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Geothermal resources and seismic activity are two related earth science frontiers that are of great significance to
socioeconomic development. The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) in southeastern China
is a geothermal resource-rich and seismically active region. Crustal stress information is crucial for identifying
prospective hidden geothermal fields and assessing seismic hazards. However, the characteristics of crustal stress
in the GBA region remain unclear. In this study, we construct a high-resolution three-dimensional (3D) geo-
mechanical model of the GBA region with complex fault geometries and obtain the 3D stress state. The results
show that the GBA region is subject to a laterally variable crustal stress field. The maximum horizontal stress (Sg)
is oriented predominantly NW-SE in the east of the study area and rotates to nearly N-S in the west. The shallow
crust is dominated by a transpressional stress regime, while the deeper part exhibits transtension. Detailed stress
analyses on typical individual faults show that the NW-trending faults commonly have low normal stresses and
high dilation tendencies, thus favoring geothermal fluid circulation. In contrast, the ENE-/NE-trending faults, at
high angles to the Sy orientation, tend to act as barriers to fluid flow in the shallow crust and accumulate high
strain energy, making them conducive to the generation of strong earthquakes. We propose a comprehensive
conceptual model to illustrate the genetic mechanism of geothermal resources and strong earthquakes. This study
is intended to promote the exploration of geothermal resources and support the seismic hazard assessment in the
GBA region.

1. Introduction these resources (Blake and Davatzes, 2011; Davatzes et al., 2006). By

controlling the opening and closing of pre-existing fractures or faults

The crustal stress state is a key parameter in geodynamics (e.g.,
Heidbach et al., 2018; Henk and Nemcok, 2008) with a wide range of
practical applications, including evaluating the stability of potential
radioactive waste disposal sites (Hergert et al., 2015), assessing seismic
hazards of active faults (Li et al., 2022a, 2022b), and developing
geothermal resources (Jolie et al., 2015; Davalos-Elizondo and
Lao-Davila, 2023). Especially in geothermal resource development,
knowledge of the present-day crustal stress state plays an increasingly
important role in locating, maintaining, and sustainably developing
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within the rock, stress influences hydraulically relevant physical prop-
erties such as rock mass permeability (Evans et al., 1997), thereby
controlling the fluid flow along faults, which is closely linked to the
distribution of geothermal systems (Siler et al., 2019). Most geothermal
fields operated worldwide typically require highly permeable fault
systems, which are commonly governed by extensional or strike-slip
regimes (Moeck, 2014). These fault systems provide pathways for the
ascent of geothermal fluids from deep levels and promote the develop-
ment of fluid circulation systems, facilitating higher production flow
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rates. Therefore, studying the crustal stress state can help identify
favorable faults for the development of potential geothermal utilities (e.
g., Jolie et al., 2016) and improve the understanding of the distribution
and genetic mechanism of geothermal resources. Moreover, since crustal
stress is closely related to earthquakes, stress information is also critical
for assessing potential earthquakes that could occur during geothermal
exploitation (Moein et al., 2023).

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is an
urban agglomeration in southern China, primarily comprising nine
neighboring cities in Guangdong province, along with Hong Kong and
Macao (Fig. 1). This region is characterized by high economic vitality
and requires green energy to sustain its socioeconomic development in
the context of global warming and China’s 2030 carbon peak policy
constraints. As an important member of the renewable energy family
(Huang, 2012), geothermal resource is rich in the GBA region (Wei et al.,
2024b) due to the widely distributed granitoids (Zhou et al., 2006) and
relatively high geothermal heat flow (Jiang et al., 2019). The first
geothermal power plant in China was constructed in 1970 in Fengshun
County, near the eastern side of the GBA. However, geothermal energy
development in the GBA has progressed very slowly since then. One
important reason for this stagnation is the insufficiency of research on
the geothermal-controlling structures in the region. Specifically, the
limited knowledge on the crustal stress in this area makes it challenging
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to evaluate the stress state of geothermal fluid flow-controlling faults,
which further affects the identification of potential geothermal systems
and increases the risk of investment and development of geothermal
energy extraction.

The primary reason for the limited knowledge on the crustal stress in
the GBA region is the scarcity of stress meansurements. The updated
World Stress Map (WSM) released in 2016 compiled 42,870 global re-
cords, providing information on the orientation of the maximum hori-
zontal stress (Sy) and the stress regime (Heidbach et al., 2018).
However, only nine relatively reliable (B-/C-Quality) stress records exist
in the GBA, many of which are from shallow depths and lack magnitude
information (Fig. 1). A few in-situ stress measurements have been con-
ducted in recent years. For instance, to evaluate the stability of faults
near nuclear power plants in the region, Feng et al. (2013) used the
hydraulic fracturing method to acquire stress characteristics at nuclear
power plants in Dayawan, Taishan, and Yangjiang (see Fig. 1). They
found that Sy is oriented NW-SE to WNW-ESE in Dayawan and Yang-
jiang, changing to NNW-SSE in Taishan. In-situ stress measurements
conducted in wells in the Huangshadong geothermal field, located in the
eastern part of the study area, indicate that the orientation of Sy is
WNW-ESE at depths ranging from hundreds of meters to 3 km (Fan et al.,
2022; Zhang et al., 2023). Lai et al. (2019) reviewed previous in-situ
stress test results and confirmed that the Hong Kong area is generally

K

1M1° 112° 113°
e 80-100 A7 60-80 ¢ 40-60
Earthquake oM4 OM5 OM6 @M=6

F1-Littoral F.
F2-F5-Secondary F. of F1
F6-South Leidong F.
F7-North Leidong F.
F8-Chaozhou-Shanwei F.
F9-Dapu-Haifeng F.
F10-Wuhua-Shenzhen F.
F11-Zijin-Boluo F.
F12-Shougouling-Luofushan F.
F13-Heyuan F.
F14-Shaowu-Heyuan F.
F15-Yonghexu F.
F16-Qingxi F.
F17-Wentang-Guanlan F.
F18-Huanggifeng F.
F19-Hualong F.
F20-Wenchong F.
F21-Dongyong F.
F22-Qi'ao-Guishan F.
F23-Baini-Shawan F.
F24-Xijiang F.
F25-Guangzhou-Conghua F.
F26-Kaiping F.
F27-Nafushui F.
F28-Enping F.
F29-Pinggang F.
F30-Yangbianhai F.
F31-Zhigong F.
F32-Wuchuan-Sihui F.
F33-Dashiding F.
F34-East Xinyi-Lianjiang F.
F35-West Xinyi-Lianjiang F.
F36-Limu-Majiang F.
F37-Bobai-Wuzhou F.
F38-Fengkai F.
F39-Lecheng F.

@ NPPin operation

@ NPP under construction

114° 115° 116°
Method after WSM(2016)

/Z/FMS//OC /Q/HF Quality

B
ONF ©ss @U c —

Fig. 1. Map showing faults, earthquakes, heat flow measurements, and stress data records in the Guangdong-Hong Kong-Macao Greater Bay Area (GBA) and sur-
rounding areas. Black lines represent faults; Red and white circles indicate earthquakes of M > 6.0 and M > 4.0, respectively; Colored stars represent heat flow
measurements with different values (from the International Heat Flow Commission and Tang et al., 2014); Colored bars with different symbols show the Sy ori-
entations of quality B-C from the World Stress Map (WSM) obtained by different methods: FMS-Focal Mechanism Single, OC-Overcoring, HF-Hydraulic Fracturing,
NF-Normal faulting regime, SS-Strike-slip faulting regime, U-Unknown faulting regime (Heidbach et al., 2018); Brown and ice blue radiation symbols indicate
Nuclear Power Plants (NPP) in operation and under construction, respectively; The small orange polygon in the south of F11 represents the location of the
Huangshadong geothermal field; The red dotted line is the administrative boundary of the GBA. The inset shows the tectonic setting, with a black box indicating the

location of Fig. 1 and the model region.
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dominated by WNW-ESE compression. Unlike in-situ stress measure-
ments, which are typically limited to shallow depths up to a few kilo-
meters, earthquake focal mechanism solutions (FMS) can reveal the
stress state in the deep crust. P-axes inverted from FMSs in the GBA are
mainly oriented NW-SE (Kang et al., 2008). Although these studies
provide a basic understanding of GBA’s crustal stress state, obtaining
detailed stress characteristics for specific faults in this region remains
challenging due to the sparse and incomplete nature of these pointwise
stress data, which primarilly provides information on Sy orientation but
offer limited constraints on the magnitudes of the three principal
stresses.

One (and possibly the only) way to obtain a spatially continuous
stress field description is by geomechanical-numerical modeling.
Several successful studies have been conducted on absolute crustal stress
at scales ranging from tens to thousands of kilometers in regions such as
Tiirkiye (Hergert and Heidbach, 2011), Canada (Reiter and Heidbach,
2014), Switzerland (Hergert et al., 2015), Germany (Ahlers et al., 2021,
2022), and China (Li et al., 2022a, 2022b). A common approach in these
studies is to incorporate an appropriate initial stress state into the model
as well as a complex three-dimensional (3D) subsurface structure and an
inhomogeneous rock property distribution and apply boundary condi-
tions that account for the far field forces acting on the region, to predict
the absolute stress state in the crust honoring the specific local condi-
tions. However, there has been no such geomechanical modeling
approach focusing on the absolute stress state in the GBA, except for a
few two-dimensional (2D) models without consideration of faults (Wen
et al., 2001; Chen et al., 2014) or 3D models with oversimplified faults
(Dong et al., 2021).

In this study, we establish a comprehensive 3D geomechanical model
of the GBA region which incorporates complex fault geometries, inho-
mogeneous rock properties, an initial stress state accounting for gravity,
and appropriate boundary conditions. The model not only matches ki-
nematic observations well (see Li et al., 2024b), but also predicts the
spatially continuous 3D crustal stress state in the GBA region, thus it can
address the limitations of sparse existing stress meansurements and
enhancing our understanding of crustal stress state in the region. The
kinematic characteristics of the crust revealed by the 3D geomechanical
model has been described in detail in Li et al. (2024b). The present paper
focuses specifically on the characteristics of the crustal stress field
derived from the same geomechanical model. Modeled stress states at
different depths are extracted and compared with various independent
stress measurements, including Sy orientations and FMSs, to assess the
model’s accuracy. The stress states on major faults are also analyzed.
Finally, the implications of the modeled stresses for geothermal re-
sources and seismic hazard assessment of the faults within the GBA re-
gion are discussed.

2. Geological background

Tectonically, the GBA is situated on the southern edge of the South
China Block, which consists of the Yangtze Block, the Jiangnan Orogenic
Belt, and the Cathaysia Block from NW to SE. The South China Block is
inferred to have initially formed in the middle Neoproterozoic and
experienced multiple tectono-magmatic events during the Phanerozoic,
eventually leading to the formation of extensive granitic rocks within
the block (Shu et al., 2021). The Late Mesozoic igneous rocks (also
known as Yanshanian granitoids) are the most widespread, especially in
the Cathaysia Block. The age of the granite gradually becomes younger
from inland to oceanic regions, a pattern commonly attributed to the
paleo-Pacific Plate’s northwestward subduction and the subsequent slab
rollback (Zhou and Li, 2000; Zhou et al., 2006; Dong et al., 2020; Li
et al., 2020).

Granite can generate heat through the decay of radioactive elements
and is an important source of geothermal heat. In the GBA region, the
widespread granite and a high mantle heat flow associated with a
thinner crust (Lin et al., 2024) make the region rich in geothermal
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resources, as evidenced by numerous hot springs. The heat flow records
within the GBA show an average heat flow value of 75.2 mW/m? (ihf-
c-iugg.org), which is noticeably higher than the average heat flow of
continental China (60.4 mW/m?) (J iang et al., 2019). More than 106 hot
springs are located in the GBA region (Li et al., 2024b). These hot springs
primarily range in temperature from 25 to 118 °C and are closely related
to faults. They are generally controlled by ENE-/NE-trending faults, but
some clusters of hot springs are also found along NW-trending faults,
which intersect the ENE-/NE-trending faults at high angles (Zhong and
Zhou, 1990; Luo et al., 2022).

The faults within the study area can be categorized into three groups
according to their strike: NE-trending, ENE-trending, and NW-trending
(Fig. 1). Previous researchers often combined NE-trending and ENE-
trending faults into a single group due to their similar strike (e.g.,
Wei, 2001, p. 60), but recent studies have revealed significant differ-
ences in the activity of these two faults groups, suggesting they should
be treated separately (Yu et al., 2016). Our prior kinematic model results
(Li et al., 2024b) together with field investigations (Huang and Zheng,
2001; Fan et al., 2022), also suggest different slip behaviors on the NE-
and ENE-trending faults. The NE-trending faults show left-lateral
movement, whereas the ENE-trending faults exhibit right-lateral mo-
tion. These opposite slip senses are believed to result from lateral vari-
ations in the crustal stress (see Section 4 for details). The NE- and
ENE-trending faults are thought to have initially formed in the Triassic
period and have experienced alternating stages of shortening and
extension during the late Mesozoic due to the northwestward subduc-
tion of the paleo-Pacific Plate (Li et al., 2020). The NW-trending faults
formed in the Late Cenozoic are the youngest of these three fault groups
(Chan et al., 2010), cutting and reactivating the other two older fault
groups.

The GBA region is located in the central part of the Southeast Coastal
Seismic Zone, which runs roughly parallel to the coastline, extending
1500 km from Fujian Province in the north to Hainan Island in the south.
Influenced by the westward motion of the Philippine Sea Plate, the
seismic activity in the Southeast Coastal Seismic Zone is relatively high.
Several large earthquakes with magnitudes above 7.0 have occurred in
this seismic zone, including the 1600 Nan’ao M7.0 earthquake (117.2°E,
23.5°N), the 1604 Quanzhou M7.5 earthquake (119.2°E, 24.7°N), the
1605 Hainan M7.5 earthquake (110.5°E, 20.0°N), and the 1918 Nan’ao
M7.3 earthquake (117.4°E, 23.3°N). Three strong earthquakes also
occurred in the GBA region historically, i.e., the 1911 Honghai Bay M6.0
earthquake, the 1962 Xinfengjiang M6.1 earthquake, and the 1969
Yangjiang M6.4 earthquake (Wei, 2001) (Fig. 1). Shallow earthquake
sources, along with thick sedimentary layers at the continental margin,
make these earthquakes highly destructive, causing severe casualties
and property damage in the region (Brantley and Chung, 1991; Wei,
2001, pp. 141, 154, 163). In 2023, an M3.2 earthquake in Foshan City
and an M4.3 earthquake in Heyuan City occurred consecutively within
one week, causing noticeable tremors in the mega-cities of Guangzhou
and Shenzhen and capturing widespread media and public attention,
despite their small magnitudes.

3. Model setup

In this study, we construct a high-resolution 3D geomechanical
model of the GBA region and use finite element techniques to simulate
the stress field. A detailed description of the model setup is provided in
Li et al. (2024b); therefore, we present only key information about the
modeling process here. The 3D geomechanical model covers the area
from 110.5°E to 116°E and from 20.5°N to 25°N, spanning 572 km
east-west and 490 km north-south (Fig. 2). The model’s base is posi-
tioned at a depth of 38 km, slightly deeper than the maximum depth of
the Moho discontinuity, which is 33 km (Guo et al., 2019). This design
accounts for the potential influence of Moho topography on the crustal
stress. The elevation of the ground surface of the model ranges from -0.6
km to 1.2 km, constrained by a digital elevation model with a 30
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Fig. 2. 3D geomechanical model of the GBA region including the crust and the upper mantle, as well as a 3D fault system. The model size is 572 km (E-W) x 490 km
(N-S) x 38 km (depth). Different rock properties are represented by different colors. The fault system consists of 39 faults reconstructed from multiple geoscience
information sources. White arrows indicate the model boundary conditions with size and direction of arrows indicating amount and direction of velocities,
respectively. White circles indicate frictionless constraints at the base of the model. Detailed model information is shown in the light blue boxes. The dashed box at
the surface of the model, shrinking inward by 0.5 geographic degrees (about 50 km), delineates the presented area with marginal boundary effects. Fault numbers

refer to Fig. 1.

arc-second (~1 km) resolution. Vertically, the model is divided into the
upper, middle and lower crust, and the upper mantle, based on the
Crustl.0 model (Laske et al., 2013). Fault geometries included in the
model are compiled from various sources, including fault trace data-
bases, deep seismic sounding profiles, FMSs, seismic tomography results
and earthquake relocation data. These faults have variable depth ex-
tents, dip directions and dips (see Fig. 2). Detailed geometric parameters
and data sources for the faults can be found in Li et al. (2024b).

The rock properties used in the model are based on the P- and S-wave
velocities in Crustl.0, as outlined in Li et al. (2024b). These averaged
values represent the general crustal properties of the region and are
considered more reasonable than data derived from a single deep
seismic sounding profile (e.g., Zhang et al., 2018; Lv et al., 2020), which
may show different crustal velocity structures due to lateral heteroge-
neity. Fault motion within the model is governed by the Coulomb fric-
tion law, using an effective friction coefficient of 0.02. This low value
minimizes the misfit between the model and kinematic observations (Li
et al., 2024b) and is commonly used for large faults (He and Lu, 2007;
Hergert and Heidbach, 2010; Li et al., 2021, 2022a). Clay-rich fault
gouge is generally understood to promote a reduction in the effective
friction coefficient (Lockner et al., 2011; Carpenter et al., 2015). For
instance, the ultralow effective friction coefficient (<0.02) observed on
the Longmen Shan fault (Li et al., 2015) is attributed to the abundance of
clay minerals and graphite (Zhang and He, 2013; Kuo et al., 2014).
Elevated pore fluid pressure can also effectively reduce the effective
friction coefficient (Simpson and Reasenberg, 1994).

The current crustal stress field can be described as a superposition of
the initial crustal stress and the tectonic stress states if the stress evo-
lution caused by seismic cycles is not considered (Hergert and Heidbach,
2011). The initial crustal stress component includes a reference stress
state (Sheorey, 1994) and stress perturbations resulting from lateral
variations in rock density and stiffness (Hergert and Heidbach, 2011).
The tectonic stress component, also known as far-field stress, originates
from plate-driving forces (Zoback, 1992) and is integrated into our
model by applying lateral velocity boundary conditions based on Global

Position System (GPS) observations (Wang and Shen, 2020; Li et al.,
2024b). A gravitational acceleration of 9.81 m/s? is applied to the model
volume. The model bottom is vertically constrained, and the model top
is a free surface. The load of the overlying water column in the South
China Sea is neglected due to the relatively shallow water depth (<100
m) on the continental shelf.

Previous studies of FMSs (e.g. Kang et al., 2005a) suggest that the
GBA region is predominantly characterized by a strike-slip faulting
regime with a minor normal faulting component. To reproduce this
stress state, the lateral tectonic stress should be set large enough to
counteract the significant normal faulting stress regime resulting from
the gravity-only initial stress state. In this study, we use velocity
boundary conditions with a model time of 600 ka to simulate the effect
of tectonic stress, which can best fit the kinematic observations (see Li
et al., 2024b) and available stress data simultaneously.

The model is discretized into approximately 4 million linear tetra-
hedral elements. To balance computational efficiency and result accu-
racy, the element size on the faults is approximately 1-2 km, gradually
increasing to around 5 km toward the model boundaries. We use the
software SIMULIA Abaqus 2019 to perform the finite element calcula-
tions. For more detailed parameter settings related to the model setup
and their rationale, the reader is referred to Li et al. (2024b), a com-
plementary paper focusing primarily on crustal kinematic results in the
GBA region. The stress field data presented here are extracted from the
same model described in Li et al. (2024b).

4. Results
4.1. Stress state in the GBA region

The crustal stress state has a significant impact on rock, fracture and
fault permeability, which further affects fluid flow in the rock mass.
Hydrochemical analyses indicate that the maximum circulation depth of
geothermal fluids in the GBA region is approximately 4 km (Yuan et al.,
2022; Li et al., 2023; Tian et al., 2023; Wei et al., 2024c). Therefore, we
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choose 2 km depth to represent the average depth of the geothermal
fluid circulation and extract the stress state at this depth to investigate
the potential relationship between stress and geothermal resources.
Furthermore, given the close relationship between crustal stress and
seismic hazard, we also extract the crustal stress state at 10 km depth,
which represents the average depth of earthquake hypocenters in the
area, as determined by earthquake relocation studies (He et al., 2018;
Xia et al., 2022). The orientation of Sy is determined following the
method of Lund and Townend (2007), and the Regime Stress Ratio
(RSR), which varies continuously from 0 to 3, corresponding to normal
(0-1), strike-slip (1-2), and thrust (2-3) faulting stress regimes, is used
to visualize the stress regime (Simpson, 1997). The calculation process
for both parameters has been embedded into the Tecplot 360 add-on
GeoStress (Stromeyer et al., 2020).

4.1.1. Stress state at 2 km depth

A resampling scheme with grid spacing of 15 km x 15 km by aver-
aging the stress orientation within each grid cell (Mardia and Jupp,
2000) is adopted to analyze the orientation of Sy. Fig. 3 shows the
averaged orientation of Sy at 2 km depth below sea level. It can be seen
that Sy is generally oriented in NW-SE, with a gradual lateral change
from NW-SE in the east to NNW-SSE or nearly N-S in the west, consistent
with the result of Wen et al. (2001). In the eastern part of the study area,
the NW-SE compression is oblique to the ENE-trending faults at high
angles, such as the Heyuan fault (F13), Zijin-Boluo fault (F11), and
Wuhua-Shenzhen fault (F10), causing this group of faults to experience
strong compression perpendicular to the fault strike with a slightly
right-lateral strike-slip component of motion (Li et al., 2024b). In the
central part of the study area, the NW-SE compression is nearly parallel
to the NW-trending faults, such as the Wenchong fault (F20),
Baini-Shawan fault (F23), and Xijiang fault (F24), indicating that the
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NW-trending group of faults experiences strong extension in the NE-SW
direction, perpendicular to the fault strike. Toward the west, the Sy
orientation becomes nearly N-S and again oblique to the NE-SW faults,
such as the Wuchuan-Sihui fault (F32), resulting in left-lateral strike-slip
motion on these faults (Li et al., 2024b). The opposite senses of slip on
the two fault groups in the east and west of the GBA region, inferred
from the orientations of the fault relative to Sy, agree well with field
observations (Huang and Zheng, 2001; Fan et al., 2022).

Abrupt disturbances in local stress orientation mainly occur in the
middle segment of the Kaiping-Enping fault zone (F26, F28) and the
Wuchuan-Sihui fault (F32). The high curvature and close spacing
characteristics of these lithospheric scale faults may contribute to the
abrupt disturbance in local stress orientation near the faults.

There are also some rotations of Sy near the middle of the western
and the eastern boundaries (22°-22.5°N), oriented radially eastward or
westward, but they are more gradual (Fig. 3). Boundary effects are un-
likely to be the cause of this variation, as at least the western boundary
of the model is well constrained by relatively uniformly distributed GPS
data (Wang and Shen, 2020). Furthermore, our study area has been
shrunk inward by ~50 km to minimize such effects (Fig. 2). The good
consistency between our modeled Sy orientations and those from in-situ
stress measurements and FMS data (Fig. 3) suggests that the modeled
local variations in Sy orientation near the middle of the eastern and the
western boundaries are likely genuine.

The background color in Fig. 3 shows the stress regime pattern at a
depth of 2 km in the GBA region. The RSR parameter is employed to
categorize the tectonic regime. Generally, the study area is dominated
by strike-slip and thrust faulting regimes. Roughly delineated by the
Wuchuan-Sihui fault (F32), the Guangzhou-Conghua fault (F25), and
the Heyuan fault (F13), the southeastern part is characterized by a
transpressional or thrust faulting stress regime (RSR > 2), while the
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northwestern part exhibits a strike-slip faulting stress regime with a
thrust component (1.5 < RSR < 2.0) (Fig. 3). In the southeastern part,
the modeled stress regime agrees with in-situ stress measurements
conducted in the HR-1 well and Hong Kong at depths of less than 3 km
(Lai et al., 2019; Zhang et al., 2023). In the northwestern part, although
few model-independent in-situ stress data are available to validate the
model results, the higher elevation in this area (see Fig. 1) implies an
enhanced vertical loading, which can transfer the stress regime from
thrust faulting to strike-slip faulting. In general, at the depth of 2 km
shown here, the crustal stress state can still be influenced by the regional
topography (Liu and Zoback, 1992). Therefore, the observed variation in
stress regime from thrust faulting in coastal areas to strike-slip faulting
inland shown in Fig. 3 is reasonable.

4.1.2. Stress state at 10 km depth

Fig. 4 shows the stress orientation and stress regime pattern at a
depth of 10 km in the study area. Generally, the Sy orientation changes
from NW-SE in the east to nearly N-S in the west. The Sy orientation and
its lateral variation are almost the same as those at 2 km depth, except in
some local areas, such as the middle of the Kaiping-Enping fault zone
(F26, F28), where the divergence in stress orientation is less pronounced
than that at 2 km depth, showing a relatively consistent orientation with
the surrounding area. We attribute this reduced divergence to the
greater planarity of the fault surface at depth.

However, the stress regime at 10 km depth is very different from that
at 2 km. Fig. 4 shows that most of the study area is dominated by a strike-
slip faulting stress regime with a tendency towards normal faulting.
Obvious variations in stress state occur along faults. The stress in the
hanging wall tends to have an additional thrust component, while the
stress in the footwall tends towards normal faulting. This is particularly
evident on the SE-dipping Zijin-Boluo fault (F11), the NW-dipping
Wuhua-Shenzhen fault (F10), and the NW-dipping Enping fault (F28).
The width of these variations is typically around 15 km and narrows as
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the fault dip steepens (Fig. 4). The study area also features other local
stress anomalies. Notably, a significant local normal faulting stress field
(RSR < 1) is present in the middle segment of the Wuchuan-Sihui fault
(F32) and the northern segment of the Zhigong fault (F31). Additionally,
a thrust stress regime is situated between the Chaozhou-Shanwei fault
(F8) and the Littoral fault (F1). These stress anomalies cover relatively
large areas and their centers are located some distance from the faults
themselves.

4.2. Stress state on the 3D fault system

The normal stress (S,) on fault surfaces is calculated from the local
stress tensor. Here, we only focus on the stress state at depths shallower
than 10 km, which holds the majority of seismic activity and almost all
exploitable geothermal resources in the GBA region (Xia et al., 2022;
Wei et al., 2024c).

Fig. 5a shows the normal stress distribution on each fault of the 3D
fault system. The normal stress increases with depth, but the gradient
varies with fault strike. The gradients on the NE- and ENE-trending
faults are greater than those on the NW-trending faults, resulting in
generally higher normal stresses on the NE and ENE-trending faults at a
given depth (Fig. 5b and c¢). Fig. 5b shows the extracted normal stress on
the fault surface at 9 km depth. This depth is chosen over 10 km pri-
marily because it is shallower than the lower termination of the NW-
trending faults (which lies between 9 and 10 km), allowing us to
analyze stress on all faults in the model.

From Fig. 5b, it can be observed that the normal stress on the ENE-
trending faults in the eastern part is the highest, ranging from 260
MPa to 320 MPa. The normal stress at the same depth on the NW-
trending faults in the central part is the lowest, at less than 240 MPa.
The NE-trending faults in the western part generally exhibit intermedi-
ate normal stress values, although some areas show higher stress. This
pattern is also evident in 2 km depth normal stress slice (Fig. 5¢). We
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Fig. 4. Modeled Sy orientation and stress regime at 10 km depth below sea level. Black bars represent the modeled Sy orientation. Grid spacing is 15 km x 15 km.
Red lines show the fault traces implemented in the model. Thin black curves represent coastlines.
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attribute this variation in normal stress with fault strike to the regional
variation in Sy orientation relative to the fault strike. Because Sy is
oriented obliquely or nearly perpendicular to the NE- and ENE-trending
faults, these faults experience greater compression than the NW-
trending faults, which are nearly parallel to the Sy.

In addition, for individual faults, lateral variations in normal stress
are primarily concentrated in local areas where fault geometry changes
significantly (e.g., F32, Fig. 5a). Alternating zones of abnormally high
and low normal stresses occur along these segments of high local cur-
vature. Conversely, where the fault surface is relatively straight, the
normal stress variation along the fault is less pronounced. This is typi-
cally seen on the Wuhua-Shenzhen fault (F10) and the Zijin-Boluo fault
(F11) (Fig. 5).

4.3. Slip tendency and dilation tendency
Faults with high shear stress and dilation are known to be highly

permeable structures that can act as conduits to enhance fluid flow
(Barton et al., 1995; Ferrill and Morris, 2003). Therefore, it is common

practice to analyze the slip and dilation tendency of faults to identify and
assess geothermal systems (e.g., Moeck et al., 2009; Jolie et al., 2015,
2016; Davalos-Elizondo and Lad-Davila, 2023). According to Morris
et al. (1996) and Ferrill et al. (1999), slip tendency (Ts) and dilation
tendency (Tp) are quantified by Ts=t/S, and Tp=(c1- Sy)/ (61- 03),
where 7 is shear stress, S, normal stress, 6; the maximum principal
stress, and 63 the minimum principal stress. The value of Ts is equal to
the coefficient of static friction for a cohesionless fault and is not
normalized by the friction coefficient assumed for the faults. All of these
stress values are derived from the modeled stress field. The slip and
dilation tendency analysis of faults is performed at a depth of 2 km,
which is in the middle of the depth range of fluid circulation in the study
area (Yuan et al., 2022; Li et al., 2023; Tian et al., 2023; Wei et al.,
2024c). The results are mapped in Fig. 6.

The overall slip tendency on the faults is relatively low (<0.2)
(Fig. 6a), except for some high slip tendency anomalies at the fault tips,
which are due to the elastic rock properties used in the model. Faults
oriented in ENE-WSW generally have the highest slip tendencies (up to
0.2), while NW-trending faults have the lowest. In contrast, the dilation
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tendency is the highest on NW-trending faults (0.5-1.0) and lowest on
ENE-trending faults (Fig. 6b). The FMSs in the area indicate that seis-
mogenic faults responsible for normal faulting earthquakes are usually
NW-trending, while those for strike-slip earthquakes are mostly ENE-
trending (Fig. 10). These kinematic patterns of the faults revealed by
the FMSs support the modeled slip and dilation tendencies. This com-
parison is based on the assumption that the kinematics of faults at depth
are consistent with those at shallower depths, although most of the FMSs
are from depths greater than the 2 km analysis depth. In the west, NE-
trending faults consistently exhibit alternating high and low slip and
dilation tendencies along their strikes (e.g., F32, F26, F28; Fig. 6). We
attribute these variations to significant local changes in fault geometry,
similar to the alternating changes in normal stress on these faults
described in Section 4.2. The average slip tendency and dilation ten-
dency for faults with different orientations are summarized in Table 1.

4.4. Stress analysis of individual faults

According to fault strike, the faults in the GBA can be classified into

Table 1
Average slip tendency and dilation tendency on faults at a depth of 2 km.

Fault Fault Average slip Average dilation
orientation number tendency (Ts) tendency (Tp)

NW-trending F16 0.03 0.68
F17 0.06 0.71

F18 0.08 0.74

F19 0.03 0.77

F20 0.03 0.68

F21 0.02 0.44

F22 0.02 0.51

F23 0.04 0.70

F24 0.10 0.71

ENE-trending F8 0.12 0.28
F9 0.08 0.16

F10 0.07 0.03

F11 0.10 0.10

F12 0.11 0.07

F13 0.09 0.07

F14 0.07 0.06

NE-trending F25 0.09 0.07
F26 0.10 0.33

F28 0.09 0.21

F31 0.05 0.06

F32 0.14 0.19

three groups: ENE-trending, NE-trending, and NW-trending faults. These
are primarily located in the eastern, western, and central parts of the
study area, respectively (Fig. 1). In this section, we select a represen-
tative fault from each group to illustrate the detailed stress state features
on the fault surface, including the Sy orientation near the fault, as well as
the distribution of normal stress and slip-dilation tendency (Ts+Tp) on
the fault surface.

4.4.1. The ENE-trending Heyuan fault

The Heyuan fault (F13) is part of the southwestern segment of the
Heyuan-Shaowu fault zone (Fig. 1), which extends approximately 600
km (Xu et al., 2016). Seismic tomography suggests that the fault dips
southeastward with steeper dips near the surface and gentler dips at
depth (Ye et al., 2016), indicating it is a listric fault. In our model, we
simplified the fault geometry to a constant dip angle of 70° (Li et al.,
2024b), preserving the first-order feature of the fault’s geometry. Strong
hydrothermal activities are present along the Heyuan fault, with many
surface manifestations, including large silicified quartz reefs (Fig. 7a)
(Tannock et al., 2020a) and numerous hot springs distributed along the
fault (Tannock et al., 2020b). Earthquake activity is concentrated pri-
marily in the southwestern segment of the fault, near Heyuan City
(Fig. 1). Among these earthquakes, the largest is the 1962 Xinfengjiang
M6.1 earthquake, which is believed to have been triggered by the Xin-
fengjiang Water Reservoir (Ding et al., 1983; Gupta, 2002).

Fig. 7a shows the orientation of Sy near the fault. Overall, Sy in-
tersects the Heyuan fault at a high angle, but this angle decreases
laterally, from nearly perpendicular in the SW segment to about 60° in
the NE segment. This variation in the orientation of Sy relative to the
fault will cause a decrease in normal stress (Fig. 5b, Fig. 5¢ and Fig. 7b)
and an increase in shear stress from SW to NE. The acute angle between
the fault and the Sy orientation indicates a right-lateral shear sense on
the fault, which has been described in the complementary paper
focusing on model kinematics (Li et al., 2024b). Some large quartz reefs,
which reflect paleo-hydrothermal activities, are exposed at releasing
fault bends (Fig. 7a).

Fig. 7b shows the distribution of normal stress on the fault surface. It
is evident that the normal stress increases with depth. At 3 km depth, the
simulated normal stress values range from 110 to 130 MPa, which is
comparable to the Sy values of 110-115 MPa measured in granite core
samples from the bottom of the HR-1 well (~3 km below ground sur-
face) using an anelastic strain recovery method (Zhang et al., 2023). This
well is located in the south the Heyuan fault, within a short distance of
30 km from the fault trace (see Fig. 1). In our model, the difference in Sy
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Fig. 7. Modeled stress state on the Heyuan fault (F13). (a) Map view of Sy orientations (black bars) in the vicinity of the Heyuan fault. Ice blue areas along the
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the 1962 Xinfengjiang M6.1 earthquake.

magnitudes and normal stress magnitudes on the fault surface is very
small due to the high-angle intersection of Sy with the fault strike
(Fig. 7a).

Another notable feature is the significant lateral variation in normal
stress along the fault strike (Fig. 7b). These variations are concentrated
at local fault bends. Given the right-lateral strike-slip sense of the fault
(Li et al., 2024b), these high and low normal stress zones generally
correspond to restraining and releasing bends, respectively (Fig. 7b).
The locations of low normal stress align with the presence of thick quartz
reefs, indicating that the modeled crustal stress can effectively identify
the pathways of geothermal fluids. The 1962 Heyuan M6.1 earthquake
occurred at a restraining fault bend where the modeled normal stress is
increased (Fig. 7b), possibly forming an asperity.

Fig. 7c shows the distribution of the sum of slip and dilation ten-
dencies (Ts+Tp) on the fault surface. Overall, the slip-dilation tendency
is low (Ts+Tp < 0.3). Relatively high values are mainly located at the
releasing bends, consistent with the distribution of low normal stress
(Fig. 7b). At these releasing bends, slip-dilation tendencies are generally
greater than 0.3, with the highest value of 0.6 located at the bend in the
ENE. Additionally, the model results show that high slip-dilation

tendencies at the bends can extend to depths of about 10 km, suggesting
that these bends can act as conduits for transporting hydrothermal fluids
from deeper to shallower levels.

4.4.2. The NE-trending Wuchuan-Sihui fault

The Wuchuan-Sihui fault (F32) originates at Haikang Port in Leizhou
City, extends northeastward through Wuchuan and Sihui, and connects
with the Dayu-Nancheng fault and the Ganjiang fault north of Shaoguan
City, spanning approximately 670 km in total (Fig. 1) (GBGM, 1988, p.
760). In our model, only the southwestern segment between Wuchuan
and Sihui (approximately 250 km) is implemented, mainly because this
segment is more prominent and continuous at the surface (Xu et al.,
2016). A deep seismic sounding profile crossing this fault reveals that it
extends to the Moho (Zhang et al., 2018). Therefore, we modeled it as a
lithospheric scale fault that penetrates the entire depth of the model (Li
et al., 2024b). Hot springs are mainly located in the southwestern
segment of the fault, with generally low temperatures (<81 °C) (Wei,
2001, p. 72).

Fig. 8a shows significant variations in the orientation of Sy along the
fault. The Sy is nearly perpendicular to the fault strike near the ends of
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Fig. 8. Modeled stress state on the Wuchuan-Sihui fault (F32). (a) Map view of Sy orientations (black bars) in the vicinity of the Wuchuan-Sihui fault. (b) Distribution
of the normal stress on the Wuchuan-Sihui fault. (c) Distribution of the slip-dilation tendency (Ts+Tp) on the Wuchuan-Sihui fault. Three arrows show the locations of
fault bends with negative normal stresses, which indicate that the bends are dominated by extension. The vertical to horizontal scale ratio in (b) and (c) is 3:1.

the fault, whereas it intersects the fault at a small angle in the middle
segment. This distribution suggests higher normal stress near the ends
and lower normal stress in the middle, as shown in Fig. 8b. Pronounced
alternations between high and low normal stress are particularly evident
in the northeastern segment (Fig. 8b), which is inferred to result from
the significant curvatures of shallow fault bends. Low normal stresses
imply high dilation tendencies, while high normal stresses indicate low
dilation tendencies, as clearly shown in Fig. 8c. The slip-dilation ten-
dency in the middle section of the fault reaches up to 1.0 and can exceed
1.2 at local fault bends, with the dilation tendency being the dominant
(see Fig. 6). Three areas with distinct high slip-dilation tendencies
located at local fault bends (outlined by dashed polygons) are dominated
by negative normal stresses, which indicate that these local fault bends
are under significant extension.

4.4.3. The NW-trending Baini-Shawan fault

The NW-trending Baini-Shawan fault (F23) (Fig. 9) is located in the
Pearl River Estuary region in the central part of the study area (Fig. 1).
This fault spans 150 km in total, starting northwest from Baini, crossing
southeastward through the Guangzhou-Conghua Fault (F25) and finally
entering the Pearl River Estuary sea area (Xu et al., 2016). The northern
segment of the Baini-Shawan fault controls the eastern boundary of the
Sanshui basin, where sediment thickness is in the range of 6-7 km based
on crustal shear-wave velocity (Lv et al., 2022). In our model, the
Baini-Shawan fault is classified as an upper crustal fault, extending
down to the base of the upper crust (9-10 km). The existence of many
calcite veins in the middle segment of the fault, ranging from 0.2 to 0.8
m in width and formed in the late Pleistocene, indicates significant
extension on this fault (Dong et al., 2016). Two normal faulting earth-
quakes with magnitudes of 3.7 and 4.4 occurred near the northwest
segment of the fault in 1997, with nodal planes oriented NW-SE, parallel

10

to the strike of the Baini-Shawan fault (Fig. 10). This indicates that
extension remains active, although it was speculated that these earth-
quakes were induced by water injection and pumping processes during
salt mining (Wei, 2001, pp. 363-371).

Fig. 9a shows the NW-SE oriented Sy parallel or at an acute angle to
the Baini-Shawan fault strike. This relationship between the orientation
of Sy and the fault strike facilitates fault opening. The modeled
maximum normal stress on the Baini-Shawan Fault is approximately 220
MPa (Fig. 9b), which is considerably lower than the maximum normal
stress values on faults with other orientations (Fig. 7b, Fig. 8b). Overall,
the variation of normal stress along the fault strike is gradual, especially
in the southeastern segment, where the normal stress contours are
nearly horizontal (Fig. 9b). Compared to the southeastern segment, the
northwestern segment exhibits a gradual decrease in normal stress, with
the minimum value located at the northwestern end of the fault
(Fig. 9b). The lower normal stress on the northwestern segment corre-
sponds to higher slip-dilation tendencies, as shown in Fig. 9c. The slip-
dilation tendencies on the northwestern segment are as high as
1.0-1.2 and dominate most of this segment. The tendency values on the
southeastern segment are somewhat reduced but still generally above
0.6. The slip-dilation tendency on the Baini-Shawan fault is significantly
higher than that on faults with other orientations (Fig. 7c, Fig. 8c). The
high slip-dilation tendency may account for the normal faulting earth-
quakes in the northwestern segment (Fig. 10) and the extensional frac-
tures that are filled with calcite in the fault (Dong et al., 2016).

5. Discussion
5.1. Model results verification

The 3D geomechanical model established in this study provides both
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kinematic and dynamic results that can be aligned with observational
data. In this section, we compare the modeled stress results with model-
independent Sy orientations and FMSs to evaluate the model.

5.1.1. Comparison with model-independent Sy orientations

The World Stress Map project (WSM) compiles global Sy orientation
data and categorizes these data into different qualities (A-E) based on
their standard deviations (Heidbach et al., 2018). According to the WSM
quality ranking scheme (Heidbach et al., 2010), the A-quality has the
highest accuracy with a standard deviation of +15°, and the accuracy of
B-, C- and D-quality decreases successively with +20°, +25° and +40°
standard deviation, respectively. The lowest quality is E-quality, which
has standard deviations greater than +40°. It is suggested that A-, B-,
and C-quality data are commonly reliable for use in stress analysis
(Heidbach et al., 2010). Therefore, we only select the stress data of
quality A-C to validate the model.

There are only nine WSM stress data in the study area, comprising
three B-quality and six C-quality records (Fig. 10). These records are
sparsely distributed across five locations and are primarily obtained
from FMSs and in-situ stress measurements (overcoring, hydraulic
fracturing) (Fig. 10). There are no WSM stress data records available for
the center of the study area. To enhance data coverage, we further
gathered stress orientation data from published literature, totaling 13
records, which include 12 P-axes orientations (Kang et al., 2008) and
one in-situ stress measurement conducted in a 3 km deep borehole
(Zhang et al., 2023). This expanded dataset provides improved spatial
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coverage for comparison (Fig. 10), although some local data gaps remain
due to the lack of additional available data.

The model-independent Sy (including P-axis) orientations from the
WSM database and published literature generally trend NW-SE (Fig. 10),
which are consistent with the modeled Sy orientations. The deviation
angles between them, as shown in Fig. 11a, range from 0° to 60°, with a
mean deviation of 25°. The stress data used for comparison are either
quality B and C (WSM) or primarily estimated from P axes of FMSs (Kang
et al., 2008), which generally have a deviation range of £25° based on
the WSM quality ranking scheme (Heidbach et al., 2010). Accordingly,
the mean deviation angle (25°) is still within the standard deviation
range of the model-independent Sy orientations. Therefore, the modeled
Sy orientations can be considered comparable to the model-independent
records.

5.1.2. Comparison with FMSs

FMS is another important data source that can be used not only to
reveal the geometry and kinematic characteristics of the ruptured fault,
but also to obtain valuable insights into the stress regime at deeper
depths. We collect records of 55 existing FMSs within the study area and
calculate 15 new FMSs using the gCAP method (Zhu and Ben-Zion,
2013) to improve data coverage (Table S1). Figure S1 illustrates an
example of the good consistency between the FMS calculated in this
study and the one published previously. The distribution of these FMSs is
shown in Fig. 10.

These FMSs can be classified into four faulting types according to the
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oblique faulting.

stress regime classification criteria (Zoback, 1992). They are strike-slip
faulting (34 out of 70), normal faulting (25), thrust faulting (6) and
mixed faulting (5). It is evident that the distribution of these FMSs
supports the view that the GBA region is dominated by a transtensional
stress regime, which is comparable to the modeled stress regime
(Fig. 10). The good consistency is particularly evident in two places. One
is in the northeastern part of the study area, particularly in the Heyuan
area, where FMSs predominantly indicate strike-slip and normal faulting
(Fig. 10), consistent with the modeled stress regime dominated by
strike-slip faulting with a tendency towards normal faulting (1.0 < RSR
< 1.5). The other is in the southwestern part of the study area, partic-
ularly in the Yangjiang area, where earthquakes are mainly strike-slip
and thrust faulting events (Fig. 10), consistent with the modeled
strike-slip stress regime with a tendency towards thrust faulting (1.5 <
RSR < 2.0).

We further inverted the Sy orientation from these FMSs using the
MSATSI program (Hardebeck and Michael, 2006; Martinez-Garzon
et al., 2014), which can invert FMS data to determine the stress field
using a damped linear stress inversion method. The grid used for Sy
inversion is identical to that used for the modeled Sy (15 km x 15 km
grid spacing), facilitating direct comparison. The more FMS data are
within each grid cell, the better the estimation of the stress axes is.
However, the spatial distribution of the FMS data remains sparse relative
to the large study area. To balance the scarcity of data with the accuracy
in stress inversion, we only inverted stress results for grid cells con-
taining two or more FMSs for further comparison. These inverted Sy
orientations generally trend in the NW-SE direction, as depicted by the
hollow magenta bars in Fig. 10. We also calculate the orientation de-
viation angles between the modeled and the inverted Sy, following the
procedure outlined in Section 5.1.1, and find they range from 0° to 36°
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with a mean value of 20.8° (Fig. 11b). This mean deviation is smaller
than the standard deviation (£+25°) of Sy orientations obtained by
formal stress inversions of FMSs (Heidbach et al., 2010). Increasing the
friction coefficient from 0.02 to 0.6 does not alter the Sy orientation or
the foundamental stress regime type, but it tends to smooth out local
variations in the stress regime near the fault (Figure S2).

5.2. Influence of lateral boundary conditions on the modeled stress state

As mentioned in Section 3 and detailed in the kinematic paper by Li
et al. (2024b), the lateral boundary conditions of the model are con-
strained by velocities derived from GPS records and the model time. The
model boundaries on the continental side, including the western
boundary, the northern boundary, and the northern segment of the
eastern boundary, are well constrained by dense GPS observations
(Wang and Shen, 2020). However, the southern boundary and the
southern segment of the eastern boundary, located in the South China
Sea, are poorly constrained due to the lack of oceanic GPS stations. A
single GPS measurement from the Dongsha Islands, near the south-
eastern corner of the model, indicates that the Dongsha Islands are
moving southeastward at a rate of 10.7 mm/a relative to the stable
Eurasia Plate (Yu et al., 1999). This velocity, however, is too large to
produce a NW-SE oriented Sy that fits the stress observations (Li et al.,
2024b). Instead, a relatively low displacement rate should be assigned to
the southeastern corner. We therefore choose a value of 6.9 mm/a as the
velocity constraint for the southeastern corner (Vgsg) of the model, while
maintaining the ESE direction in line with the original GPS data (Yu
et al.,, 1999). This reduced velocity, inferred from the trend in conti-
nental GPS measurements, generates a more appropriate Sy orientation
that compares well with the independent stress observations (Fig. 10).
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WSM and published literature. (b) Model vs. Sy inverted from focal mechanism
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The impact of adjusting this inferred velocity on the modeled kine-
matic results has been explored by two additional tests with + 10 %
perturbation to the Vgg=6.9 mm/a (Li et al., 2024b). In the following
paragraphs, we will further explore the variations in stress based on
these two test models.

Fig. 12a shows the Sy orientation and stress regime obtained in Test
1, in which the velocity of the southeast corner of the model is reduced
by 10%, i.e., V’sg=0.9Vgg=6.21 mm/a. Comparison of the Sy orienta-
tion in Test 1 and the originally modeled Sy orientation indicates that in
most parts of the study area, the Sy orientations remain unchanged,
except for some local areas such as the middle segment of the Wuchuan-
Sihui fault (F32) and areas in the South China Sea, particularly in the
southeastern corner, where the boundary conditions (V’gg) exhibit the
greatest variation (Fig. 12a). Specifically, at Location 1 in the South
China Sea (Fig. 12a), the Sy orientation shows a slight counterclockwise
rotation (~15°) with respect to the original Sy. This trend becomes
pronounced (~46°) in the region south of the Littoral fault (F1) (Loca-
tion 2). However, at Location 3, the orientation of Sy in Test 1 shows a
clockwise rotation relative to the originally modeled Sy (Fig. 12a).

Fig. 12b shows the Sy orientation and stress regime obtained in Test
2, in which the velocity of the southeast corner of the model is increased
by 10%, i.e., V'sg=1.1Vgg=7.59 mm/a. The Sy orientations on land
remain almost unchanged, except for those on the Wuchuan-Sihui fault
(F32) and the Kaiping-Enping fault zone (F26, F28). In the South China
Sea region, significant changes in stress orientation are also evident, but
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the sense of rotation through the acute angle from the originally
modeled Sy to the Sy in Test 2 is always opposite to that in Test 1
(Fig. 12a).

There are significant differences in stress regimes between these two
tests. In Test 1, the stress regime is primarily strike-slip with thrust
components (Fig. 12a), which is caused by increased NW-SE compres-
sion due to the reduced velocity at the southeastern corner of the model
(Li et al., 2024b). In Test 2, the increased Vgg drags the southeastern
edge of the model faster southeastward, producing extension and
causing the stress regime to evolve towards a normal faulting type
(Fig. 12b). Since the original stress regime is characterized by a
strike-slip faulting type, even small amounts of pushing or pulling at the
boundary can easily cause a switch in the principal stress axes, leading to
significantly different stress regimes.

In summary, velocity perturbations at the southeastern corner have
little effect on the modeled Sy orientation in most onshore areas. The
more pronounced changes in Sy orientations are mainly confined to the
South China Sea region (where the distance from the perturbation
source is relatively small) as well as some local onshore areas. In addi-
tion, the reference model and the two test models show consistent stress
distribution patterns. These tests indicate that the modeled stress state in
this study can be considered reasonable.

5.3. Implications for geothermal resource exploration

Stress state has a significant impact on the permeability of rocks,
fractures and faults, which in turn affects fluid flow in rock mass (e.g.,
Kranzz et al., 1979; Morrow et al., 1994; Siler et al., 2018). Therefore,
analyzing the stress state on faults can effectively identify structural
locations favorable for the formation of geothermal systems (Jolie et al.,
2016), especially in the exploration for blind geothermal systems lack-
ing surface manifestations (e.g., Siler et al., 2019).

5.3.1. Insights from normal stress and slip-dilation tendency on faults

Under a given crustal stress state, lower normal stress on a fault leads
to a higher dilation tendency, promoting a higher fault conductivity and
facilitating fluid flow (e.g., Barton et al., 1995). Consequently, faults
within extensional or transtensional stress regimes generally have
higher permeability, providing favorable channels for the flow and
storage of thermal fluids (Moeck, 2014).

In the GBA region, since Sy is generally oriented NW-SE, the normal
stresses on the NW-trending faults are lowest (Fig. 5), resulting in
significantly higher dilation tendencies on these faults compared to
those with other orientations (Figs. 6, 9). Therefore, from a geo-
mechanical point of view the NW-trending faults are more likely to serve
as high-permeability conduits for geothermal fluid circulation. The
clustered distribution of hot springs along the NW-trending faults pro-
vides evidence for this inference (e.g., Luo et al., 2022).

Although the normal stresses on NE- and ENE-trending faults are
generally high, significantly lower normal stresses occur locally at fault
bends (Figs. 7b, 8b). These lower normal stresses are inferred to result
from the strike-slip component of fault movement (Li et al., 2024b),
creating local extension at the bends, where fluid pathways can form (e.
g., Jolie et al., 2016). For example, the local low normal stresses on the
Heyuan fault (F13) with relatively high slip-dilation tendencies are
mostly located at the releasing bends, corresponding well with the lo-
cations of quartz reefs (Fig. 7), which represent paleo-hydrothermal
systems. This strong spatial correlation indicates that the stress state
on the Heyuan fault is long-term stable and keeps the fault bends
extensional, providing space for precipitation of minerals. These
paleo-hydrothermal systems may still be active at present, as manifested
by several hot springs originating from the quartz reefs revealed by
drilling data (Fang, 2012).

Local fault bends with lower normal stresses and higher slip-dilation
tendencies also appear in the middle and northern segments of the
Wuchuan-Sihui fault (F32) (Fig. 8). These releasing bends along the NE-
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and ENE-trending faults can act as fluid conduits for geothermal circu-
lation, therefore the right-stepping bends (or step-overs) along the ENE-
trending faults and the left-stepping ones along the NE-trending faults
may be potential sites for geothermal exploration due to the opposite
slip senses on these two fault groups (Li et al., 2024b). The Huang-
shadong geothermal field, formed within a releasing step-over devel-
oped along an ENE-trending fault (Fan et al., 2022), exemplifies this
proposed geothermal genesis model.

5.3.2. Insights from depth-dependent stress regime

Stress regime can also influence fault permeability. Generally,
normal faulting stress regime is more likely to create higher perme-
ability (Duwiquet et al., 2022; Chen et al., 2024). In the study area, the
crustal stress regime varies with depth. In the shallow crust (e.g., 2 km
depth), the stress regime is characterized by transpression (Fig. 3), while
at greater depths (e.g., 10 km depth), it changes to a strike-slip faulting
regime with a tendency towards normal faulting (Fig. 4). This
depth-dependent stress regime results in variable fault permeability
with depth. For example, for the large ENE- and NE-trending faults that
intersect the NW-SE oriented Sy at high angles, the transpressional stress
regime in the shallow crust will make these faults tighter with reduced
fault permeability. While at greater depths, the transtensional stress
regime would increase the permeability of faults at that depth and
facilitate the conducting of heat energy or hot fluids. Consequently, at
depth, the NE- and ENE-trending faults can act as conduits for trans-
porting heat energy or hot fluids towards the shallow crust, where their
upward movement is impeded by the reduced fault permeability. This
impedance can lead to the accumulation of heat and hot fluids beneath
the shallow crust, forming geothermal reservoirs along the regional NE-
and ENE-trending faults within a certain width. This inference is
consistent with the NE-/ENE- trending belts of strong geothermal
anomalies observed in the GBA by Xu et al. (2023).

5.3.3. Conceptual model of geothermal system in the GBA region

Fig. 13 schematically illustrates the formation mechanism of the
geothermal system in the GBA region. The heat source is believed to be
the widespread granitoids in the upper crust with notably high radio-
genic heat production (Zhou et al., 2020; Lin et al., 2022) and the
uplifted mantle corresponding to a shallow asthenosphere (Guo et al.,
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Fig. 13. Schematic diagram of the fault-controlled geothermal systems in the
GBA region. View is from SW to NE. The uplifted mantle and the widespread
granitoids in the crust jointly provide the heat for the geothermal resources. Hot
fluids ascend along the ENE-/NE-trending faults in the deep part of the crust,
then shift to upflow along the NW-trending faults in the shallow part, which is
due to the variation in fault permeability caused by the transpressional stress
regime with an NW-SE Sy in the shallow crust. The intersections of the ENE-/
NE-trending faults with the NW-trending faults as well as the releasing fault
bends on the ENE-/NE-trending faults, are considered favorable locations for
prospective geothermal systems.

2019; Dong et al., 2020; Chen et al., 2022). Geochemical investigations
of geothermal fluids in the GBA region also indicate that mantle-derived
fluids have migrated into the geothermal system (Mao et al., 2018; Luo
etal., 2022). The NE- and ENE-trending faults, which are suggested to be
of lithospheric scale (Zhang et al., 2018; Dong et al., 2020), have
experienced alternating episodes of shortening and extension in the late
Mesozoic and control the distribution of granitic rocks (Li et al., 2020).
These faults provide conduits for the ascend of heat energy or hot fluids
from depth. As these fluids approach the surface, the crustal stress
regime changes from transtension to transpression, tending to close the
NE- and ENE-trending faults at shallow depths due to their high angle to
the Sy orientation, but promoting the opening of NW-trending faults (see
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Fig. 9). The hot fluids then change to upflow along the secondary
NW-tending faults, mixing with meteoric water and seawater (Wei et al.,
2024a), and eventually forming clusters of hot springs (e.g., Luo et al.,
2022). Releasing bends or step-overs along the NE- and ENE-trending
faults with relatively high strike-slip components can also provide
favorable pathways for geothermal upwelling, as exemplified by the
Huangshadong geothermal field (Fan et al., 2022).

5.4. Implications for seismic hazard assessment

Fluid injection or production during subsurface operations, whether
in a hydrothermal system or an Enhanced Geothermal System (EGS),
will alter pore pressures and can trigger earthquakes on critically-
stressed faults (Evans et al., 2012). Although most of the induced
earthquakes are small or unfelt, they can also be damaging events with
magnitudes up to My 5.4 (e.g., Kim et al., 2018) if the accumulated
strain energy is high enough, for example, within a high background
crustal stress environment (Lu et al., 2024). The occurrence of three
strong earthquakes with magnitudes greater than 6.0 in the GBA
region—namely, the 1911 Honghai Bay M6.0 earthquake, the 1962
Xinfengjiang M6.1 earthquake, and the 1969 Yangjiang M6.4 earth-
quake—indicates that the faults in the area may be critically stressed
(Yao and Chen, 1990). Therefore, it is necessary to conduct seismic
hazard assessment before and during geothermal energy production,
especially in economically developed and densely populated regions like
the GBA.

5.4.1. The 1962 Xinfengjiang M6.1 earthquake

The epicenter of the 1962 Xinfengjiang M6.1 earthquake is near the
dam of the Xinfengjiang Reservoir in the western part of Heyuan City
and is recognized as one of the largest reservoir-induced earthquakes
worldwide (Ding et al., 1983; Gupta, 2002). The FMS shows that this
earthquake is a strike-slip faulting event (Fig. 14a). However, which
nodal plane represents the seismogenic fault remains a matter of debate.
Some researchers proposed that the ENE-trending Heyuan fault (F13)
was the rupture plane, given its prominence in the reservoir area and
ENE-WSW orientation of the earthquake’s isoseismal trend, which aligns
with the strike of the Heyuan fault (Shen et al., 1974). On the contrary,
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more seismological studies, as well as some analyses of fault stress state,
argued that the NNW-trending Shijiao-Xingang-Baitian fault was
responsible for the earthquake (Fig. 14a) (Wang et al., 1976; Ding et al.,
1983; Lin et al, 1988; Qiu and Fenton, 2015). However, the
Shijiao-Xingang-Baitian fault consists of several discontinuous
small-scale faults (a few hundred meters to a few kilometers long) (Pan
and Xiao, 1982; Ding et al., 1983). This raises the question of how these
small faults could have generated such a strong earthquake.

Recent seismic tomography results reveal a NW-trending fault
beneath the Xinfengjiang Reservoir (Fig. 14a) (He et al., 2018; Dong
et al., 2022; Huang et al., 2024). This hidden fault is also evident from
the NW-SE preferential orientation of the nodal planes of small normal
faulting earthquakes shown in Fig. 14a and related results in He et al.
(2018) and Jiang et al. (2022). These findings seem to confirm the ex-
istence of the "Shunhe fault" (meaning a fault along the river), which was
supposed to be oriented N45°W and was already proposed during the
construction of the Xinfengjiang Reservoir (Ding et al., 1983).

The FMSs of the Xinfengjiang Reservoir reflect that the area is sub-
jected to NW-SE compression (Jiang et al., 2022), aligning with the Sy
orientations predicted by our model. The NW-trending fault, parallel to
Sy, would have a high dilation tendency, as shown in Fig. 9. This fault
stress state is likely the fundamental cause for the formation of small
normal faulting earthquakes in the Xinfengjiang area.

Recent field investigations have shown that the fault bend connect-
ing the southwestern and northeastern segments of the Heyuan fault
between Baitian and Shuangtang is oriented NNW-SSE and is charac-
terized by strike-slip movement; this fault bend coincides exactly with
the southern segment of the aforementioned Shijiao-Xingang-Baitian
fault (Fig. 14a) (Liu et al., 2017). This finding may provide an impor-
tant clue for understanding the mechanism of the Xinfengjiang M6.1
reservoir-induced earthquake.

We speculate that the seismogenic fault of the M6.1 earthquake may
be the NNW-SSE-trending fault bend of the Heyuan fault, rather than the
Shijiao-Xingang-Baitian fault. One piece of evidence is that earthquakes
in this area are mostly concentrated on the fault bend and do not extend
northward along the extensive Shijiao-Xingang-Baitian fault (Liu et al.,
2017). Moreover, the Heyuan fault is the most prominent large fault in
the reservoir area and likely accumulates relatively high strain energy
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Fig. 14. Distribution of modeled Sy orientations (black bars), faults (red lines), and focal mechanism solutions in (a) the Xinfengjiang reservoir area and (b) the
Yangjiang Bay area. In panel (a), the dashed NW-SE line is inferred to be a pre-existing fault, known as the Shunhe fault. The red star represents the location of the
1962 Xinfengjiang M6.1 earthquake. The dotted line between Shuangtang and Baitian on the fault bend of the Heyuan fault (F13) is considered the seismogeneric
fault of the Xinfengjiang M6.1 earthquake. In panel (b), the red star represents the original location of the 1969 Yangjiang M6.4 earthquake. Due to the limited
number of seismic stations in 1969, the original location may be inaccurate. The exact epicenter of the Yangjiang M6.4 earthquake is inferred to be at the intersection
of the Pingang fault (F29) and the Yangbianhai fault (F30), as shown by the white star (Li et al., 2024a). The color of focal mechanism solutions is the same as that

in Fig. 10.
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due to its high angle to the Sy orientation (Liu, 2001) and its relatively
significant slip rate of 0.05 mm/a (Li et al., 2024b). The multi-phase
extensional activities during the Mesozoic (Li et al., 2014, 2020) likely
facilitated the prolongation of the southwestern and northeastern seg-
ments of the Heyuan fault, resulting in the formation of the
NNW-SSE-trending fault bend that connects these segments through the
creation and destruction of relay ramps (e.g., Fossen, 2010, p. 176). This
fault bend along the Heyuan fault with significant geometric variation
accompanied by the intersection with the NW-trending fault, would be a
critical region of stress concentration. After the impoundment of the
Xinfengjiang reservoir, water flows downward along the NW-trending
permeable faults, increasing the pore pressure and/or decreasing the
coefficient of friction at hypocentral depths (e.g., Talwani, 1997),
eventually triggering the Xinfengjiang M6.1 earthquake on the
critically-stressed fault bend.

5.4.2. The 1969 Yangjiang M6.4 earthquake

The 1969 Yangjiang M6.4 earthquake occurred in the Yangjiang Bay
(also known as Yangbianhai), where the ENE-trending Pinggang fault
(F29) intersects the NW-trending Yangbianhai fault (F30) (Fig. 14b).
There is a basic consensus that the seismogenic fault of the earthquake is
the Pinggang fault (Brantley and Chung, 1991), while the Yangbianhai
fault may have experienced a slip during the rupturing of the mainshock
(Zhong and Ren, 2003).

The FMSs indicate that the Yangjiang Bay area is mainly subjected to
NW-SE compression (Fig. 14b), which is consistent with the regional
tectonic regime (Liu, 2001; Zhu et al., 2022) and compares well with our
modeled Sy (Fig. 14b). The NW-SE-trending Sy is nearly perpendicular
to the ENE-trending Pinggang fault (F29) and parallel to the
NW-trending Yangbianhai fault (F30). This relationship between Sy and
fault orientations is similar to that of the Xinfengjiang Reservoir area,
suggesting a similar explanation for the mechanism of the Yangjiang
M6.4 earthquake. That is, the crustal stress would produce a higher
accumulation of strain energy on the Pinggang fault (F29) by com-
pressing and impart a relatively high permeability to the Yangbianhai
fault (F30) by dilating it. Seawater infiltrates down along the permeable
Yangbianhai fault to deeper levels, elevating pore pressure and/or
decreasing the coefficient of friction, thereby promoting slip of the
ENE-trending Pinggang fault to release the accumulated strain energy,
ultimately forming the Yangjiang M6.4 earthquake. Low seismic
shear-wave velocities beneath the intersection area of the Pinggang fault
and the Yangbianhai fault are considered to reflect the presence of
water-filled fractured rocks created by the intersecting faults (Li et al.,
2024a).

Our modeling results also show that the stress level of the Yangjiang
Bay area is higher than that of the Xinfengjiang Reservoir area, as
indicated by the occurrence of some thrust faulting earthquakes in the
Yangjiang Bay area (Fig. 14b) as well as on the Pinggang fault (Kang
et al., 2005b; Liu et al., 2005). From a geomechanical perspective,
rupturing a fault in a thrust faulting tectonic regime generally requires a
higher stress level to overcome the stronger shear resistance on the fault,
which is due to the greater normal stress characteristic of this regime.

5.4.3. Implications for seismic hazard

Comparing the Xinfengjiang M6.1 and Yangjiang M6.4 earthquakes,
which are the largest instrumentally recorded events in the study area,
we can observe several similarities between them. For example, both
earthquakes are related to ENE-trending faults (F13 and F29) that are at
high angles to the Sy orientation (Fig. 14). Both events occurred in the
intersection area of ENE-trending faults with NW-trending faults and are
closely related to water and elevated pore pressures (Fig. 14). The
schematic diagram in Fig. 13 can also help to explain the mechanisms
behind these strong earthquakes. On the one hand, the ENE-trending
faults, which are nearly perpendicular to the Sy orientation, are less
likely to rupture and can therefore sustain a higher accumulation of
strain energy, leading to stronger earthquakes. On the other hand, fault
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intersections and fault bends are typical stress concentrators
(Gangopadhyay and Talwani, 2003). When water migrates to depth
along the permeable NW-trending faults, even a small perturbation in
pore pressure and/or the effective coefficient of friction can trigger the
critically stressed concentrators to rupture, resulting in a strong
earthquake.

This earthquake mechanism is important for the safe development of
geothermal resources in the GBA region, as the prospective geothermal
systems in the GBA are often located in these stress concentration areas,
namely fault intersections and fault bends (Fig. 13). Disturbances in pore
pressure or effective friction coefficient caused by water injection and
pumping during geothermal development can induce earthquakes
(Majer and Peterson, 2007; Megies and Wassermann, 2014). Since
ENE-trending faults are important heat-controlling faults in the GBA
region, we suggest that special attention should be given to the fault
segments which are perpendicular or at a high angle to the Sy orienta-
tion, such as F10, F11 and F13 in the eastern part of the study area
(Fig. 4). The stress conditions on these segments concern us due to their
potential to foster strong earthquakes during geothermal exploitation.
More detailed studies on the fault distribution pattern and crustal stress
state in geothermal fields are necessary for the safe and sustainable
development of geothermal resources in the GBA region.

6. Conclusion

We present a comprehensive 3D geomechanical model of the GBA
region to characterize its stress state. The modeled stress field reveals a
spatial variation in the Sy orientation, from predominantly NW-SE in the
east to near N-S in the west, with a gradual clockwise rotation. This
stress field influences fault permeability, with the NW-trending faults
inferred to exhibit higher permeabilities than the ENE-/NE-trending
faults from a geomechanical perspective. The model also indicates a
depth-dependent stress regime with a transition from transpressional in
the shallow crust to transtensional at depth. Based on these results, we
propose a conceptual model for the genetic mechanism of geothermal
resources in the GBA region. We suggest that the intersections of ENE/
NE-trending faults with NW-trending faults, as well as fault bends or
step-overs along the ENE/NE-trending faults, represent highly pro-
spective areas for geothermal exploration. These areas are also typical
stress concentrators. Changes in pore pressure and/or the effective co-
efficient of friction during geothermal operations have the potential to
trigger critically stressed fault segments, potentially leading to signifi-
cant earthquakes. Therefore, a comprehensive understanding of crustal
stress states within geothermal fields is imperative for mitigating seismic
risks and ensuring safe and sustainable development of geothermal re-
sources in its future exploitation in the GBA region.
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