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The gravity changes images of different spatiotemporal scales in the region were
obtained using gravity data in the Northeastern Tibetan Plateau from 2018 to
2024. By combining regional tectonic distribution and dynamic environmental,
we conducted an in-depth analysis of the dynamic relationship between
gravitational spatiotemporal dynamic changes and the incubation processes of
the 2022 Menyuan Mg 6.9 earthquake and the 2023 Jishishan Mg 6.2 earthquake.
The following conclusions were reached: (1) The spatial distribution of the
gravitational field in the study area is closely related to the fault zones of the
two earthquakes, reflecting that the fault zones underwent tectonic activity
or deformation that caused changes in surface gravity during the earthquake
incubation period. (2) The reverse change of gravity may be a precursor
phenomenon to earthquakes, and gravity evolution images shows that both the
Menyuan earthquake and the Jishishan earthquake occurred during the periods
of reverse change of gravity. (3) The gravity changes gradient zone and the
center of the four-quadrant are the transition region of material conversion,
where the difference movement of material increase and decrease is strong,
which is prone to produce shear stress and rupture, thus inducing earthquakes,
and the 2022 Menyuan earthquake and the 2023 Jishishan earthquake both
occurred on the high-gradient zone. (4) The significant gravity changes before
and after the Menyuan earthquake and the gravity changes before the Jishishan
earthquake reflect a strong correlation with deep material structural movements,
which may indicate that the occurrence of the Menyuan earthquake may have
influenced the occurrence of the Jishishan earthquake. Before the earthquakes,
the China Earthquake Administration made mid-term predictions for Menyuan
and Jishishan based on changes in the gravity field. The occurrence of these two
earthquakes strongly supporting the unique role of mobile gravity field data in
determining the location of strong earthquakes.

Menyuan earthquake, Jishishan earthquake, gravity change, northeast Tibetan plateau,
tectonic activity
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1 Introduction

The continuous NNE-trending compression of the Indian plate
against the Eurasian plate has resulted in the shortening and
thickening of the crust of the Tibetan Plateau, along with its
expansion into the interior of the continent (Gaudemer et al,
1995; Tapponnier et al., 2001). The Northeastern Tibetan Plateau
(NETP), acting as the leading edge extending into the continent,
has developed numerous large-scale active faults and folds,
characterized by significant structural deformation and frequent
earthquakes (Zhang et al., 2003; Xu et al., 2006; Yuan et al., 2013;
He et al., 2020). According to records from the China Earthquake
Networks, two strong earthquakes have occurred successively in
recent years in the NETP, namely, the Menyuan Mg 6.9 earthquake
on January 8, 2022, and the Jishishan Mg 6.2 earthquake on
December 18, 2023 (Figure 1).

The 2022 Menyuan earthquake occurred on the Lenglongling
Fault, which strike NE110°, with a total length of approximately
120 km and a sliding rate of 2-19 mm/a (Lasserre et al., 2002;
He et al, 2010; Zheng et al, 2013a; Guo et al, 2017). As an
important component of the Qilian-Haiyuan Fault zone, its western
end connects with the TuolaiShan Mountain Fault, and to the east,
it connects with the Jinqianghe Fault, Maomaoshan Fault, and
Haiyuan Fault, collectively forming the key boundary regulating
tectonic deformation along the NETP (Gaudemer et al., 1995;
Yuan et al, 2004; Zheng et al, 2013). Historical earthquake
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records indicate that the fault zone has experienced multiple strong
earthquakes since the 20th century, including the 1920 Haiyuan Mg
8.5 and 2016 Menyuan Mg 6.4 events (Xu et al., 1986; Zheng et al.,
2004; Guo et al,, 2017; He et al., 2020; Yuan et al., 2023), indicating
this region is a seismically active area.

The seismogenic structure of the 2023 Jishishan earthquake
was the East Jishishan fault with NNE orientation (Zhang, 2012;
Wang et al., 2024). The total length of this fault is approximately
40 km and it is an important component of the Lajishan arc-shaped
structural belt (Figure 1). Regional tectonic analysis indicates that
the Lajishan arc Fault zone is a compression tectonic area and
tectonic transformation zone between the NWW West Qinling Fault
and the NNW Riyueshan fault, controlling the boundary evolution
of the three major basins of Xining-Minhe, Xunhua-Hualong and
Linxia. It plays a key role in regulating the compressive deformation
on the NETP (Yuan et al,, 2004; 2005; Li et al., 2009; Su et al,,
2024). The historical earthquake catalog shows that there is a dense
development of moderate-intensity seismic activity (M = 5) on both
sides of this fault zone, reflecting its continuous seismic hazard.

The occurrence of seismic events is a specific manifestation
of the rapid release of elastic strain energy when rocks within
the Earth’s crust undergo instability and failure under tectonic
stress. This process is accompanied by crustal deformation, material
migration, and density changes, ultimately leading to changes in
surface gravity in the epicenter area (Chen et al., 1980; Gu et al,,
1997; Sun, 2004). These changes can be detected by mobile gravity
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monitoring. In recent years, the mainland China gravity observation
network has provided valuable data for earthquake prediction
research. Through innovative gravity data processing methods,
researchers have successfully identified mid-term precursor signals
for earthquakes of magnitude 6 or higher in the central and
western regions (Zhu et al., 2008; 2013; 2016; 2017; Hu et al,
2019; Shen et al.,, 2020; Yang et al., 2023). These findings not only
systematically reveal the dynamic characteristics of gravity field
changes during the development of strong earthquakes but, more
importantly, establish a quantitative relationship between gravity
anomalies and earthquake prediction, laying a crucial foundation for
the development of physics-based earthquake prediction methods.”
Based on the gravity changes in the NETP, the China Earthquake
Administration’s Second Monitoring Center (CEASMC) and the
Gravity Science Group have delineated the possible locations of
earthquakes in 2022 and 2023. Both the 2022 Menyuan Mg 6.9
and the 2023 Jishishan Mg 6.2 earthquakes occurred within the
predicted areas. Notably, the prediction of the Menyuan earthquake
by the CEASMC was particularly accurate, with the predicted
epicenter differing from the actual epicenter by less than 50 km
(Zhao et al,, 2023; Zhu et al, 2024). This indicates that gravity
data has a unique advantage in the medium-term prediction of
earthquakes. The successive occurrence of these two earthquakes
has intensified the seismic situation in the NETP. Whether there is a
certain connection between them, and what the future seismic trend
in this region will be and whether there will be a major earthquake,
are issues of great concern to geoscientists. Therefore, this paper
utilizes mobile gravity data from the NETP collected between 2018
and 2024, and through refined processing, obtains gravity changes
at multiple spatiotemporal scales. We comprehensively analyze the
spatiotemporal distribution characteristics of the gravity field and
its relationship with the gestation and occurrence of the Menyuan
Mg 6.9 and Jishishan Mg 6.2 earthquakes and tectonic activity,
which can provide a reference basis for understanding the deep
seismogenesis mechanism in this region and assessing the future
seismic activity trend.

The white line represents the fault, and the orange line
represents the block boundaries; Gray dots indicate the distribution
of earthquakes of magnitude 2 or higher since 1970; Green
dots indicate the distribution of aftershocks from the Menyuan
earthquake (aftershock data from Yang et al, 2022); blue dots
indicate the distribution of aftershocks from the Jishishan
earthquake (aftershock data from Wang et al, 2024). TLS:
Tuolaishan Fault; LLL: Lenglongling Fault; JQH: Jinqianghe
Fault; MMS: Maomaoshan Fault; LHS: Laohushan Fault; HY:
Haiyuan Fault; SQ: Sunan-Qilian Fault; MD: Minle-Damaying
Fault; RYS: Riyueshan Fault; DBS: Dabanshan Fault; NLJS: North
Lajishan Fault; EJSS: East Jishishan Fault; SLJS: South Lajishan
fault; WJSS: West Jishishan Fault; NWQL: North margin of
West Qinling Fault; QNXN: Qinghai Nanshan-Xunhua Nanshan
Fault; ZLH: Zhuanglanghe Fault; MXS: Maxianshan Fault; LD:
Lintan-Dangchang Fault; GD: Guanggaishan-Dieshan Fault;

2 Survey area information

The NETP is one of the most active regions for tectonic
deformation and strong seismic activity in the Chinese mainland
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(Yuan et al., 2004; Li et al., 2022; Kang et al., 2023). To monitor
the crustal movement in the NETP and capture medium- and
short-term precursory information related to earthquakes, the
CEASMC, Gansu Earthquake Agency, and Ningxia Earthquake
Agency have respectively established three independent earthquake
gravity observation networks in the region since 1980. However, due
to each monitoring network is an independent system and lacks joint
measurement and absolute benchmark control, the effectiveness of
data and the ability to obtain earthquake precursors are reduced
(Zhu et al,, 2022; 2023). Subsequently, with the support of projects
such as the “Comprehensive Observation of Geophysical Fields in
Mainland China” and “the Monitoring Network of the Tectonic
Environment in Mainland China”, these networks were optimized,
transformed, and integrated to form the current overall gravity
monitoring network in the NEPT (Figure 2). This development has
facilitated enhanced accuracy of observation data and systematic
analysis of the relationship between gravity dynamic changes
and seismic activity. Before 2008, the monitoring network in the
NETP was observed once a year. After the Wenchuan earthquake,
the China Earthquake Administration (CEA) initiated enhanced
monitoring task in key surveillance areas. Since 2009, the Hexi
Corridor area has been subject to biannual observation. The
absolute gravity observations of this network are conducted by
the Hubei Earthquake Agency and the CEASMC using A10 or
FG5 absolute gravimeters from June to September each year, with
an observation accuracy better than 5 x 10® ms™. Before each
year’s field observations, the Hubei Earthquake Agency organizes
companies to conduct comparative observations of the absolute
gravity instruments used in the observation network at the same
measurement points to eliminate systematic errors. Relative gravity
observations are conducted by the CEASMC using Burris, CG-
5, and CG-6 type relative gravity meters, with an observation
accuracy better than 10 x 107 ms™2. Observations are conducted
from March to May and July to September each year, aiming to
minimize the impact of hydrological seasonal variations. Before
field observations each year, the relative gravimeter is first subjected
to a 72-h static test in a stable indoor environment with minimal
temperature fluctuations. It is then tested dynamically at a nationally
designated high-gradient mobile gravity measurement site, with
calculations and inspections conducted to verify that all instrument
parameters comply with measurement standards. Relative gravity
joint measurements employ a double-trip round-trip measurement
method to control errors caused by instrument drift and grid
values, and two instruments are used for synchronous observation
to facilitate mutual calibration. During joint measurements, the
process begins at Point A and returns to Point A within
the specified time, following the sequence: A>B>C>D->C>B->A.
Both the 2022 Menyuan Mg 6.9 earthquake and the 2023 Mj
6.2 earthquake occurred within this monitoring network. The
measuring points were evenly distributed near the epicenter,
enabling clear detection of gravitational changes related to the two
earthquakes.

This paper selects mobile gravity observation data from
2018 to 2024 and applies the gravity data processing software
(LGAD]J) from the CEA for classical adjustment. We use the
absolute gravity network as the benchmark, and the relative
gravity observations are treated as joint measurements with the
network, thereby obtaining gravity changes at each observation
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FIGURE 2
The distribution map of the gravity measurement network in the NETP. The red pentagram represents absolute gravity measurement points, the black
dots represent relative gravity measurement points, and the black line segments represent relative gravity measurement segments.

point within a unified reference framework. The adjustment
process requires preliminary processing of the absolute and relative
gravity data (Zhu et al, 2012; 2015; 2022; Yang et al, 2023),
followed by analysis of the multi-data sets to initially understand
the observation accuracy of each instrument. Appropriate prior
variances are allocated for each instrument before incorporating the
absolute gravity data for overall classical adjustment. Measurement
points affected by environmental changes are removed from the
adjustment results, leading to optimal solutions for the gravity
values at each measurement point. The average accuracy of gravity
points values after each adjustment is between 8.4 and 10.8
x 1078 ms™2, which reflects the reliability of the data in this
study. Using the obtained gravity values at different times on the
measuring point for differentiation, obtain the gravity changes at
different time scales on the measuring point. Subsequently, we
employed the minimum curvature method (Zhao et al, 2023)
to interpolate and grid the gravity changes at the measurement
points within the study area. In the gridding process, the
spacing was set to three-quarters (i.e., 0.25°) of the average
point spacing of the relative gravity measurement network in the
northeastern margin, which is 36 km. Finally, GMT was used
to plot gravity change maps at different scales. Based on the
relationship between the duration of gravity changes and earthquake
magnitude summarized by previous researchers, the duration
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of gravity change precursors for earthquakes of approximately
magnitude 6 is about 1-3 years or longer, and the duration of gravity
change precursors for earthquakes of approximately magnitude 7
is about 3-5 years or longer. Therefore, selecting gravity change
time scales of 1, 2, and 3 years prior to the earthquake is
more reasonable for analyzing the relationship between gravity
change characteristics and earthquake incubation from a multi-scale
perspective.

3 Gravity change characteristics in the
NETP

The formation of earthquakes are closely associated with
subterranean tectonic movements, which in turn causes changes
in the surface gravitational field (Chen et al, 1980; Li and
Fu, 1987; Kuo and Sun, 1993; Gu et al., 1997). The surface
gravitational field is dynamically changing, and the gravity
change at different spatiotemporal scales is extremely complex.
Analyzing the evolutionary characteristics and patterns of
gravitational fields at different scales can help identify gravitational
anomalies associated with earthquake development. To this
end, we have mapped the gravity change at different scales
from 2018 to 2024.
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3.1 1-year scale gravity changes

From 2018 to 2019 (Figure 3a), the gravity changes exhibited
a trend of positive and negative alternating from west to east.
Taking Gaotai, Qilian, Menyuan and Lanzhou as the boundary, the
Zhangye, Wuwei, and Jingtai areas on the northeast side showed
local changes of approximately —30 x 107 ms™2, while the area
around Qilian on the southwest side showed local changes of
approximately +60 x 10°® ms™. The trend of gravity change contour
is mainly NW, and a gravity high-gradient zone (GHGZ) is formed
along the Tuolaishan fault and the Lenglongling fault, with difference
changes exceeding 90 x 10® ms™ on both sides. The Menyuan
earthquake occurred on the GHGZ and the zero-contour of gravity
changes. Significant local negative gravity changes were observed in
the junction area of the Gansu, Qinghai, and Sichuan provinces (i.e.,
Maqu, Ruoergai areas), which might be a reflection of the reverse
recovery after the Mg 7.0 Jiuzhaigou earthquake in 2017.

From 2019 to 2020 (Figure 3b), the overall gravity changes
exhibited a trend opposite to that from 2018 to 2019. The Qinghai
region was dominated by negative anomalies, and the Menyuan
and Xining areas showed local changes around —30 x 107® ms™.
In contrast, the Gansu region was dominated by positive changes,
and there is a local change of approximately +30 x 10® ms™
near Shandan, Jinchang and Mingin in the Hexi Corridor. The
GHGZ formed along the Tuolaishan fault still exists, but the
difference changes have weakened. Additionally, the junction area of
Gansu, Qinghai and Sichuan provinces has transitioned to positive
gravity changes.

From 2020 to 2021 (Figure 3c), significant gravity changes
were observed near the epicenter of the Menyuan earthquake in
the study area. The Qilian, Shandan, and Gaotai areas to the
northwest of the epicenter exhibited weak local positive changes,
while the Wuwei, Tianzhu, and Lanzhou areas to the southeast
showed significant changes of approximately +70 x 10°® ms™. The
remaining negative gravity changes were mainly distributed around
these two local positive changes. A four-quadrant distribution
pattern of gravity changes formed in the Menyuan region, with
the Menyuan earthquake occurred near the center of the four-
quadrant distribution. The area near Xiahe exhibited a local change
of approximately —50 x 1078 m/s?, and between this area and the
significant positive change to the southeast of Menyuan, forming
a GHGZ aligned with the orientation of the Lajishan Fault,
with difference changes of about 110 x 107® ms™2. The Jishishan
earthquake occurred near the GHGZ. In eastern Gansu, near Jingtai,
the negative gravity change was significant, forming a GHGZ
perpendicular to the Haiyuan fault and Laohushan fault.

From 2021 to 2022 (Figure 3d), the study area demonstrated
an overall trend of transitioning from positive to negative from
-2

north to south, with variations ranging from +70 x 10~ ms
—50 x 1078 ms™2. There was a reverse gravity variation near the
Menyuan earthquake area. In the western Qinghai region, positive
changes predominated, with gravity changes of approximately +70
x 1078 m/s? observed near Menyuan and Gonghe area. In contrast,
the negative gravity changes along Jinchang, Wuwei, Lanzhou, and
Wudu in the central part run throughout the entire region. A
GHGZ is formed along Jinchang, Wuwei, Xiahe, and Maqu, with a
bend occurring near Xiahe in the mid-section of the GHGZ. The
Zhongwei and Guyuan areas in Ningxia exhibited a gravity variation
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ofaround 30 x 10~® ms™2. The 2022 Menyuan earthquake occurred
during the process of reverse gravity change and on the GHGZ,
while the 2023 Jishishan earthquake occurred at the turning point
of the GHGZ.

From 2022 to 2023 (Figure 3¢), the study area exhibited an
overall trend of transitioning from negative to positive from west
to east, which was opposite to the change from September 2021
to September 2022. Affected by the Menyuan earthquake, the
Menyuan, Qilian, and Gonghe in Qinghai Province exhibited intense
negative gravity changes. In contrast, the Minqin, Jingtai, and
Lanzhou in Gansu Province exhibited weak local positive gravity
changes. A GHGZ was formed along Jinchang, Wuwei, Lanzhou,
Xiahe, and Maqu, with the greatest difference on either side reaching
approximately 110 x 1078 m/s?. The Jishishan earthquake occurred
at the bend of the GHGZ.

From 2023 to 2024 (Figure 3f), the gravity change in the study
area was weaker than those observed from 2022 to 2023. The
northern Gaotai and Shandan regions exhibited gravity change of
approximately —40 x 107 m/s*. The Mengyuans, Xining, Xiahe and
Minxians in the middle exhibited positive change, and the Wuwei
and Jingtai areas at the junction of Gansu and Ningxia showed
exhibited local negative gravity change. The GHGZ was formed
along the Wuwei-Tianzhu and Zhuanglanghe faults, with difference
changes reaching approximately 90 x 107 ms™>. The gravity changes
near the Jishishan earthquake area recovered smoothly, indicating
that the energy release there had been completed.

3.2 Cumulative gravity changes

3.2.1 2-year scale gravity changes

From 2018 to 2020 (Figure 4a), the gravity variation exhibited
generally gentle, with variations ranging from —40 x 10® ms™ ~
+50 x 1078 ms™2. The Qilian and Gonghe areas in Qinghai exhibited
gravity change of approximately +20 x 10”8 ms™2, while the area of
Shandan, Menyuan and Wuwei showed gravity change of around
-30 x 107® ms™. A GHGZ was formed along Qilian, Menyuan and
Xining near the Tuolaishan fault. The Menyuan earthquake occurred
near the bend of the GHGZ. In the southeastern Gansu region,
near Xiahe and Dingxi, a gravity changes of approximately +40 x
1078 ms™
and Sichuan provinces (i.e., Maqu, Ruoergai area) shows gravity
change of approximately —30 x 107® ms™. Additionally, the GHGZ
is formed along the Guanggaishan-Dieshan fault.

was observed, while the junction area of Gansu, Qinghai

From 2019 to 2021 (Figure 4b), the gravity variation were
more significant. The Menyuan, Xining and Gonghe areas showed
negative local gravity changes, while the positive gravity changes
were primarily concentrated in Gansu and southern Ningxia. The
southeastern part of the Menyuan epicenter showed significant local
positive gravity changes, forming a northwest-trending GHGZ with
the negative changes in the Gonghe area, with a difference changes of
approximately 120 x 1078 ms™2. The GHGZ turns near the Menyuan
epicenter, intersecting perpendicularly with the Tuolaishan Fault
and the northern margin fault of the Qilianshan, and aligns with
the Lajishan Fault near the Jishishan, indicating a close relationship
between gravity changes and tectonic movements.

From 2020 to 2022 (Figure 4c), the study area maintained
significant gravity changes. The western Qinghai region primarily
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FIGURE 3
Annual scale gravity field changes in the NETP.

exhibited positive changes, with the Menyuan earthquake zone
showing gravity changes of approximately +60 x 107® ms™%. In
contrast, the eastern Gansu and Ningxia regions primarily exhibited
negative changes, with the Zhongwei, Dingxi, and Xiahe areas
showing gravity changes of approximately —40 x 1078 ms™. A

Frontiers in Earth Science

GHGZ was formed along Shandan, Wuwei, Lanzhou, Xiahe, and
Maqu, running through the entire study area. The northern part
of the GHGZ largely coincides with the strike of the Tuolaishan
fault and the northern margin of the Qilianshan fault, suggesting
that regional gravity field changes may be closely connected to fault
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Cumulative gravity field changes at 2-year scale.

activity. Conversely, the southern part of the GHGZ is perpendicular
to both the West Qinling fault and the Lajishan fault. The Menyuan
earthquake occurred near the GHGZ and within the local positive
anomaly area, while the Jishishan earthquake occurred on the
GHGZ and the zero-contour.

3.2.2 3-year scale gravity changes

From 2018 to 2021 (Figure 5a), the gravity changes near the
Menyuan epicenter within the entire study area were relatively
pronounced. The Shandan and Jinchang regions exhibited gravity
changes of approximately —40 x 10® m/s%, while the Wuwei and
Lanzhou regions in Gansu Province exhibited gravity changes
of approximately +50 x 107®m/s®. Overall, a four-quadrant
distribution pattern was observed around the Menyuan epicenter,
with the earthquake occurring near the center of the four-quadrant.
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Weaker gravity changes were recorded in the Qilian and Gonghe
areas of Qinghai Province and the southeastern part of Gansu
Province, while the northern part of Guyuan in Ningxia exhibited
gravity change of approximately +30 x 1078 m/s?.

From 2020 to 2023 (Figure 5b), the gravity changes in the study
area were relatively intense, with a variation range between —60 x
10 ms™ and +60 x 10" ms™. The gravity changes in the vicinity
of Menyuan exhibit a four-quadrant distribution. The Menyuan
and Gonghe areas in Qinghai showed significant negative gravity
changes, with the gravity contour aligning with the Tuolaishan fault
and the northern margin of the Qilianshan fault. The gravity changes
of approximately +40 x 107 ms™ was observed near the Gaotai

2 were

area, while gravity changes of approximately +60 x 1078 ms™
recorded in the Wuwei and Lanzhou areas of Gansu. The areas

from Zhongwei in Ningxia to Maqu in Gansu all showed negative
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FIGURE 5

Cumulative gravity field changes at a 3-year scale.

gravity changes. A U-shaped GHGZ forms along the border of
Gansu and Qinghai provinces, spanning Menyuan, Xiahe, Lanzhou,
and Jingtai. The Menyuan earthquake occurred at the center of the
four-quadrant and on the GHGZ, while the Jishishan earthquake
occurred in the bend of the GHGZ and on the zero-contour
of gravity.

4 Gravity changes analysis
4.1 Influencing factors of gravity changes

The changes of the earth’s gravity field is a comprehensive
reflection of all the material migration occurring underground. To
analyze the gravity changes related to the structure factors, it is
necessary to exclude the influence of other factors. Hydrological
change is an influencing factor that needs attention in high-
precision gravity observation. First, the mobile gravity observation
are typically conducted in the same month of different years, which
can effectively suppress the interference of seasonal hydrological
changes on gravity variations. Additionally, studies indicates that
the annual variation in precipitation has an effect of less than 5
x 1078 ms™ on gravity (Yue et al,, 2010; Zhu et al., 2010). Based
on surface soil water data calculations, Zhao Yunfeng showed that
the hydrological gravity effect before the Menyuan earthquake was
approximately 4 x 107 m/s* (Zhao et al, 2023). This value is
significantly lower than the tectonic gravity anomaly of 40-100 x
1078 m/s* observed during the same period, indicating that gravity
changes caused by soil water changes have little effect on the
distribution of earthquake gravity changes. The calculation and
analysis of hydrological data in southern Tibet before the 2015 Nepal
M,y 7.8 earthquake (Vi et al., 2016) show that, compared with the
absolute gravity changes of 40 x 1078 ms™ observed before the
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earthquake (Chen et al,, 2016), the annual gravity changes caused
by these factors are small (the combined effect is 5 x 10 ms™2)
and negligible. In the NETP, where the precipitation is less than
that in southern Tibet, the gravity changes caused by surface water
are much smaller than the gravity change observed before the
earthquake.

In addition, the surface deformation also has a certain influence
on the gravity changes. Theoretically, considering both elevation
and density changes, a 1 cm vertical deformation of the surface
can cause a change in surface gravity of approximately 2 X
107® m/s*. Hao Ming used precise leveling data to study vertical
deformation along the eastern Tibetan Plateau, indicating that the
NETP exhibits uplift deformation. The uplift rate of the Western
Qinling Mountains is 5-6 mm/year, while the eastern segment of
the Qilian Mountains has an uplift rate of 3-4 mm/year, and the
western segment has a rate of 1-2 mm/year (Hao et al.,, 2014).
Overall, the vertical deformation rate along the NETP is less than
6 mm/year, contributing approximately 4 x 1078 m/s? to gravity
changes over a three-year period, which is within the accuracy of
gravity observation. This indicates that the gravity changes observed
before the earthquake on the Tibetan Plateau reflect the results of
deep material migration.

4.2 Gravity changes characteristics and
seismic activity

The spatial characteristics of gravity changes along the NETP
profoundly reflect tectonic activity and provide good gravitational
precursor evidence for the occurrence of the Menyuan and Jishishan
earthquakes. The annual-scale gravity change show that before
the Menyuan earthquake, the gravity changes first exhibited a
GHGZ aligned with the strike of the seismogenic fault (Tuolaishan
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fault and Lenglongling fault) (Figures 3a,b), and then the area
near the epicenter evolved into a four-quadrant distribution
(Figure 3c). The Menyuan earthquake ultimately occurred in this
GHGZ, the center of the four quadrants and during the stage of
gravity reverse variation. Before the Jishishan earthquake, gravity
changes also formed a GHGZ consistent with the direction of
the Lajishan Fault (Figure 3c). Notably, following the Menyuan
earthquake, gravitational activity in the study area remained intense,
suggesting that energy in the region may not have been fully
released. The direction of the GHGZ gradually shifted to be
perpendicular to the Lajishan Fault (Figures 3d,e). The Jishishan
earthquake occurred on the GHGZ and at the bend of gravity
contour. After the Jishishan earthquake, the gravity changes
near the epicenter tended to be stable (Figure 3f), indicating
that the energy release was completed. Overall, the gravity
changes associated with the Menyuan earthquake has experienced
an evolution process characterized by “ GHGZ—four-quadrant
distribution characteristic—earthquake occurrence during reverse
change”, while the gravity changes related to the Jishishan earthquake
has followed an evolution process described as “ GHGZ—trending
gravity anomaly changes—earthquake occurrence during reverse
change—stabilization after the earthquake” The gravity evolution
map of annual-scale better reflects that earthquakes are prone to
occur in the periods of reverse change of gravity.

Analyzing the cumulative gravity change map reveals that the
gravity change characteristics are more significant. The cumulative
results over a two-year period show that, before the Menyuan
and Jishishan earthquakes, a significant GHGZ appeared near
the epicenters of both earthquakes. The gravity differences at the
epicenters of the Menyuan and Jishishan earthquakes reached 120 x
1078 m/s? (Figure 4b) and 90 x 1078 m/s? (Figure 4c), respectively.
The GHGZ is a transitional area for material transformation,
where the differences in material increase and decrease are intense,
which can easily generate shear stress and trigger rupture, thereby
inducing earthquakes. Over a three-year timescale, gravitational
anomalies at the Menyuan epicenter were not prominent, but overall
exhibit a four-quadrant distribution characteristic (Figures 5a,b).
Near the Jishishan earthquake epicenter, there is a GHGZ aligned
with the tectonic trend, and a turn occurs (Figure 5b). The
cumulative gravity changes indicate that both earthquakes occurred
on GHGZ and near the bends of the gravity contour. This
suggests that strong earthquakes are likely to occur in the
four-quadrant centers related to tectonic activity or in the
GHGZ where positive and negative anomalies transition, near the
bends of the gravity change zero-contour line (Zhu et al., 2013;
2016; 2022).

4.3 Gravity changes and tectonic activity

Previous research demonstrates that during the development
of strong earthquakes, deep structural movements directly affect
changes in the regional gravitational field, generating dense gravity
contours along active tectonic blocks boundaries, resulting in GHGZ
(Zhu et al., 2015; Zhu et al., 2017; Zhu et al., 2022). The 2022
Menyuan earthquake and the 2023 Jishishan earthquake occurred
near the southern and northern boundaries of the Qilian block,
respectively (Figure 1). As an important site for the expansion of
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material on the Tibetan Plateau, the southern part of the Qilian
block is affected by the collision of the Indian and Eurasian plates,
while the northern part is blocked by the Alashan and Ordos blocks.
Under dual compression, the Qilian block has undergone shortens
and uplifts. Meanwhile, its northern and southern boundaries, the
Qilian-Haiyuan fault and the northern margin of the West Qinling
fault, play a significant regulatory role in the northeastward escape
of materials from the Tibetan Plateau. The intense differential
movement of materials can easily lead to stress accumulation at the
block boundaries, causing regional rock rupture and earthquakes
(Zheng et al., 2013b; 2021; Meng et al., 2022; Yuan et al., 2023).
Other data (Wang et al., 2013; Hao et al., 2014; Wang et al.,, 2016;
Wang et al., 2017; Wang et al., 2022)) also indicate that the Menyuan
and Jishishan earthquake areas are located in the transition zone
of rapid changes in crustal thickness, rapid changes in velocity
ratios, and high-low density anomaly. This suggests that the deep
structural composition of the seismic source region undergoes
significant physical property changes, which can easily lead to
stress concentration and provide a tectonic backdrop conducive
to major earthquakes. The regional gravity field change maps at
different time scales also show the presence of GHGZ aligned
with the seismic structural trend along the boundary of the Qilian
block (Figures 3-5). Upon careful analysis, it is evident that the
distribution of gravity changes is closely related to the block division
pattern. The GHGZ is primarily distributed along the boundary
of the NETP. The significant gravity changes before and after the
Menyuan earthquake mainly occurred in the internal areas of
the Tibetan Plateau (Figures 3d,e, 4c). The gravity changes inside
the Alashan and Ordos blocks were relatively minor, reflecting
that these blocks are stable and not prone to material migration.
However, the occurrence of the Menyuan earthquake caused deep
crustal material migration and redistribution within the Tibetan
Plateau. Previous studies showed that strong earthquakes can cause
stress redistribution in associated structural areas, accelerate the
accumulation of adjacent fracture strain, and thereby may trigger
subsequent strong earthquakes (Gu et al., 1997; Ma et al., 2007).
The 2022 Menyuan earthquake occurred near the Tuolaishan fault
and the Lenglongling fault in the middle-eastern segment of the
Qilian-Haiyuan fault. The gravity variation map shows that the
significant gravity anomaly area and GHGZ before and after this
earthquake have a clear response to the subsequent Jishishan
earthquake, indicating that both may be anomalies caused by
regional tectonic movements. This phenomenon reflects that the
deep crustal material migration and energy exchange triggered by
the Menyuan earthquake were blocked by the northwest stable block
and transported toward the southeast, disrupting the stress state of
the Lajishan Fault and the northern margin of the West Qinling Fault
in the Jishishan earthquake zone, thereby accelerating their material
exchange processes. Therefore, it is inferred that the 2022 Menyuan
earthquake played a promotional role in the occurrence of the 2023
Jishishan earthquake.

5 Conclusion

This paper utilized mobile gravity data from the NETP from
2018 to 2024. Through comprehensive adjustment processing,
gravity evolution images of different time scales in this region
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were obtained. We systematically analyze the relationship between
the gravity change in the NETP and the preparation of the 2022
Menyuan Mg 6.9 earthquake and the 2023 Jishishan Mg 6.2
earthquake. The main understandings are as follows:

1. The spatial distribution of gravity field in the NETP is
highly correlated with tectonics. Significant gravity changes are
primarily distributed around the boundaries of major active
tectonic blocks or active fault zones near the earthquake zone.
The strong differential movement of these tectonic zones leads
to highly discontinuous deformation, which is conducive to
stress concentration and earthquake nucleation. The GHGZ
formed along the fault zones reveal the underground material
migration process driven by the enhancement of the tectonic
stress field in the source zone before the earthquake.

. There is a good correlation between the gravitational evolution
process and the occurrence of earthquakes. The gravity field
at the annual-scale indicates that before the 2022 Menyuan
earthquake, the gravity changes experienced an evolutionary
process characterized by “ GHGZ-four-quadrant distribution
characteristics - earthquake occurrence during reverse change
“ In contrast, the gravity changes before the 2023 Jishishan
earthquake followed an evolutionary process described as

“ GHGZ—trending gravity anomaly changes—earthquake

occurrence during reverse change—stabilization after the
earthquake”. This is consistent with previous research findings
that indicate earthquakes tend to occur during periods of
reverse gravity change.

3. Gravity changes at the scales of 1 year, 2 years, and 3 years
indicate that the 2022 Menyuan earthquake occurred near the
GHGZ, the gravity zero-contour line, and the center of the
four-quadrant area. Similarly, the 2023 Jishishan earthquake
occurred on the GHGZ and the gravity zero-contour line.
The GHGZ and the four-quadrant centers serve as transitional
areas for material transformation, where there is intense
differential movement of material increase and decrease,
which can easily generate shear stress leading to rupture
and triggering earthquakes. These findings are consistent
with previous research results, which indicates that strong
earthquakes are more likely to occur in GHGZ related to
tectonic activity, in the transitions between positive and
negative gravity anomaly areas, at the bends of the gravity
change zero-contour line, or near the four-quadrant centers.

. The GHGZ and gravity anomaly area before and after the
Menyuan earthquake are highly consistent with those before
the Jishishan earthquake, indicating a strong correlation
between the deep structural movements of the two
earthquakes. This suggests that the co-seismic or post-seismic
recovery and adjustment process of the Menyuan earthquake
may have triggered adjustments in the stress field around the
epicenter of the Jishishan earthquake, thereby influenced its
occurrence.
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