study of
the 2022 Sichuan Maerkang earthquake swarm in China in combination with the double
difference tomographic TomoDD method [22,23]. Finally, based on the obtained 3D velocity
inversion results and geological structure conditions, a detailed discussion is carried out.

2. The Background and Regional Tectonic Background of the Maerkang
Earthquake Swarm

According to the official determination of the China Earthquake Network Center,
an Mg 5.8 (32.28° N, 101.79° E), an Mg 6.0 (32.25° N, 101.82° E) and an Mg 5.2 (32.24° N,
101.85° E) earthquake occurred at 0:21, 1:28 and 3:27, respectively, in Maerkang, Aba
Prefecture, Sichuan, on 10 June 2022 [24,25]. According to the type of earthquake se-
quence, this earthquake is a swarm type, and the successive earthquakes of Mg 5.0 or
higher caused a certain superposition of earthquake damage. The highest intensity of
the earthquake is VIII (8 degrees). The main area is located in Caodeng Township,
the epicenter of the earthquake. The surrounding areas, such as Chengdu, Deyang,
Mianyang, Ya’an, etc., are obviously affected by the earthquake, causing certain social
impacts. Other lifeline projects, such as roads, electric power, and communications in
the epicenter area, were also severely damaged in the earthquake (https://www.sc.gov.
cn/10462/10464/13722/2022/6/13/6e77cbec7eeldbb29fad35c4cd156a94.shtml, accessed
on 9 November 2022). When an earthquake reaches a certain magnitude, its signal is
easy to be received by the seismic observation instrument [26], and the seismic staff can
obtain the seismic catalog data according to the analysis of the seismic signal. Accord-
ing to the earthquake catalog of the China Seismological Network Center, as of 0:00 on
16 June 2022, there were 2694 aftershocks in the Sichuan Maerkang earthquake, including
7 Mg 3.0-Mg 4.0 aftershocks, 4 Mg 4.0-Mg 5.0 aftershocks, and 2 above Mg 5.0 aftershocks.
Aftershocks are relatively developed. Considering that the epicenter is located in the
mountain valley area on the southern edge of the Northwest Sichuan Plateau, the terrain
is characterized by high mountains, deep valleys, and steep slopes. The rock mass on the
mountain is relatively loose. Affected by the local geological conditions, the earthquake
is likely to trigger secondary geological disasters such as landslides, rolling stones, and
collapses. Therefore, it is of great significance to determine the precise location of the
earthquake source and the seismogenic fault in time.

Only 21 km to the northwest of this earthquake, an My, 5.0 earthquake (32.3° N,
101.58° E) occurred on 5 January 2005. Similar to this earthquake sequence, the two
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earthquakes are swarm earthquakes, with a certain foreshock and rich aftershock se-
quence [27,28]. The cumulative variation of the regional gravity field in western Sichuan
shows that a high gradient zone of gravity variation along the NNW direction is formed
between Maerkang and Lushan areas [29]. Therefore, the analysis and study of the earth-
quake occurrence background in this region will help to provide the scientific basis for
future study and judgment of earthquake risk. To explore the deep background of the
occurrence of this earthquake and the precise spatial distribution of the seismic sequence,
this paper downloads and uses the seismic observation reports of this earthquake sequence
and the surrounding area given by the China Earthquake Network Center and performs a
case study of the 10 June 2022 Maerkang earthquake swarm based on the double-difference
tomography method [22] for precise location and tomography processing. Seismic location
is a basic problem in seismology. High-resolution source locations can identify and out-
line the geometry of buried faults [30,31]. The three-dimensional velocity structure of the
source region is a reliable basis for us to explore the deep seismogenic environment and
understand the medium information.

The Bayankala block, where strong earthquakes are concentrated in the Chinese
Mainland, can be further divided into two sub-blocks by the Longriba fault: the Aba
sub-block and the Longmenshan sub-block [32]. The Maerkang earthquake is an intra-plate
earthquake within the Aba sub-block, which is usually of a smaller magnitude compared
to earthquakes at plate boundaries. Tectonically, the Aba sub-block is surrounded by the
Longriba Fault Zone to its east, the East Kunlun Fault to its northeast, and the Xianshui
River Fault to its southwest, and its movement is strictly controlled by the three boundary
faults [33]. The Longriba fault, located to the southeast of the epicenter, is almost parallel
in the strike to the Longmenshan fault to the east of the epicenter and is 200 km apart,
showing a right-lateral strike-slip and thrust nature [33], with a slip rate of ~7.5 mm/yr in
the Late Pleistocene and ~2.1 mm/yr in the Holocene [34].

Songgang-Fubian River fault, Maduo—-Gande fault, Gande South fault and Aba fault
zone are developed in the Aba sub-block (Figure 1). This earthquake occurred near the
Songgang—-Fabian River Fault. The Songgang—Fubian River Fault can be divided into the
Songgang Fault in the NW section and the Fubian River Fault in the SE section. Among
them, the Songgang Fault is NW-trending and is spreading in the NW-SE direction. The
seismic activity of the rupture is inactive in the northern section, with deep, viscous slip and
surface locking in the middle section, and more active in the southern section, with obvious
segmentation [35]. The sliding rate of the rupture near the Culuchang is 1.7 mm/a [36].
The Fubian River Fault is located in the southeast of the Songgang Fault and is connected
to the Songgang Fault at the west end, spreading in a NW-SE direction, with a right-lateral
strike-slip and thrust nature and a segmented horizontal sliding rate of >0.85 mm/a near
Majiagou and higher than 1.7 mm/a near Niugiangou [33]. The Aba Fault spreading
direction is northwest-southeast, including the Aba Basin North Rim Fault, South Rim
Fault, and Central Fault, all composed of several branching composite faults, and this fault
is a very important branching fault in the eastern section of the Maduo—-Gande Fault.
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Figure 1. Tectonic background of the study area. (a) represents the distribution of the study area in
China. (b) represents the tectonic background area of the study area. (red dashed lines AA ‘and BB’
are the strike and vertical sections along the Maerkang earthquake sequence, respectively, faults data
source: https:/ /www.activefault-datacenter.cn, accessed on 9 November 2022).

3. Dataset and Methods
3.1. Dataset

The earthquake catalog and seismic phase reports used in the study are the Uniform
Official Catalog and Official Observation Report provided by the Seismic Cataloging System
of the China Earthquake Network Center. The data span from 1 January 2009 to 15 June
2022, and the starting and ending times correspond to the completion of the digital seismic
network renovation in the “Fifteen Plan” of the China Seismic Network and the fifth day
after the 2022 Sichuan Maerkang Mg 6.0 earthquake, respectively. The seismic events with
epicenter distance < 500 km and recorded by at least three stations at the same time were
selected to ensure the quality of seismic data.

During the period from 1 January 2009 to 15 June 2022, a total of 9373 initially located
seismic events meeting the above selection conditions in the seismic location and tomog-
raphy study area (31°-34° N, 100°-103° E, hereafter referred to as the study area) with
magnitudes ranging from M -0.6 to Mg 6.0. In order to make the seismic rays fully cover
the study area, this paper takes the Mg 6.0 Maerkang earthquake as the center and extends
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1.5° outward as the tomography inversion area, using 119 regional fixed seismic stations
in the range of 99°~104° E and 30°~35° N (Figure 2). Figure 2 shows the distribution of
seismic stations and seismic rays. From the figure, the ray distribution shows that most
of the coverage in the study area is intact, and the ray coverage is poor in the northwest
Qinghai area due to the sparsity of seismic stations. The ray coverage is poor in the north-
west Qinghai region due to the sparsity of seismic stations. The depth profile shows ray
distribution rate above 30 km depth has a high coverage rate. It is worth mentioning
that the ray paths are plotted as simple straight-line paths, which are somewhat different
from the ray paths in the actual inhomogeneous crustal velocity model, and are only used
for reference.
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Figure 2. Station and three-dimensional ray distribution used in this paper. (a) shows the distribution
of ray nodes in the horizontal area. (b) shows the ray distribution at latitude and depth. (c) shows
the ray distribution in longitude and depth. (red five-pointed star represents the location of Mg 6.0
main shock, the blue box represents seismic station, red origin represents the set of grid nodes, and
the green rectangle represents the study area).

3.2. Method Introduction

Seismic location and inversion of the crustal velocity structure are critical issues in
understanding the mechanism of earthquake occurrence and locating the seismogenic
faults [37]. The 1D crustal velocity structure is a critical factor in determining the accuracy
of seismic localization. However, the spatial uniqueness of the subsurface medium leads
to significant differences in the velocity structure in different regions, so it is necessary to
develop a specific 1D velocity model to be used as the initial velocity model for location
or tomography according to the study area [38,39]. Because the initial location of the
seismic observation report uses a simple one-dimensional horizontal layered velocity
model, and the reliability of the source depth using the simplex method is poor, we used
two steps to obtain a relatively accurate seismic source location in the area of this occurrence:
(1) The optimal 1D velocity model is inverted using the VELEST method [18], and the
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absolute locations of the earthquakes are improved based on the updated 1D velocity
model; (2) based on the absolute locations of the earthquakes are improved by VELEST,
the updated 1D velocity model, and the seismic phase data, the relative locations of these
earthquakes are further determined using the double-difference tomography (TomoDD)
method [22,23] for the relative location of these earthquakes.

3.2.1. One-Dimensional Velocity Model and Seismic Absolute Location Optimization

The VELEST algorithm uses the FORTRANY7 programming language and is used to
obtain a one-dimensional velocity structure model that matches the geological structural
characteristics of the study area. The resulting 1D velocity model can be used as a reference
model to improve seismic location accuracy and for seismic tomography. The VELEST
algorithm requires an initial velocity model to be selected, and the initial velocity model
is continuously modified by correcting the station and source parameters [18]. The one-
dimensional velocity model is solved as follows:

The velocity model m satisfies a nonlinear relationship with the seismic wave travel
time #,p5, station coordinates s, and source parameters h:

fops = f(S/ hrm) 1)

As with other time-location methods, seismic wave time data and station information
are required to solve the velocity model based on both data. An appropriate 1D velocity
structure model is introduced to solve the equation, and then the theoretical travel time ¢t
of seismic waves is calculated based on ray-tracing theory. By doing the first-order Taylor
expansion of Equation (1), the linear relationship between the travel time residual ¢,,s and
the velocity model correction and source correction can be obtained as follows:

4 n
of of
tres = tops — t ——E —Ah +§ Am; +e 2
res obs cal = ahk k 1‘:18 ; i ( )

where m is the velocity model parameter vector, / is the seismic source parameter vector,
and e is the error vector. In the matrix, the parameter relations in the coupled seismic source
parameter model can be written as:

t=Hh+Mm+e=Ad+e 3)

When multiple events are retrieved and located at the same time, the accuracy of the
results is evaluated by the root mean square residual(RMS residual) of travel time.

3.2.2. TomoDD Method Introduction

TomoDD is a recursive version of HypoDD [16] that simultaneously solves the 3D
velocity structure and seismic event location. TomoDD uses absolute and differential
seismic phase walk times to invert the velocity structure in layers of different sizes. The
method generates the velocity structure by identifying the incident location closer to the
source region, while the standard laminar imaging algorithm uses only absolute seismic
phase walk times [22]. It is based on the HypoDD [16] code, which enables the joint
inversion of the source location and velocity structure by using absolute and relative seismic
phase data. This method determines a three-dimensional velocity model with absolute and
relative event locations. This method has the advantage of including relative and absolute
epoch travel times in the weights, thus simplifying assumptions about ray path geometry
or path anomalies without losing valuable information, using absolute locations, but also
modifying absolute positions with iterations [22]. The inversion is performed using an
iterative damped least squares technique to solve the linearized, coupled seismic source
velocity problem. For standard tomography, the event locations are uncertain and slightly
scattered due to errors. TomoDD uses different seismic phase data between adjacent seismic
pairs to largely eliminate path effects and thus better invert the velocity structure of the
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source area [22], so the velocity model obtained by the TomoDD method is, to some extent,
superior to standard tomography.

The main principle of the TomoDD method is that the difference between the observed
travel time and the theoretical travel time of the seismic rays generated by seismic event
reaching station k can be expressed as the following integral form:

‘ 3 oTE . ‘ k
=Y a—x’;Ax; + AT +/i ou ds )
=1 !

The above equation T} denotes the seismic wave travel time of seismic event i recorded
at station k. Axf (I =1,2,3) is the perturbation value of the source parameter of seismic
event i in three different directions, AT’ is the perturbation at the moment of seismic i,
and Ju is the slow perturbation of seismic wave. In addition, the difference between the
theoretical and observed travel times of adjacent earthquakes i and j can be expressed as:

, . 3 9T . . k 3 a7 . ‘ k
r}(—r{(:Z—’;Axf+Arl+/ 5uds—(2—’]‘.Ax;+AT]+/ Su ds) 5)
i=1 0] i 1=1 0x; j
The velocity structure of the small-scale range near the earthquake epicenter and the
relative source location can be obtained according to Equation (5).

4. Inversion Process and Results

The accuracy of 3D velocity inversion mainly depends on the number of earthquakes
and seismic phases, the size of the grid node settings, and the goodness of the initial velocity
model [39]. Theoretically, the denser the nodes are, the higher the inversion accuracy is.
However, in the case of insufficient data, the denser the nodes are, the lower the node ray
coverage will be, and the inversion accuracy will be reduced. In careful consideration, the
nodes in this paper are set every 0.3° horizontally, and the depthis setat —3, 0, 3, 6,9, 12, 15,
20, 25, 30, 35, and 40 km. The speed values outside the nodes are interpolated linearly [40].
See Figure 2 for the horizontal grid nodes. In the seismic location calculation, we set the
epicenter spacing of 30 km as the event pair selection threshold, and a single earthquake
can form a pair with up to 10 earthquakes. In the selection of damping coefficients and
smooth factors in this paper, the L-curve equilibrium curve method [41] is used to make
the variance of the data small while ensuring that the amount of variation in the solution
does not increase severely. And finally, 150 and 30 are chosen respectively. The initial 1D
velocity model is selected as the best model obtained by VELEST optimization.

4.1. VELEST Relocation and One-Dimensional Velocity Optimization Based on EA
(Evolutionary Algorithm)

Before setting the initial three-dimensional velocity model, it is often necessary to
debug the one-dimensional velocity model. Here, we apply the traditional method VELEST
to optimize the one-dimensional velocity model and relocate the earthquake. Traditional
methods plus some machine learning optimization methods will achieve better results,
which is of great significance in improving the efficiency of traditional methods and algo-
rithms [42,43]. In order to quickly obtain the optimal one-dimensional velocity model, we
use the initial velocity model for random perturbation and then use the EA Algorithm 1 to
select the optimal one-dimensional velocity model with the minimum RMS calculation. We
selected 400 seismic events above My, 2.5 from 9373 events. In the setting of the stochastic
model, we refer to the previous research results of the one-dimensional velocity model
in this area [44]. After 60 generations of searching for the optimal solution of VELEST,
we obtained the optimal 1D velocity model. The results are shown in Table 1. We only
need to fill in the required parameters of EA, then set the quality evaluation criteria of the
optimal 1D velocity model as the objective function, and wait for the iterative search results.
The pseudo-code for this procedure is as follows, and the corresponding source code is
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available at https:/ /github.com/ECNU-Cross-Innovation-Lab/EA_VELEST, accessed on
9 November 2022.

Algorithm 1: EA_VELEST

Input: vel set’s upper and lower limits, fitness function: VELEST method’s RMS resudial
Parameter: Population size S, generation number N, crossover probability Pc, mutation
probability Pm
Output: the vel set of the target 1D velocity model
randomly generate POPy’s individuals
Fori=1toSdo
calculate each individual’s fitness
Forj=1toNdo
select;
crossover if Pc;
mutation if Pm;
Fori=1toSdo
vel = popli]
calculate fitness
End for
End for
Return target model’s vel set

Table 1. Initial velocity model and optimal one-dimensional velocity model for absolute positioning
using the Velest method and EA.

Denthik Initial Velocity Model Optimal Velocity Model
m

P Vp (km/s) Vg (km/s) Vp/Vg Vp (km/s) Vg (km/s) Vp/Vg
0 5.10 2.70 1.89 4.79 2.81 1.70
3 5.30 3.00 1.77 5.11 3.10 1.65
6 5.50 3.10 1.77 4.72 3.37 1.40
9 5.70 3.20 1.78 5.25 2.87 1.83
12 5.80 3.30 1.76 5.53 3.52 1.57
15 6.20 3.50 1.77 5.48 3.18 1.72
20 6.31 3.68 1.71 5.64 3.55 1.59
25 6.35 3.70 1.72 6.01 3.63 1.66
30 6.31 3.65 1.73 5.99 3.46 1.73
40 7.10 4.10 1.73 6.00 3.42 1.75

Our objective function is the minimum RMS residual of the VELEST method. Firstly,
appropriate parameters are preset for EA, which are search algebra, N, population size,
M, crossover probability, Pc and mutation probability, Pm. Among them, the search al-
gebra is the optimal generation number, and population size is the number of parallel
solutions for each generation. Then, the velocity parameters of the 1D velocity model are
set as variables to be optimized, which are converted into chromosomes which are the
coded representation of the individual in question in the form of a string. Then coded
chromosomes to complete the initialization of the population POP). The parameters
at different depths of each group of 1D velocity models correspond to an individual
in the population and also to a chromosome = anindividual = [velj,vely, - - - ,velyy].
Then input the parameters corresponding to each chromosome in POP,; into the VE-
LEST method, and calculate their RMS residual, which is also called target function
F(c) = min(RMS of 1D wvelocity model calculated by VELEST). Next, calculate the proba-
bility of each chromosome being selected and choose them by roulette. For the selected
chromosomes, they will be randomly paired and crossed at random points if and only if
the random crossover probability is larger than Pc. When and only when the probability of
random variation is larger than Pm, random variation occurs at the corresponding gene
locus. After the above steps, a new generation of the population will be generated. Repeat
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the above process until the preset search algebra is reached. Finally, after iteration, the
velocity corresponding to the minimum RMS residual value of the VELEST model output
after model comparison corresponds to the best 1D velocity model found. Since it has
been confirmed that excellent results can be obtained when searching the 60-generation
population, Figure 3 shows the results of 4 runs of the 60-generation EA operation, which
shows that the best 1D speed model obtained is robust. Specifically, Figure 3a shows four
variation curves of the RMS residual change effect of 60 generations of EA iteration that
can describe the average level of the model during the experiment. It can be seen from the
figure that the RMS residual of the best 1D velocity model obtained by EA and VELEST
methods are both around 0.1745, and the effect is robust. Moreover, Figure 3b shows the
models” P-velocity and S-velocity corresponding to the above four groups of parameters
for comparison.

RMS residual variation curve(fitness curve) Four Synthetic Models

0.178
(a) Iteration NO.1 0 Vp o (b)
1
[teration NO.2 Vs 14
1
0.177 Iteration NO.3 ‘-:
. —— Iteration NO.4 ~10 1 '—:
= - T
= =] LB
= g ;
8 0.176 = i~
0 2 20 L
o Y
% & !
1
0.175 1
—30 1 H
]
!
1
0.174 !
. . . . . . . —40 . : ;
0 10 20 30 40 50 60 0 2 4 6

Generation Velocity (km/s)

Figure 3. The results of the four operations of EA_VELEST. (a) Four RMS residual variation curves
(fitness curves) with 60 generation EA iteration. (b) 1D Velocity models corresponding to four groups
of parameters. The solid line represents the P-wave velocity, and the dotted line represents the S-wave
velocity. The lines with four different colors represent four groups of tests, which is consistent with (a).

From the results of the four operations, the models obtained from the four inversions
at a depth of 6-15 km in the seismic concentration area are relatively close, indicating
that the method proposed in this paper is relatively reliable in obtaining accurate one-
dimensional velocity models. It is worth mentioning that, in the depth interval with less
seismic distribution, the one-dimensional velocity model obtained by each attempt is
relatively different. This paper will further optimize the inversion of the three-dimensional
velocity model. Here we choose a set of parameters with an RMS residual of 0.174392, that
is, the parameters corresponding to Iteration No. 4 in the figure, which can approximately
represent the average level of model parameters after EA iteration. The parameters of the
optimal 1D velocity model are shown in Table 1. Compared with the initial 1D velocity
model, the overall Vp/Vg value of the 1D velocity model optimized by the VELEST method
in this paper is lower, which is mainly because the initial velocity model is located in the
area of southern Sichuan [44]. Wang et al. (2003) [45] proposed that the velocity structure
of the adjacent Ganzi block in the study area of this paper has lower values, and the
crust of the Tibetan Plateau has softer characteristics. Their study area is adjacent to and
partially overlaps with the study area of this paper, which indicates that the inversion
results are accurate and reliable. After obtaining the new model, we continued to relocate
all 9373 seismic events using VELEST and kept only those with maximum station azimuth
gaps within 160°. The 8649 seismic events after relocation were then used for TomoDD
relocation and tomography analysis.
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4.2. Checkerboard Test

In tomography inversion, a checkerboard test is usually relied upon to characterize the
inversion effect [11,30]. The recovery of the checkerboard grid is determined mainly based
on the shape recovery of each node. Nodes with good resolution have standard circular
contours around the center. At the same time, poorer recovery shows that nodes (mainly
those with less seismic ray coverage) tend to be trailed by neighboring nodes and show
elongated contours. Neighboring nodes that are completely blended and indistinguishable
are considered smear-like. Based on the above judgment, Vp and Vg both recovered well
in the 620 km (Figures 4 and 5). There is slight trailing in the 3 and 25 km depth layers
(Figures 4 and 5). At 0 and 30 km, the smearing is severe, and anomalies in the checkerboard
are not expected to recover (Figures 4 and 5). From the checkerboard results, the good or
bad inversion effect is related to the spatial distribution of earthquakes and the path of
seismic rays. The surface at 0 km is mainly affected by the topography. In addition, the
seismic distribution in the study area is relatively shallow [46], concentrated within the
depth of 20 km, so the inversion effect of a depth of more than 20 km becomes worse with
the increase the depth.
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Figure 4. The accuracy test of inversion in this paper uses the checkerboard test method. This is
the checkerboard results of P-wave velocity at different depth levels(0.3° x 0.3°). It can be seen
from this figure that Vp recovered well in the 6-20 km. There is slight trailing in the 3 and 25 km
depth layers. At 0 and 30 km, the smearing is severe, and anomalies in the checkerboard are not
expected to recover.
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Figure 5. Checkerboard results of S-wave velocity at different depth levels(0.3° x 0.3°). Similar to

the chessboard test result of P-wave, it can be seen from this figure Vg recovered well in the 620 km.

There is also slight trailing in the 3 and 25 km depth layers. At 0 and 30 km, the smearing is severe,
and anomalies in the checkerboard are not expected to recover.
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4.3. Inversion Results

In our research, we obtained 6,764,713 pairs of P-wave seismic phases and 6,142,190 pairs
of S-wave seismic phases after seismic matching using 8649 seismic events after VELEST relo-
cation. After 14 iterations of inversion, we obtained the relocation results (average horizontal
error of 183 m and vertical error of 335 m), 3D velocity, and Vp/Vg wave velocity ratio results
for the 7177 seismic events of this Maerkang earthquake sequence.

The time-space distribution of earthquakes can well depict the nature of earthquake-
generating fault movement [47,48]. The spatial locations of the three Mg 5.0 or higher
earthquakes were shown in the precise relocation results: 0:03 Mg 5.8 Maerkang earthquake:
32.28° N, 101.81° E, depth 12.3 km; 1:28 Mg 6.0 Maerkang earthquake: 32.28° N, 101.83° E
depth 18.8 km; 3:27 Mg 5.2 aftershock: 32.26° N 101.86° E, depth 19.45 km. Combined with
the relocation epicenter distribution of this earthquake sequence shown in Figure 6, it is
evident that the whole sequence tends to migrate southeastward and deeper within 10 h
after the earthquake.
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Figure 6. Time and space distribution of Maerkang aftershock sequence (starting from the oc-
currence time of Mg 5.8 main shock, (a—d)represent the aftershock sequence between 1 h 20 min,
1 h 20 min-3 h 20 min, 3 h 20 min-10 h and 10 h-15 June 2022 respectively).

5. Discussion

In order to discuss the characteristics of crustal velocity structure in the Maerkang
area, detailed research has been carried out from one-dimensional velocity to precise
seismic location and three-dimensional velocity inversion. The results can provide an
important reference for seismic location and analysis of earthquake-generating mechanisms
in this area.

From the relocation results, we found that the aftershock sequence of the Maerkang
earthquake moved southeastward and deeper underground (Figure 6). According to the
analysis of regional tectonic stress research results, this is mainly due to the influence of
the enormous stress environment of the block extrusion on the Tibetan Plateau, Like most
other earthquakes in the Qinghai Tibet Plateau [49,50]. When the crustal material of the
Tibetan Plateau migrated eastward, it was obstructed by the hard Sichuan Basin in the
east to generate stress accumulation. When the accumulation reached a certain degree, a
large number of earthquakes were induced by fault destabilization [32]. This Maerkang
earthquake sequence proves it. In addition, we can find that the aftershock sequence did not
occur on the Songgang Fault but on a fault parallel to the Songgang Fault with its north-east
direction of about 5 km and a strike of 300-310°, according to the epicenter distribution in
Figure 6. Moreover, the distribution of the seismic sequence at depth (Figures 7 and 8) also
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shows that the seismogenic fault is not the Songgang Fault. Therefore, we speculate that
the seismogenic fault of this earthquake may be a secondary fault not mapped in the 5th
generation active fault map, with a steeper fault dip and a slight southward dip.

The physical properties of the rock (e.g., density, porosity, fluid content, etc.) influence
the seismic velocities (Vp and Vg), with Vp being more positively correlated with the
density of the rock. In addition, Vp and Vg are sensitive to the presence or absence of fluids,
so the Vp, Vg and Vp/ Vg value models all provide information on the crustal composition,
including possible partial melting [51]. Based on the results of the checkerboard test, only
tomography results within 6-20 km are discussed in this paper. The seismic tomography
and location results in this paper (Figures 7 and 8) show that the two events with the largest
magnitude in the Maerkang earthquake sequence, Mg 5.8 and Ms 6.0, occurred on the P
and S wave high-velocity and low-velocity intermittent surfaces, where the location of the
Mg 6.0 earthquake is more to the side of the low-velocity anomaly, and there is a wide
range of low-velocity anomalies in the surrounding area. Previous authors analyzed the
existence of the low-velocity layer to make the seismogenic layer have a strong seismogenic
capacity [52], which may be why the magnitude of the 1:28 Mg 6.0 Maerkang earthquake
exceeded that of the 0:03 Ms 5.8. According to the seismic distribution after relocation
(Figures 7 and 8), a large number of earthquakes are distributed along high and low-velocity
anomalies or high and low anomalies of Vp/Vg values, and these areas are usually the
intersection of different media, which are more prone to earthquakes, and the distribution
direction of earthquakes is consistent with the direction of high-velocity anomalies [53].
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Figure 7. Cont.
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Figure 7. Imaging results at different depth levels, based on the results of the checkerboard test,
here we only show the imaging results in the depth range of 6-20 km. (Black dots in different depth
velocity maps represent seismic events after relocation and select earthquakes with half the distance

between the upper and lower layers).

The wave velocity in the study area has significant lateral and longitudinal heterogene-
ity. The vertical distribution of both P and S waves shows significant undulation, which
corresponds to the folded deformation of the strata in the study area [54]. In general, the
tomography results of the P-wave and S-wave were relatively consistent. High-velocity
anomalies dominate P-wave and S-wave at 6-9 km depth and low-velocity anomalies at
12 km~-20 km depth. The significant low-velocity zone may be the range of fluid channels
in the crust of the Qinghai-Tibet Plateau, and it is assumed that the material nature may be
salt-bearing water fluid or local melt in the adjacent Ganzi area [55].
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Figure 8. Three-dimensional velocity and seismic distribution along seismic strike and vertical profile.
(a) represents the vertical imaging results of profile AA’, and (b) represents the vertical imaging
results of profile BB'. (Black dots are seismic events, and earthquakes within 6 km around the profile
line are selected; LRBF: Longriba fault; ABF: Aba fault).

The maximum value of Vp/ Vg calculated by the P-wave to S-wave velocity ratio is
1.86 at a depth of 15 km, and there are two places; one appears on the south side of the
Xianshui River Fault in the southwest corner of the study area, and the other is located
between the southern margin of the Gande Fault and the eastern end of the Dari Fault. The
minimum value is 1.42 at a depth of 15 km, located at the site of the 1973 Luhuo Ms 7.6
earthquake. The Vp/Vg values at 6 and 9 km depths exhibit multiple diamond-shaped
masses, which may be related to the gravitational equilibrium in the local mountainous area.
The location of the 12 km depth Mg 5.8 Maerkang earthquake is surrounded by low Vp/ Vs
values and is located at the low-value boundary. The Vp/Vg values at 15-20 km depth are
dominated by high values. Due to the low-speed characteristics of S wave propagation
in the liquid, it is generally believed that high Vp/Vg values are related to saturated
fluid [56-59]. In addition, the S-wave velocity at 15 km depth shows a wide range of
S-wave anomalies combined with high Vp/Vg values that may exist in local melting [60].



Sustainability 2022, 14, 15909

16 of 19

The AA’ profile along the earthquake strike shows a clear segmentation of P wave-
velocity, S wave-velocity, and Vp/Vs values at 50 km northwest of the Maerkang earth-
quake, which is characterized by low-rate subsidence and high-rate uplift, possibly re-
sponding to crustal shortening. The vertical profile BB’ shows a steeper dip of the seismic
sequence with a slight southward dip. Wang et al. (2003) [45] found a large-scale low-
velocity anomaly in the area near Maerkang based on artificial blast profiles. In this paper,
BB’ shows similar results, and the profile shows a low-velocity anomaly of about 50 km
length along the NE direction after passing through the Aba fault. The vertical distribu-
tion of Vp/Vg values is stepped and more complex, with high Vp/Vg values gradually
extending towards the surface. The velocity anomalies obtained from the inversions de-
scribed above may be related to the equilibrium response of density anomalies within
these mountains.

6. Conclusions

The inversion of underground three-dimensional velocity structure is one of the
important means to understand the factors of earthquake occurrence. In this paper, we
have used the system operation processing from one-dimensional velocity optimization to
three-dimensional velocity inversion to analyze the seismogenic mechanism of the Sichuan
Maerkang earthquake swarm in 2022. We optimize the one-dimensional velocity structure
using the EA_VELEST method and use the optimized velocity model as the initial velocity
model to obtain the three-dimensional fine velocity structure and high-precision inversion
and seismic source parameters of the area using the TomoDD method. The following main
conclusions were obtained:

(1) We propose a method to quickly obtain the optimal one-dimensional velocity
model EA_VELEST, which simplifies the process of one-dimensional velocity inversion and
can make VELEST move steadily towards the direction of residual reduction. We believe
that combining EA_VELEST and the 3D velocity inversion method is a shortcut to quickly
grasp the tectonic environment of earthquake occurrence.

(2) We obtained the precise location result of the Maerkang earthquake case through
TomoDD inversion. The distribution of aftershocks after the earthquake relocation along
a secondary fault parallel to the Songgang Fault, which may be the seismogenic fault of
this earthquake, with a steeper dip, slightly southward, towards 300-310°, and close to the
Songgang Fault.

(3) The earthquakes in the study area are mainly concentrated within 5-15 km with
a shallow distribution. The spatial and temporal distribution of the aftershock sequence
shows that the seismic sequence extends to the southeast and deeper.

(4) The wave velocity in the study area has obvious lateral and vertical heterogene-
ity, and the S-wave velocity at 15 km depth shows a wide range of S-wave anomalies.
Combined with high Vp/ Vg values, it is speculated that local melting may exist. Most of
the earthquakes are distributed along high and low-velocity anomalies or high and low
anomalies of Vp/Vg values.

The aftershocks of the Maerkang earthquake sequence are still active, so the calculation
results of this paper still need to be improved, but the velocity tomography obtained from
this study is still more reliable according to the results of the checkerboard test, and further
analysis will be done later with the further accumulation of seismic data. From the research
results in this paper, we suggest that we should continue to pay attention to Markang and
its surrounding areas and reveal the seismic risk of this area through three-dimensional
velocity changes in different time periods.
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