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Featured Application: This work is mainly applied to the analysis of relevant geophysical field
changes caused by earthquakes.

Abstract: The tectonic processes leading up to an earthquake and the occurrence of the earthquake
itself will cause local changes in the geophysical field (geomagnetic field, stress field, etc.). In this
paper, the variation characteristics of the tectonic stress field (TSF) and local geomagnetic field (LGF)
before and after the Yangbi Ms 6.4 earthquake are studied. The regional stress tensor damping
inversion method was used to invert the TSF using focal mechanism solutions (FMSs). The change
characteristics of the TSF before and after the earthquake were analyzed. An annual variation model
of the LGF was constructed, and the variation of the horizontal vector was analyzed. The azimuth
and plunge of the maximum principal compressive stress axis of the TSF in the epicentral region
before and after the earthquake were —4.4° and 2.7°, 172.7° and 6.6°, respectively. The variations in
the declination, inclination and total intensity of the epicenter one year before and one month after
the earthquake were —0.20" (0.07'), 0.29' (—0.12’), and —1.7 nT (—1.9 nT), respectively. The epicenter
is located at the boundary of the “weak variation region” of the horizontal vector. This research is of
great significance concerning the TSF background and incubation mechanism of earthquakes.

Keywords: focal mechanism solution; stress field inversion; meta-instability theory; local geomag-
netic field variation; Yangbi earthquake

1. Introduction

The geomagnetic field and stress field are important geophysical fields. Changes
in these fields caused by tectonic activities such as earthquakes have long been central
issues in geophysical research [1,2]. Because these fields are associated with two different
disciplines, little research on the relationship between the geomagnetic field and the stress
field has been published [3,4].

Most earthquakes are processes of crustal stress release, which causes changes in the
stress field on or around the fault, and has a great impact on the seismic activity in the
area near the earthquake source [5]. The inversion of the tectonic stress field (TSF) based
on the earthquake focal mechanism solution (FMS) is an effective method to study the
process and mechanism of earthquake initiation and occurrence [6,7]. Although the FMS
of a single earthquake cannot be used to define the actual direction of the tectonic stress
applied underground, the characteristics of the TSF in the region can be inferred through
many FMSs in a given area [8-10].
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The lithospheric magnetic field, also known as the crustal magnetic field, is an impor-
tant part of the geomagnetic field [11,12]. The spatial structure of lithospheric magnetic
anomalies is extremely complex but very stable over time because the sources of the local
geomagnetic field (LGF) are stable [13,14]. However, during strong tectonic activity, the
LGF changes rapidly; examples of this include the magnetic field near earthquake buildup
areas, volcanoes and faults [15-17]. Studies have shown that tectonic activities in the crust
are related to changes in crustal stress [18,19]. The magnetic mineral composition of crustal
rocks at temperatures below the Curie point shows the characteristics of induced magnetiza-
tion and residual magnetization [20-22]. In the area of tectonic movement, these magnetic
minerals produce local geomagnetic anomalies due to the piezomagnetic variations caused
by stress [23-25]. How then does tectonic movement cause changes in the crustal stress,
which, in turn, lead to variations in local geomagnetic anomalies [26,27]?

The corresponding relationship between the stress and the magnetic changes in rock
samples has been established under laboratory conditions [28,29]. Based on laboratory re-
sults, many researchers have provided reasonable explanations for the magnetic anomalies
caused by tectonic activity in the crust [18,30,31]. However, some researchers have also
found that the magnetic anomalies observed during earthquakes are much smaller than
expected. The expected magnetic changes are not observed in volcanic areas or near active
faults, and even the magnetic changes observed during the storage of a reservoir are much
larger than the calculated values based on the experimental conclusions [19,32]. The reason
is that the results of magnetic experiments on rock samples have certain limitations. Due to
the limitation of experimental conditions, the experimental environment of rock samples is
often quite different from the underground physical environment in an area with geological
tectonic movement, and the scale of rock samples is very different from that of a tectonic
area [4,25]. The magnetic anomalies caused by general geological processes are difficult to
explain based on conclusions from rock magnetic experiments.

There are no reports on the correlation between the TSF and LMF caused by earth-
quakes. On May 21, 2021, a magnitude 6.4 earthquake occurred in Yangbi County, Yunnan
Province, China [33]. To better understand the tectonic stress background and the magnetic
anomaly changes resulting from the earthquake, we used the fault sliding direction to
reverse the TSF in the epicentral area and then analyzed the changes in the TSF before and
after the Yangbi earthquake. At the same time, repeated observations of the geomagnetic
field were used to analyze the changes in the LGF before and after the Yangbi earthquake. A
“weak variation” pattern of the horizontal vector change in the epicentral area was revealed,
and the evolution of the Yangbi earthquake was analyzed based on the experimental theory
of meta-instability [34].

2. Data and Methods
2.1. Yangbi Ms 6.4 Earthquake

The epicenter of the Ms 6.4 Yangbi earthquake was located at 99.87° E, 25.67° N,
and the focal depth was 8 km (https:/ /www.cea-igp.ac.cn/kydt/278248 html (accessed
on 16 January 2022)), as shown in Figure 1. The earthquake sequence presents a typical
foreshock-mainshock-aftershock pattern, which is roughly distributed in a NW strip along
the western side of the Weixi-Qiaohou-Weishan fault [35]. The rupture featured a NW-SE
high dip angle and right-handed strike-slip motion. The extreme slip zone was located
southeast of the epicenter, and the main fracture length was approximately 12-15 km [33].
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Figure 1. The epicenter of the Yangbi Ms 6.4 earthquake and the research area. The yellow pentagram
is the epicenter of the MS 6.4 mainshock, the black solid lines show the distribution of faults [36], the
blue triangles represent the distribution of repeat measurement stations of the magnetic field vector,
and the red triangles represent the continuously recording geomagnetic observatories.

2.2. Inversion and Modeling Data
2.2.1. FMS Data

With the inversion of the TSF before the Yangbi earthquake, 40 FMSs with Mw > 4.8
from 1 January 1976 to 30 April 2021 were collected for the surrounding area (98° E—102° E,
23.7° N—27.2° N). These data were from the Global Centroid Moment Tensor Catalog
(GCMT) of Harvard University. The focal mechanisms of these earthquakes show that the
focal types in the study area are mainly strike-slip [37,38].

We used 13 earthquake events (Ms > 4.0) within 15 km of the epicentral area before
and after the Yangbi earthquake to study the changes in the regional TSF. FMSs are shown
in Table 1 [35].

Table 1. FMSs of the typical Ms > 4.0 event of the Yangbi earthquake sequence.

E . Epicenter Location Magnitude Fault-Plane I Fault-Plane II
arthquake Time
Longitude (°) Latitude (°) Ms Strike Dip Rake Strike  Dip Rake

2021.5.18 21:39 99.93 25.65 4.2 41 78 8 309 82 168
2021.5.19 20:05 99.91 25.65 4.4 229 90 —15 319 75 180
2021.5.21 20:56 99.93 25.64 4.2 159 45 —115 12 50 —67
2021.5.21 21:21 99.93 25.65 5.6 217 86 —12 308 78 -176
2021.5.21 21:48 99.88 25.69 6.4 135 75 —168 42 78 —15
2021.5.21 21:56 99.95 25.64 4.9 220 84 20 128 70 174
2021.5.21 22.15 99.97 25.60 4.0 128 80 160 222 70 11
2021.5.2122.21 99.98 25.60 5.2 146 48 —161 43 76 —44
2021.5.21 23:23 99.98 25.60 4.5 127 87 177 217 87 3
2021.5.22 00:51 99. 87 25.69 4.0 35 85 -9 126 81 —175
2021.5.22 09:48 99.88 25.67 4.0 313 84 —176 223 86 —6
2021.5.22 20:14 99.93 25.61 4.4 325 44 —140 204 63 —54

2021.5.27 19:52 99.95 25.74 4.1 194 90 -5 284 85 180
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2.2.2. Geomagnetic Measurement Data

There are four continuously recording geomagnetic observatories within 200 km of
the mainshock. The nearest station (YUL) is only 55 km away from the epicenter, while
the farthest (CHX)- is 180 km away. These stations are shown in the red triangles in
Figure 1. These geomagnetic observatories provide reliable data for the correction of the
daily variation and secular variation of the ground repeated magnetic survey data.

In addition, there are 27 repeated geomagnetic field vector measurement stations
within 250 km of the epicenter, with a spacing of approximately 70 km (shown as blue
triangles in Figure 1). The total intensity (F) of the geomagnetic field was measured using a
proton precession magnetometer (GSM-19T) with an absolute accuracy of £ 0.2 nT and a
resolution of 0.01 nT [4,25]. A DI magnetometer with an accuracy of 0.2’ and a resolution of
0.1" was used to measure the magnetic inclination (I) [39]. GPS and DI magnetometer were
combined to complete the measurement of the magnetic declination (D). These stations
have recorded data from March to May every year since 2010.

In this paper, we use continuously recorded data from four observatories from
1 January 2018 to 30 June 2021, as well as a total of five ground magnetic vector obser-
vation data points during 2018-2021 and one month after the Yangbi earthquake.

2.3. Inversion and Modeling Methods
2.3.1. TSF Inversion Method

The regional stress tensor damping inversion method is adopted, and the damping
coefficient is introduced based on the linear stress inversion method to control the mismatch
between the theoretical and observed values and the relative weight of the model complex-
ity [40]. First, the optimal damping coefficient in the inversion process is determined by an
automatic program. Second, the FMSs are divided into many grids (each grid adopts at
least one FMS), and stress inversion is carried out to obtain the optimal stress tensor for
each grid point. Finally, the bootstrap method is used to resample the data of each grid to
obtain the confidence interval of the stress tensor axis [41].

In this paper, the tectonic stress field near the epicenter is calculated by using the
regional stress tensor damping inversion method and MSATSI program [42]. The number
of earthquakes in every grid is set to 1, the number of automatic resamplings is 1000, and
the confidence level is 95%.

2.3.2. LGF Modeling Method

According to the continuous absolute value data of the geomagnetic observatories
(as shown in Figure 1), the diurnal variation of the observed data is corrected to eliminate
the external field component of the geomagnetic field using the data processing method
described by Wang et al. [25,43]. The secular variation of the geomagnetic field is elim-
inated by using the natural orthogonal component model in mainland China [4]. The
8th-order spherical cap harmonic model of the Chinese geomagnetic reference field is used
to eliminate the main magnetic field component to obtain the lithospheric magnetic field
change every year, and then the lithospheric magnetic field of the adjacent two years is
used to obtain the annual change [39]. Finally, the surface spline fitting method is used to
construct a high-precision model of the annual change in the lithospheric magnetic field in
the study area.

3. Results
3.1. TSF Characteristics

Figure 2 and Table 2 display the inversion results of the TSF before the Ms 6.4 Yangbi
earthquake. The compromise curve between the stress field inversion fitting error and the
length of the model (or the complexity of the model) is shown in Figure 2a. The number
marked on the right of the circle in the figure is the value of the damping coefficient, and the
cross is the calculated optimal damping coefficient (inflection point). The best stress field
inversion result can be obtained at the inflection point, that is, when the optimal damping
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coefficient is 1.2, as shown in Figure 2b. The azimuth of the maximum horizontal principal
compressive stress rotates counterclockwise from west to east and rotates clockwise from
north to south, which is consistent with the results of previous studies [33,44,45]. In the
epicentral area (100° E, 26° N), the azimuths and plunges of the optimal solutions of
o1, 02, and o3 are —4.4° and 2.7°, —175.2°and 87.3°, 85.6°and 0.4°, respectively, and the
corresponding 95% confidence intervals for azimuth of 0y, 03, and 03 are —183.1°~166.8°,
—355.2°~4.3°, and 78.2°~91.5°, respectively.
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Figure 2. Results of stress field inversion. (a) Tradeoff between the length of the model and data
misfit for different values of the damping parameters. The damping values are shown next to each
point. The final selected damping parameter is represented by a cross. (b) Spatial distribution of the
stress field orientation. The axes of the maximum compressive stress, intermediate principal stress
and minimum compressive stress are represented as o1, 0, and o3, respectively. The 95% confidence
limits of 71, 72, and o3 are marked with red, green and blue points, respectively. The best solutions
are indicated by black crosses. (c) Confidence limits of the R value corresponding to (b). (d) Stress
field direction and R value of the Yangbi earthquake using 13 FMSs.
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Table 2. Results of stress field.
. o1 oo o3 R Value
Location
Azimuth Plunge Azimuth Plunge Azimuth  Plunge R Best R Min R Max
(98° E, 25° N) —159.2 10.3 56.2 77.4 —67.9 7.1 0.45 0.00 0.72
(99° E, 24° N) —169.7 42 21.2 85.7 —79.6 0.8 0.35 0.01 0.67
(99° E, 25° N) —170.2 49 21.7 85.0 —80.1 1.0 0.34 0.01 0.69
(99° E, 26° N) —177.1 1.3 —-8.7 88.7 92.9 0.3 0.22 0.00 0.35
(100° E, 25° N) 1.0 2.5 169.0 87.4 —89.1 0.5 0.21 0.01 0.38
(100° E, 26° N) —4.4 2.7 —175.2 87.3 85.6 0.4 0.13 0.00 0.30
(100° E, 27° N) —8.0 21.7 174.1 68.3 82.3 0.7 0.07 0.00 0.23
(101° E, 25° N) 174.3 1.4 45.6 87.7 —95.7 1.8 0.21 0.00 0.42
(101° E, 26° N) 170.5 6.2 —16.8 83.7 80.4 0.8 0.24 0.01 0.49
(101° E, 27° N) —11.2 24.0 176.2 65.8 80.0 2.8 0.07 0.01 0.27
(102° E, 26° N) —10.6 1.7 —1285 86.4 79.5 3.1 0.31 0.01 0.53
The relative stress magnitude R is defined as [7]
02 —ol
R=————. 1
03— ol )

The R value is the minimum at grid points (100° E, 27° N) and (101° E, 27° N), and the
optimal solution is 0.07; the maximum is at (98° E, 25° N), and the optimal solution is 0.45;
the optimal solution for the R value in the epicentral area (100° E, 26° N) is 0.13, and the
95% confidence interval is (0.00~0.30), as shown in Figure 2c.

We also inverted the TSF in the epicentral region of the Ms 6.4 Yangbi earthquake.
The inversion parameters were the same as above, and the results are shown in Figure 2d.
The optimal solution of the relative stress R value is 0.32. The azimuth of o7 is 172.7°
(150.8°~316.7°), and the plunge is 6.6° (—75.8°~88.3°). The azimuth of the minimum
principal stress axis 073 is 82.4° (73.6°~98.6°), and the plunge is 2.4° (—10.8°~15.0°).

3.2. Variations in Regional LGF

Figure 3a,d,g,j show the dynamic variation characteristics of D from 3 years before the
earthquake to 1 month afterwards. The D near the epicenter continued to increase by 0.05,
as shown in Figure 3a,d. Before the earthquake (Figure 3g), D decreased slightly and then
rebounded after the earthquake (Figure 3j). During this period, there were local anomalies
with annual changes in D near the epicenter, and the epicenter was in the transition zone
between two local anomalies. The positive anomaly areas are shown on the northern
and southern sides and the negative anomaly areas on the eastern and western sides in
Figure 3a; the large value areas of positive anomaly are present on the eastern and western
sides of Figure 3d; the local isolated negative anomaly areas and their surrounding positive
anomaly areas are illustrated in Figure 3g; and the positive anomaly areas on the southern
side and negative anomalies on the northern side are shown in Figure 3j. Positive and
negative anomalies coexisted in the area near the epicenter, and the epicenter was located
near the “zero value” in annual D before (Figure 3g) and after (Figure 3j) the earthquake.

The dynamic changes in I are shown in Figure 3b,e,h k. There are obvious abnormal
areas at the epicenter, such as the positive anomaly on the northeastern side in Figure 3b, the
large value areas of negative anomaly on the southwestern side in Figure 3e, the negative
anomaly on the western side in Figure 3h, and the negative anomalies on the eastern and
western sides in Figure 3k. Before (Figure 3h) and after the earthquake (Figure 3k), the
epicenter was located near the “zero value” in annual I.
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Figure 3. Contour map of the annual variations in the D/I/F components of the LGF in the epicentral
and surrounding areas of the Yangbi earthquake. The three figures (a—c) in the first row are the annual
changes from May 2018 to May 2019, the second row (d—f) shows the annual changes from May 2019
to May 2020, the third row (g-i) illustrates the changes from May 2020 to May 2021, and the fourth
row (j—1) shows the changes from May-June 2021. The four pictures in the first column are the D
component (unit is ", those in the second column are the I component (unit is "), and those in the
third column are the F component (unit is nT).

Figure 3¢ f,i,]l show the dynamic characteristics of F of the geomagnetic field. In
Figure 3c, the negative anomaly area was located in the northeast of the epicenter, the
positive anomaly area was located in the southwest, and the epicenter was located in
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the transition area from small to large of the positive anomaly area. The positive and
negative anomalies areas in Figure 3f were opposite to those in Figure 3c. The northeast of
the epicenter was a positive anomaly area, the southwest was a negative anomaly area, and
the epicenter was located in the transition area from large to small of the negative anomaly. In
subgraphs c and f, the areas of positive and negative anomalies were large and continuous.
There was no obvious law of positive and negative anomalies in Figure 311, the anomaly areas
were relatively small and discontinuous, and the epicenter was located near the “zero value”.

According to the three components of D/I/F, we calculated the changes in the north
component (X), east component (Y), horizontal component (H) and vertical component (Z)
of the geomagnetic field. The annual changes in seven components of the geomagnetic
field at different times within a radius of 50 km away from the epicenter of the Yangbi
earthquake are reported, as shown in Table 3.

Table 3. The magnitude of the annual variation in each component of the magnetic field at the
epicenter of the Yangbi earthquake and within a radius of 50 km. The upper row corresponding
to each component is the amplitude of the epicenter position, and the lower row is the variation
amplitude within a radius of 50 km around the epicenter.

Different Annual Variation Cycles

Components
May 2018 to May 2019  May 2019 to May 2020 May 2020 to May 2021 May-June 2021
Declination 0.86 0.91 —0.20 0.07
" 0.18~0.96 0.65~1.31 —0.67~0.51 —0.37~0.78
Inclination 0.54 —1.73 0.29 —0.12
@) —0.25~0.65 —2.43~-1.03 —0.26~0.67 —0.18~0.27
Total intensity 3.8 -7.3 -1.7 -1.9
(nT) 1.9~5.0 —11.2~—4.7 —-7.6~1.1 —3.0~1.5
North component -1.7 10.1 -39 —-0.4
(nT) —2.4~47 43~14.2 —5.8~—1.2 —1.4~1.7
East component 9.2 9.6 —-2.0 0.7
(nT) 1.9~10.1 6.9~13.8 —7.1~5.6 —4.0~8.5
Horizontal intensity -19 99 —-3.8 —0.4
(nT) —2.6~4.7 4.1~14.0 —6.5~—0.5 —1.5~1.8
Vertical intensity 8.3 —23.2 2.0 -25
(nT) —1.4~9.6 —15.5~-33.1 —7.9~7.0 —3.9~3.6

4. Discussion

4.1. Analysis of Geomagnetic Field Changes Based on the Meta-Instability Theory

Figure 4 gives the phase-by-phase variations in the horizontal vector of the LGF in the

western Yunnan region before and after the Yangbi earthquake. The first three panels are
all drawn based upon the observational data before the earthquake, while the last panel is
the observational data before (one month) and after (one month) the earthquake.

Figure 4a shows the changes from 2018 to 2019. There are obvious low values in
most areas from west to east of the Yongsheng-Binchuan fault and around the connection
between the Weixi-Qiaohou-Weishan fault and the Honghe fault. The horizontal vector
direction is divided into two different trends from west to east and from south to north
at the intersection of the Longling-Lancang fault and the Wanding-Anding fault. With
the direction of the trend distribution, the change in its value gradually decreases. When
the fault is in the meta-instability stage after the peak stress intensity, it has entered an
irreversible deformation stage, which indicates that the occurrence of earthquakes is in-
evitable [34]. According to the theory of meta-instability, there is a peak stress point around
the Yongsheng-Binchuan fault zone before the meta-instability stage begins, and the magni-
tude in the surrounding area is relatively small. This indicates that the surrounding area is
subjected to regional stress loading, which is a metastable state.
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Figure 4. Annual variations in the horizontal vector of the magnetic field in the epicentral and
surrounding areas of the Yangbi earthquake. (a) The annual change from May 2018 to May 2019,
(b) the change from May 2019 to May 2020, (c) the change from May 2020 to May 2021, and (d) the
change from May-June 2021. The direction of the arrow represents the horizontal vector direction,
and the size of the arrow is 1° = 50 nT.

Figure 4b shows the variations from 2019 to 2020. The local area enclosed by the
arc section of the Lancangjiang fault, the western branch of the Nanninghe fault, the
Longling-Lancang fault and the Kejie fault is an area where the value of the horizontal
vector is low. The horizontal vector direction is generally oriented from west to east from
the Nujiang fault and Wanding-Anding fault and gradually becomes south to north after
passing through the Honghe fault and Yongsheng-Binchuan fault. Compared with the
vector in the previous period (2018 to 2019), the vector is roughly oriented in the same
direction, but its magnitude is greater than that of the previous period. Compared with
the change in Figure 4a, the “weakly variable area” migrates from northeast to southwest.
According to the determination of the vector direction and magnitude, this area is still
undergoing a stress loading process in the region, or it is in a metastable state.

Figure 4c shows the changes from 2020 to 2021. Compared with Figure 4b, the
horizontal vector in the variation diagram in Figure 4c is generally small, and a “weak
variation area” crosses the epicenter and appears on the northern and southern sides of the
epicenter. Among them, the “weakly variable areas” on the northern side are distributed
from west to east on the Weixi-Qiaohou-Weishan fault, Lancangjiang fault, and Nujiang
fault. The magnitudes of local areas reach zero. In addition, the weak variation areas
on the southern side are along the Lancangjiang fault and Kejie fault. The magnitude
of the local area near the intersection also reaches zero. The horizontal vector directions
spreading to the southeast and southwest from the epicenter show divergent trends from
northwest to southeast and northeast to southwest, respectively, and the corresponding
magnitudes also increase from small to large. The scope of the “weak variation area”
is seen to have expanded compared with those of the previous two periods, and the
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northern and southern sides are around the epicenter. At the same time, the horizontal
vector direction is completely reversed in the southwestern part of the Weixi-Qiaohou-
Weishan fault compared with those of the previous two periods, and there is a clockwise
rotation of nearly 90° in the vector direction around the Honghe fault. From the analysis
of the above characteristics, a large-scale “weak variation region” appears in this period,
accompanied by the change in vector direction and a gradual increase in magnitude in two
local regions; these features indicate that the region with the change in vector direction has
completely entered the metastable state, which implies that an earthquake will inevitably
occur. The observation in western Yunnan was completed approximately 15 days before
the earthquake, which shows that the observed anomalous characteristics of the metastable
state occurred 15 days after the Yangbi MS 6.4 earthquake, and that its epicenter was located
at the edge of the “weak variation area”.

Figure 4d shows the variation from May—June 2021. For the coseismic effect of the
horizontal vector of the LGF associated with the Yangbi earthquake, the vector magnitude
in the region from the Weixi-Qiaohou-Weishan fault to the Yongsheng-Binchuan fault
reached a value of zero, which indicates that the stress loading in this area was still at the
peak stage. From the Weixi-Qiaohou-Weishan fault to the west along the Lancangjiang
fault and then to the Nujiang fault, the vector direction spread from west to east, and
the magnitude gradually increased. There are two situations in this area: stress remains
loaded, or strain is released. These results also show that the seismomagnetic effect does
not subside rapidly in a short time after the earthquake.

The results of the TSF show that the azimuth of ¢ in the epicentral area was NNW,
close to positive N, before the Yangbi earthquake, and changed to SSE, close to the positive
S direction, after the earthquake [33]. The seismogenic structure is subjected to dextral
strike-slip movement under the regional stress of near north-south compression and east-
west tension. The formation of the structure may be associated with the SE slip of the
Sichuan-Yunnan block and the clockwise rotation of the Southwest Yunnan block [35].

4.2. Seismomagnetic Mechanism

The performance and mechanisms of geomagnetic anomalies in the early stages of
earthquakes are very complex, involving geomagnetic anomalies generated by the con-
tinuous changes of the source, regional stress fields, and other factors related to earth-
quakes [16,26,27]. It is necessary to separate earthquake-related anomalous signals from the
collected geomagnetic anomaly signals, as these signals may be caused by earthquakes and
other factors. Additionally, these measured geomagnetic signals mainly include the basic
magnetic field and the changing magnetic field; the abnormal changes of the geomagnetism
are also affected by these two parts. Therefore, it is necessary to filter out the geomagnetic
anomaly caused by the changing magnetic field unrelated to the earthquake. Diurnal
and secular variation corrections are made in observational data precisely to ensure the
acquisition of reliable geomagnetic anomalies.

Tectonic activities such as earthquakes and volcanoes are very complex physical
processes, often accompanied by subsurface thermal convection, causing changes in tem-
perature, pressure, and fluid movement. The physical mechanisms leading to the magnetic
anomalies caused by these tectonic activities are not unique. Besides the piezomagnetic
effect related to the change of rock magnetization caused by stress, they also include the
electrokinetic effect caused by the existence of electric double layer at the solid-liquid
interface, the thermal demagnetization effect caused by temperature, etc. [15,20]. Song et al.
calculated the piezomagnetic and electrokinetic effects probably produced by the Yangbi
earthquake, and found that the changes at a distance of 20 km from the epicenter were
—0.3nT and —0.2 nT, respectively, which were much smaller than the actually observed
change in the geomagnetic field [46]. Therefore, a single mechanism cannot effectively
explain the geomagnetic field changes before and after the Yangbi earthquake, and it is
necessary to synthesize a variety of data for quantitative analysis.
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5. Conclusions

The TSFs near the epicenter before and after the Yangbi earthquake were inverted by
using the FMS around the epicenter. Based on repeated observational data for 27 ground
geomagnetic survey vectors within 250 km of the Yangbi earthquake epicenter, an annual
variation model of the geomagnetic field around the epicenter from 3 years before the
earthquake to 1 month afterwards was constructed. Based on the laboratory meta-instability
theoretical model, the annual variation model of the horizontal vector of the geomagnetic
field was used to analyze the buildup, occurrence and evolution of the Yangbi earthquake.
We reached the following important conclusions:

(1) The azimuth of the maximum principal compressive stress axis of the TSF in the epicen-
tral area was deflected nearly 180 degrees from before to after the Yangbi earthquake.

(2) The epicenter was not located in the area with large values of annual anomalous
variations in the geomagnetic field but near the area with zero variation and its
adjacent area.

(38) The area was found to have entered the meta-instability stage one year before the
earthquake.

In the meta-instability stage, the fault is in an irreversible deformation stage, which
indicates that an earthquake will inevitably occur. However, the application of meta-
instability research from the laboratory to the field is an extension from one-dimensional
linear results to a two-dimensional plane. The phase-by-phase variation distribution of the
horizontal vector of the geomagnetic field shows that the above four states coexist in the
same region, and these four states can be transformed with time in a spatial region. During
this transformation, the boundary zone of the “weak variation region” of the horizontal
vector is the potential epicentral region and is the most easily recognized sign in the field
before the area enters the meta-instability stage. The spatiotemporal evolution of the
“weakly variable region” and the change in the surrounding vector direction are the basic
conditions for analyzing whether the epicentral region will enter the meta-instability stage
in the future.

The results are of great value for the study of the earthquake incubation environment
and the source of local geomagnetic anomalies, and play a theoretical guiding role in the
identification of magnetic field anomalies that are precursors to earthquakes.

This paper does not present a more in-depth analysis of the corresponding (or quanti-
tative) relationship between the TSF and LGF before and after the earthquake, as this will
be covered in future research.
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