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Meta-instability is an irreversible precursor of earthquakes. To identify the meta-instability precursor of
the Yangbi Ms6.4 earthquake (99.87°E, 25.67°N) that occurred on May 21, 2021, we selected seismic data
from the pre-earthquake period between May 1 and May 21. We calculated the apparent velocity ratio
and the apparent Poisson's ratio within the region (98.5°E—101°E, 24.6°N-27.1°N) and interpolated these
values. Our findings revealed that the trends of the fitted straight lines at the maximum and minimum
points of the gradient divergences of the apparent velocity ratio field and apparent Poisson's ratio field
are consistent with the trend of nodal planes 1 and 2 of the focal mechanism, respectively. Interestingly,
the trend of the fitted straight lines at the minimum and maximum points of their values is consistent
with the trend of nodal planes 1 and 2 of the focal mechanism, too. Positive gradient divergence values
indicate energy released, while negative values suggest energy absorption. This phenomenon is char-
acterized by synergy and can be mutually explanatory. The observed stress state matches the experi-
mentally demonstrated meta-instable state, indicating that it is a precursor signal. We propose that this
method can be a reference for identifying the meta-instability of strike-slip strong earthquakes with a
significant number of foreshocks. For seismically active regions, increasing the number of stations with
rich data acquisition will facilitate more convenient stress field analysis.

© 2025 Editorial office of Geodesy and Geodynamics. Publishing services by Elsevier B.V. on behalf of

KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Earthquakes result from stress field movements, making it
crucial to closely monitor the stability of crustal media under
stress field influence. During stress field movement, the crust ex-
hibits four states: steady, meta-stable, meta-instable, and unsta-
ble. Ma et al. conducted an in-depth analysis of these states
through experiments, identifying meta-instability as an irrevers-
ible precursor to earthquake rupture and providing criteria for its
identification [1,2]. This stage is characterized by rich precursor
activity, which is significant for capturing earthquake precursors
and studying earthquake prediction. To apply meta-instability
theory to field observations, researchers have explored its char-
acteristics from various perspectives, including water level [3],
deformation [3,4], gravity [5], and temperature [6,7]. These studies
have been expressed to some extent. Although meta-instability is a
critical state before fault ruptures under stress field influence,
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describing it from the stress field perspective may have a direct
and manifest effect. However, the stress field faces the challenge of
being invisible and intangible. Despite this, researchers have
proposed a novel method: using other physical quantities to reflect
stress field changes. Liu and Lai [8] discovered that abnormal wave
velocity is primarily influenced by stress factors and fault struc-
tures through experiments, providing a potential method for stress
field research. Assuming the medium remains stable, wave ve-
locity can be regarded as a direct indicator of stress field changes.
Moreover, the relative stability of Earth's tectonic pattern provides
feasibility [9] for using seismic wave velocity to reflect the stress
field. Although the discontinuity of observation points and the
irregular distribution of epicenters pose challenges, interpolation
techniques can effectively approximate the properties of the me-
dium at the interpolation point. Therefore, the stress field can be
analyzed from the perspective of field theory. Thus, the relation-
ship between seismic wave velocity and stress field, combined
with interpolation methods, is a robust approach to observe stress
field changes and thereby study the meta-instability states.

On May 21, 2021, at 21:48:34, an Ms6.4 earthquake occurred in
Yangbi, Yunnan Province (99.87°E, 25.67° N). The abundance of
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foreshocks and the fact that the fault of this earthquake is a
shallow strike-slip rupture fault [10-12] provide favorable condi-
tions for capturing meta-instability information. As a retrospective
study, we utilized seismological data to calculate the apparent
velocity ratio and apparent Poisson's ratio, which are related to
seismic wave velocity. We then performed interpolation to achieve
grid continuity in the region. The gradient and gradient divergence
were used to reflect stress field changes, combined with the dis-
tribution characteristics of their contour lines, revealing the
morphological changes of the stress field before the earthquake
and their intrinsic connections. We aimed to capture meta-
instability stages and identify precursor information in field ob-
servations, thereby providing references for earthquake
prediction.

2. Geologic background

The Ms6.4 earthquakes in Yangbi, Yunnan, occurred on the
Yunnan-Burma Block, where the main active framework was
formed by the compression of the southeastern margin of the
Qinghai-Xizang Plateau. This compression results from the
northward subduction of the Indian Plate beneath the Eurasian
Plate [13-15]. The western boundary of this block is the arc-shaped
subduction zone of Myanmar, while its eastern boundary is the
Jinshajiang-Honghe Fault Zone [14]. Since the Cenozoic era,
particularly during the late Quaternary period, tectonic activity
has been very intense. Fig. 1(a) shows its geographical distribution,
with the study area indicated by green squares. There are multiple
fault zones in the region, clustering of which may reflect the
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historical activity patterns of stress fields and earthquake distri-
bution. Fig. 1(b) shows the distribution of these fault zones, with
fault zone data sourced from the Deng et al. [16].

Weixi-Qiaohou Fault Zone: Starting from Tongxun and
extending to Qiaohou, the fault zone trends 20°N-30°W. The
southern segment dips to the northeast with a dip angle of about
50° and has a length of approximately 280 km [17]. Since the early
Cenozoic, the fault has exhibited right-lateral strike-slip charac-
teristics, which transformed into a left-lateral strike-slip feature
by the Pliocene [18-20].

Chenghai Fault Zone: Formed during the Sinian Period, it is
approximately 200 km long. Multiple graben basins have been
formed along the fault zone, and the fault nature is characterized
by left-lateral strike-slip with normal faulting [21,22].

Honghe Fault Zone: Originating in Eryuan, northern Yunnan
Province, it extends southeastward and enters Vietnam near
Hekou. The total length is approximately 1000 km, with about
600 km within Yunnan Province. The northern segment exhibits
kinematic partitioning between strike-slip and dip-slip motions
[21,23]. Since the early Quaternary, large-scale right-lateral strike-
slip movements have occurred, and the canyon section is primarily
characterized by right-lateral movements [22,24].

Lijiang-Xiaojinhe Fault Zone: Located in the northwestern
plateau of Yunnan, the fault trends 40° north of east, has a total
length of approximately 360 km, and is a high-angle reverse left-
lateral strike-slip active fault [25-27].

Longpan-Qiaohou Fault Zone: Starting in the north from
Longpan and extending to Qiaohou in the south, the fault has a
total length of approximately 120 km. It was initially characterized
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F1: Lijing-Xiaojinghe Fault; F2: Eryuan-Heqing Fault.

Fig. 1. (a) Regional location map. The plate boundary data are from the literature [32]. The green square indicates the study area; (b) The epicenter distribution map, the yellow
star indicates the epicenter position of the Ms6.4 earthquake, same for the following figures; (c) Histogram of residuals.
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by thrust faulting and later shifted to a left-lateral strike-slip
movement nature after the Tertiary Period [21,28].

Eryuan-Heqing Fault Zone: The northern terminus begins at
Xiaojinhe Fault, and it forms an arc-shaped structure near Eryuan.
Some northeast-trending faults extend southeastward, with left-
lateral strike-slip motion and lateral extension being two promi-
nent characteristics [21,29].

Lancangjiang Fault Zone: Distributed along the west side of the
Lancang River, starting in the north from Chongshan, it extends
southward through Damenglong into Myanmar. Since the Qua-
ternary Period, it has primarily exhibited right-lateral strike-slip
characteristics [30].

Nujiang Fault Zone: This fault zone spans approximately
500 km in the western Yunnan Province. As the fault arcs south-
ward, the dip angle of the fault plane decreases while the plunge
angle of the stretching lineation increases. The northeast-trending
segment exhibits characteristics of both strike-slip motion and
thrusting [31].

3. Method and Rationale
3.1. Method

The meta-instability stage is the period during which strain
energy accumulates to the ultimate strength of the rack under the
action of the stress field until fault rupture occurs, and it is also the
most active stage of earthquake precursors. Therefore, from the
perspective of the stress field, it should be the most direct method
for identifying meta-instability and discovering precursors. In the
stress field, the gradient of stress factors indicates the direction of
the fastest stress change, which can reflect the direction and
magnitude of stress. The gradient divergence represents the rate of
change in the density of the stress line, which can reflect the in-
tensity of the stress field activity. Since the stress field is invisible,
visualizing these two factors is primary in stress field research.
According to the experiment on the relationship between seismic
wave velocity and stress factors [8], when the influence of small
earthquakes on the stress field is not considered, the stress field is
stable. That is, the occurrence of small earthquakes does not affect
the trend of stress convergence and divergence at that location.
Thus, the changes in the stress field correspond one-to-one with
changes in seismic wave velocity. This means that on a “stress field
line”, there must be a unique “P-wave velocity line” and a unique
“S-wave velocity line”, as well as a unique “velocity ratio line” and
a unique “Poisson’s ratio line”, all of which have a spatial distri-
bution similar to that of the stress field. Similarly, their gradients
can reflect the direction and magnitude of stress, and the diver-
gence of gradients can reflect changes in the intensity of the stress
field. Due to the inaccessible nature of the Earth's crust, stations
cannot directly measure seismic wave velocities. Therefore,
apparent P-wave velocity, apparent S-wave velocity, apparent
velocity ratio, and apparent Poisson's ratio can be measured to
reflect the stress field. To conduct stress field visualization, ob-
servations at the vertical position of the epicenter on the surface
are taken as the research data. To give the observed quantities
characteristics of a field, interpolation is performed to achieve
numerical grid continuity. When the stress field is orthogonal to
the surface, the gradient and gradient divergence of these quan-
tities can effectively reflect changes in the direction, magnitude,
and intensity of the stress field within the seismic depth range.
Considering the complexity of the rock medium, only the direction
and intensity of the stress field are considered here, without
involving the magnitude. Therefore, analyzing their characteristics
is a feasible method for identifying meta-instability and discov-
ering precursor information.
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3.2. Calculation

Apparent P-wave velocity and S-wave velocity are two impor-
tant seismological parameters for studying earthquakes and
crustal media. However, their calculation involves the depth of the
earthquake source, which exhibits significant systematic un-
certainties. To eliminate the influence of this error, the apparent
velocity ratio and apparent Poisson's ratio are used for research. As
the calculation of apparent velocity ratio and apparent Poisson's
ratio involves apparent P-wave velocity and apparent S-wave ve-
locity, the formulas for calculating apparent P-wave velocity,
apparent S-wave velocity, apparent velocity ratio, and apparent
Poisson's ratio [33] are all provided here:

!

Vapparentp = ot (1)
pd — ‘o
)
Vapparents = ﬁ . (2)
sd — lo
r:Uapparentp _ tpdlo _ tsa-_to (3)
Vapparents td# tpd —to
St
1 Vzapparentp - 21’zapparents
V=apparentp — V“apparents

where [ represents the focal distance, t,q represents the arrival
time of the P-wave, t, represents the time of the earthquake, tsq
represents the arrival time of the S-wave, r represents the
apparent velocity ratio, and y represents the apparent Poisson's
ratio.

The region is divided into a grid, with grid points determined by
the epicenter locations. The average or median values of the
apparent velocity ratio and apparent Poisson's ratio within the
same grid are taken as the equivalent values for that grid. Then,
interpolation is performed to form continuous grid values within
the region, endowing it with the characteristics of a field.

3.3. Direction and intensity of stress field

The gradient indicates the direction of the fastest change in the
apparent velocity ratio or apparent Poisson's ratio within the field,
forming a vector field. The divergence of the gradient quantifies
the rate of change in the gradient density per unit area within the
field. The calculation of the gradient is shown in Eq. (5), where i
and j represent unit vectors. Let the vector field of the gradient be
denoted A = p(x,y)i + q(x,y)j and then its divergence is calculated
as shown in Eq. (6) [34].

. o,

gradf_&l+@]. (5)
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A high field density indicates a high field intensity, while a
decrease in field density indicates flux outflow. Conversely, an
increase in field density indicates flux inflow. Flux, by definition,
can be represented as the energy transfer per unit area in the
gradient direction over a specified time interval. The gradient
divergence serves as a measure of the change in the gradient field
intensity. A positive divergence value signifies a high field in-
tensity characterized by energy radiating outward; a negative
divergence value indicates a weak field intensity with energy
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converging from the surroundings. The direction of the gradient is
the fastest route from regions of lower density to those of higher
density, indicating the direction of energy flow, which aligns with
the direction of stress (the length of the arrow can reflect the
magnitude of the stress). When the stress field is orthogonal to the
surface, the gradient and its divergence can effectively reflect the
direction and intensity of the stress field.

4. Data and results
4.1. Selection and processing of data

The period from May 1 to 21, 2021, which is the pre-seismic
phase, represents a relatively independent interval of concen-
trated minor seismic activity; therefore, the data collected during
this time frame were selected as the focus study. This study used
the observation reports from China Earthquake Networks Center
as the fundamental data. Seismic data within the range of
98.5°E—101.0°E and 24.6°N-27.1°N are selected. Aiming to process
equivalent properties near the epicenter, we selected data with
epicentral distances ranging from 20 km to 100 km to ensure clear
seismic phases. To ensure that the calculated data were near the
epicenter, we chose earthquakes with Pg and Sg wave records in all
four quadrants around the epicenter. To ensure the accuracy of the
location, we selected earthquakes with location residuals less than
0.5. A total of 100 earthquakes met these criteria, with an average
residual value of 0.3029. The epicentral distribution and residual
histogram are shown in Fig. 1(b) and (c), respectively. For these
data, we calculated the apparent velocity ratio and apparent
Poisson's ratio. To eliminate noise and stabilize the interpolated
data, the study area was divided into a 10’ x 10" grid. For grids
containing multiple epicenters, the median values of the apparent
velocity ratio and apparent Poisson's ratio were used as the
representative values for those grids. For grids with only one
earthquake, the calculated values of the apparent velocity ratio
and apparent Poisson's ratio were used as the representative
values. Considering: (i) the advantages of spline interpolation in
smoothness and stability; (ii) the continuous and differentiable
properties of crustal media at a specified scale; and (iii) the uneven
distribution of epicenters, we chose the adjustable tension
continuous curvature spline interpolation method, with the ten-
sion factor set to 0.2 [35]. We refined the data with a 1’ x 1’ grid to
ensure the continuity of grid values across the entire area, and
endowed it with the characteristics of a field. To clearly represent
the gradient, we selected a 4’ x 4’ grid.

The standard deviation of the apparent velocity ratio and the
residual after grid interpolation are shown in Fig. 2 (a) and (b),
respectively. The standard deviation of the apparent Poisson's ratio
and the residual after grid interpolation are shown in Fig. 2 (c) and
(d), respectively. Since in light of the lack of seismotectonic evi-
dence for deep-crust fault structures within the study area, the
data quality and processing methods are considered reliable.

4.2. Apparent velocity ratio field

The contour lines of the apparent velocity ratio field are shown
in Fig. 3 (a), with minimum points A (99.56°E, 26.05°N) and B
(99.84°E, 25.70°N). The distance between them is 48.6 km, and the
trend of the fitted line a is 142.8°. The maximum points are C
(100.27°E, 26.66°N), D (99.87°E, 26.17°N), E (99.55°E, 25.76°N),
and F (99.20°E, 25.42°N), with the trend of the fitted line b being
40.5°. The gradient and its divergence are shown in Fig. 3 (b). The
gradients reflect the direction of the stress field, while the gradient
divergence indicates the degree of change in the stress field in-
tensity. The maximum divergence points are A’ (99.60°E, 26.10°N)
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and B’ (99.88°E, 25.74°N), with a distance of 49.1 km between
them and a trend of 141.8° for the fitted line a. The minimum
divergence points are C' (100.30°E, 26.59°N), D’ (99.98°E, 26.11°N),
E' (99.58°F, 25.79°N), and F (99.30° E, 25.30° N), with the trend of
39.1° for the fitted line b'.

4.3. Apparent Poisson's ratio field

The contour lines of the apparent Poisson's ratio field are
shown in Fig. 4 (a), with the minimum points being A (99.58°E,
26.05°N) and B (99.84°E, 25.70°N). The distance between them is
46.9 km, and the trend of the fitted line a is 143.9°. The maximum
points are C (100.28°E, 26.65°N), D (99.88°E, 26.16°N), and E
(99.32°E, 25.25°N), with the trend of the fitted line b being 34.2°.
The gradient and its divergence are shown in Fig. 4 (b). The gra-
dients reflect the direction of the stress field, while the gradient
divergence indicates the degree of change in the stress field in-
tensity. The maximum divergence points are A’ (99.60°E, 26.10°N)
and B’ (99.87°E, 25.73°N), with a distance of 49.9 km between
them and a trend of 144.0° for the fitted line a’. The minimum
divergence points are C' (100.29°E, 26.60°N), D' (99.98°E, 26.12°N),
E' (99.59°E, 25.79°N), and F (99.27°E, 25.48°N), with the trend of
49.9° for the fitted line b'.

The above results reveal a correlation between the extremum
points of the apparent velocity ratio field and the apparent Pois-
son's ratio field and their corresponding gradient divergence
extremum points. Specifically, the minimum points of the
apparent velocity ratio and apparent Poisson's ratio fields corre-
spond to the maximum gradient divergence points, while the
maximum points correspond to the minimum gradient divergence
points.

5. Discussion
5.1. Analysis of the apparent velocity ratio field

Fig. 3 (a) shows the contour distribution of the apparent ve-
locity ratio field, highlighting minimum value points A and B, as
well as maximum value points C, D, E, and F. Fig. 3 (b) shows the
variation of the gradient and gradient divergence of the apparent
velocity ratio field, the maximum points A’ and B’ indicate energy
release, while the minimum points C', D', E/, and F indicate energy
absorption. The characteristics exhibited by points A, B, C, D', E,
and F are consistent with the energy activity pattern during the
meta-instability stage, reflecting a certain degree of fault syner-
gism [1,2,36]. These points show the activity traces of the fault.
According to the literatures [37,38], the release of energy by the
rock medium leads to a decrease in temperature, while the ab-
sorption of energy causes an increase in temperature. Temperature
changes have a highly sensitive effect on velocity ratio [39]. When
the temperature decreases, the velocity ratio rapidly decreases,
and as the temperature increases, the velocity ratio rapidly in-
creases. Experimental have shown that the velocity ratio changes
with pressure in four ways: (i) a significant decrease with
increasing pressure; (ii) a slow increase with increasing pressure;
(iii) a slow decrease with increasing pressure; and (iv) a slow
fluctuation with increasing pressure [40]. Therefore, it is inferred
that the primary determination for velocity ratio changes in the
source environment may be the temperature changes of the me-
dium due to energy release or absorption during the stress field
variation process. This explains the geographical correspondence
between points A, B, C, D, E, and F and points A, B, C', D', E/, and F.
The absorption of energy leads to an increase in temperature and a
significant increase in the apparent velocity ratio field, while the
released energy results in a decrease in temperature and a
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Fig. 2. (a) Standard deviation of the median of the apparent velocity ratio in ten equal parts of the grid; (b) Residuals after interpolation of the apparent velocity ratio; (c) Standard
deviation of the median of the apparent Poisson's ratio in ten equal parts of the grid; (d) Residuals after interpolation of the apparent Poisson's ratio.

significant decrease in the apparent velocity ratio field. The dis-
tance between the minimum points A and B in Fig. 3 (a) is 48.6 km,
with a fitted line trend of 142.8°. The distance between the
maximum points A" and B’ in Fig. 3 (b) is 49.1 km, trending 141.8°.
The fitted line trend for the maximum points C, D, E, and F in Fig. 3
(a) is 40.5°, while the trend for the minimum points C, D', E, and F
in Fig. 3 (b) is 39.1°. Although Fig. 3 (a) and (b) represent two
different physical fields, they are essentially the same and can be
mutually explanatory. Both are manifestations of energy release
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ratio: apparent wave velocity ratio; div:gradient divergence.
F1:Longpan-Qiaohou Fault: F2:Lijiang-Xiaojinhe Fault; F3:Eryuan-lleqing Fault.

and absorption on a locked fault during the meta-instability stage,
with Fig. 3 (a) showing characteristics indirectly induced.

5.2. Analysis of the apparent Poisson's ratio field

Fig. 4 (a) shows the contour distribution of the apparent Pois-
son's ratio field, highlighting minimum value points A and B, as
well as maximum value points C, D, and E. Fig. 4 (b) shows the
changes in the gradient and gradient divergence of the apparent
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Fig. 3. (a) Distribution map of the contour lines of the apparent velocity ratio field. Points A and B are local minima, while points C, D, E, and F are local maxima. Line a is the fitting
line through the local minima, and line b is the fitting line through the local maxima; (b) Distribution map of the gradient and gradient divergence of the apparent velocity ratio
field. Points A'and B’ are local maxima, while points C, D', E/, and F are local minima. Line & is the fitting line through the local maxima, and line b’ is the fitted line through the

local minima.
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Fig. 4. (a) Distribution map of the contour lines of the apparent Poisson's ratio field. Points A and B are local minima, while points C, D, and E are local maxima. Line a is the fitting
line through the local minima, and line b is the fitting line through the local maxima; (b) Distribution map of the gradient and gradient divergence of the apparent Poisson's field.
Points A" and B’ are local maxima, while points C', D’ and E’ are local minima. Line a’ is the fitting line through the local maxima and line b’ is the fitting line through the local

minima.

Poisson's ratio field. The maximum points A’ and B’ indicate energy
release, while the minimum points C, D', E, and F indicate energy
absorption. The characteristics reflected by A', B, C', D', E/, and F are
consistent with the activity traces of the fault, indicating a certain
degree of fault synergism. The energy activity patterns are also
consistent with the characteristics of the meta-instability stage
[1,2,36]. According to the literatures [41,42], changes in Poisson's
ratio, similar to the velocity ratio, are highly sensitive to temper-
ature changes. When the temperature decreases, the Poisson's
ratio rapidly decreases, and as the temperature increases, the
Poisson's ratio rapidly increases. After reaching a certain level of
confining pressure, the Poisson's ratio will not change significantly
with further increases in confining pressure. Similar to the
apparent velocity ratio field, it is inferred that the primary changes
in the apparent Poisson's ratio field may also be temperature
changes in the medium due to energy or absorption. This explains
the geographical correspondence between points A, B, C, D, and E
and points A, B, C', D', E, and F. The absorption of energy leads to
an increase in temperature and a significant increase in the
apparent Poisson's ratio field, while the release of energy results in
a decrease in temperature and a significant pronounced diminu-
tion in the apparent Poisson's ratio field. In Fig. 4 (a), the distance
between the minimum points A and B is 46.9 km, with a fitted line
trend of 143.9°. In Fig. 4 (b), the distance between the maximum
points A’ and B’ is 49.9 km, trending 144.0°. The fitted line trend for
the maximum points C, D, and E in Fig. 4 (a) is 34.2°, while the
trend for the minimum points C', D', E/, and F in Fig. 4 (b) is 49.9°.
The geographical differences between these points are numeri-
cally larger, which is believed to be due to the concentration of
energy release and the broader range of energy absorption, as well
as mismatches in complex media conditions, such as thermal
conductivity and the rate of energy release. Although Fig. 4 (a) and
(b) represent two different physical fields, they are essentially the
same and can be mutually explanatory. Both are manifestations of
energy release and absorption on the locked fault during the meta-

instability stage, with Fig. 4 (a) showing characteristics indirectly
induced.

5.3. Relationship

The contour lines of the apparent velocity ratio field and
apparent Poisson's ratio field, as well as the divergence diagrams
of their gradients, all reflect the same issue: the state of the stress
field near the fault when the earthquake occurs. The trend of the
fitted line for the minimum points of the apparent velocity ratio
field (142.8°) and the trend of the fitted line for the maximum
points of its gradient divergence field (141.8°), as well as the trend
of the fitted line for the minimum points of the apparent Poisson's
ratio field (143.9°) and the trend of the fitted line for the maximum
points of its gradient divergence (144.0°), are consistent with the
trend of the node 1(138°) of the focal mechanism solution for this
earthquake in the CMT catalog of China Earthquake Networks
Center [43]. The trend of the fitted line for the maximum points of
the apparent velocity ratio field (40.1°) and the trend of the fitted
line for the minimum points of its gradient divergence (39.1°), as
well as the trend of the fitted line for the maximum points of the
apparent Poisson's ratio field (34.2°) and the trend of the fitted line
for the minimum points of its gradient divergence (49.9°), are
consistent with the trend of node 2 (45°) (although there are some
differences, they are considered to be within an acceptable range).
This fully illustrates their precursor property, that is, the state of
the stress field before the fault instability and rupture. The energy
absorption and release reflected by the gradient divergence are
consistent and unified with the changes in the apparent velocity
ratio field and apparent Poisson's ratio field values caused by the
temperature changes in the medium due to this process. Since
earthquakes are a phenomenon of energy released by fault
rupture, and their brewing process results from the overall stress
field movement in the region, local data anomalies do not have
complete precursor significance. Anomalies in several diverse data
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domains, lacking an organic connection, may also fail to make
functional judgments on precursors. Instead, the movement of the
stress field should be viewed as a whole to assess the stress state
and distinctly differentiate the precursors. The geographical dis-
tribution of locked faults can be estimated based on the extreme
energy release loci's spatial uncertainties. The specific epicenter
location may be affected by the constantly changing geophysical
environment on the locked fault. From an energy perspective,
areas with elevated strain energy dissipation rates are kinetically
predominant to become stick-slip transition and rupture points.

Based on the above analysis, the possible process of this
earthquake is inferred as follows. In the interaction between the
tectonic blocks, the stress field, influenced by the fault zones
within the region, accumulates energy on the locked fault. When
the strain energy on the locked fault accumulates to the limit that
the rock can withstand, it activates the locked fault, entering the
irreversible meta-instability stage of rupture. The locked fault
transitions from a state primarily energy-absorbing to one energy-
releasing. As energy is released from the locked fault and absorbed
by its conjugate plane, the energy conversion becomes increas-
ingly intense. As it further develops and reaches a certain degree of
synergism, the extreme points of energy release show signs of
activity on the locked fault. Simultaneously, the rock medium
experiences temperature decreases and increases with energy
release and absorption, resulting in minimum and maximum
values of the velocity ratio field and Poisson's ratio field (the
apparent velocity ratio field and apparent Poisson's ratio field also
show minimum and maximum values vertically on the ground). As
the stress field activity intensifies and the synergism pressure-
solution strengthens, the fault ultimately becomes unstable and
the earthquake occurs.

Through the above analysis, it is believed that the meta-
instability precursor of the Yangbi Ms6.4 earthquake can be un-
derstood as the comprehensive physical response of the sur-
rounding medium to the stress field state and energy transport
process before the rock medium instability and rupture. This not
only aligns with the definition of precursors described in the
literature [44], but also validates the relationship between seismic
wave velocity, faults, and stress factors as described in experi-
ments. Moreover, it is consistent with the characteristics of
different physical fields corroborating each other in meta-
instability states [1] and the uniqueness of precursor features.
Additionally, although the apparent velocity ratio and apparent
Poisson's ratio are affected by the same errors during processing,
their non-linear relationship and the consistency of their gradient
divergence illustrate the objectivity of their mathematical rela-
tionship. Additionally, the consistency between their contours and
gradient divergence reflects the uniqueness of seismic precursor
features. In field observations, it is believed that this method has
definitive reference values for identifying the meta-instability
stages and discovering precursors.

5.4. Question and future

The effectiveness of this method essentially depends on the
richness of the data and is also limited by the geometric rela-
tionship between the observation plane and the stress field. It can
effectively reflect the state of the stress field when they are
orthogonal. Despite the stringent selection criteria employed for
the research dataset, which included earthquakes with well-
documented records, precise epicentral locations, and complete
seismic phase records in all four quadrants surrounding the
epicenter, the processed data are capable of capturing the general
characteristics of the regional crustal medium. However, it is
important to note that the calculated apparent velocity ratio and
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apparent Poisson's ratio represent effective approximations spe-
cifically at the epicentral locations. Given the inherent complexity
and heterogeneity of the crustal medium, local deviations in the
data may still exist. In non-orthogonal cases, the vertical projec-
tion of the stress field on the ground may become indistinguish-
able due to overlap. Moreover, the presence of minerals such as oil
and gas in the rock medium may cause discontinuities in the stress
field, which is another reason why its projection on the ground
cannot effectively reflect the state of the stress field, thus posing a
challenge to the study of the meta-instability state. Attenuation
imaging shows that within the depth range of 20-40 km in this
region, there is strong attenuation under the influence of up-
welling mantle, characterized by low Q-values, high Poisson's ra-
tio, low velocities, and high electrical conductivity [45,46]. The
rupture fault of the Yangbi Ms6.4 earthquake, inferred from
coseismic deformation data obtained by synthetic aperture radar
interferometry (InSAR), is a shallow strike-slip type with slip
mainly distributed between 2 km and 12 km [10]. It is almost
unaffected by the aforementioned attenuation features, and it is
orthogonal to the stress field. So, its vertical projection on the
ground can effectively reflect the state of the stress field. Although
the above situation restricts further research on the stress field,
since the vertical projection of the stress field on the ground re-
flects the state of the stress field within the seismic depth range, it
is possible to use data with well-constrained seismic depth to
obtain detailed dynamic changes of the stress field from different
depths in a three-dimensional perspective, providing references
for earthquake prediction and disaster prevention.

6. Conclusion

(1) The precursor information of meta-instability is a compre-
hensive response of the rock medium to the state of the
stress field and its associated physical phenomena before
fault rupture. Due to the complexity of the rock medium,
there may be some differences in the physical forms re-
flected by different observation methods.

(2) In field observations, data interpolation is an effective
method for discovering precursor information, especially in
data-sparse areas.

(3) Quantities related to seismic wave velocity can effectively
reflect the state of the stress field, and the patterns of their
gradients and gradient divergences are consistent.

(4) The identification of the meta-instability stage is extrapo-
lated based on a certain number of high-quality data to
ensure the accuracy and reliability of the analysis results.

(5) When the two-dimensional surface plane tends to be
orthogonal to the stress field, precursor information of
meta-instability is more easily identifiable, although this
situation may be affected by the continuity of the under-
ground medium; when not orthogonal, due to the occur-
rence of projection overlap, surface observation data hardly
effectively reflect the state of the stress field, thereby
increasing the difficulty of identification.
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