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Abstract

Thermal anomalies within the lithosphere are an important manifestation of mantle plume–
lithosphere interaction. Early studies primarily concentrated on the presence of the Hainan
plume and its surface responses, with comparatively little research devoted to its hotspot
track and lithospheric-scale thermal responses. Based on high-resolution seismic data,
we reveal that, although a low-velocity anomaly caused by the plume exists in the as-
thenospheric mantle beneath Hainan Island (>70 km), no such anomaly is observed in
the lithospheric mantle (40~70 km). In comparison, within the same depth slice, a low-
velocity body in the lithospheric mantle (40~70 km) is observed beneath the Jiangxi–Fujian
boundary, accompanied by high-surface heat flow, and its location is shifted approximately
1300 km to the northeast relative to the low-velocity anomaly in the asthenosphere located
under Hainan Island. To explain the spatial offset of the low-velocity anomalies, we con-
structed a three-dimensional geodynamic model aimed at investigating the lithospheric
thermal evolution during interaction between the stationary Hainan plume and the moving
South China Plate. The findings indicate that the lithospheric low-velocity zone beneath
the Jiangxi-Fujian region may be a consequence of the migration of the lithospheric thermal
anomaly caused by the Hainan plume with the South China Plate.

Keywords: Hainan plume; lithospheric thermal structure; geothermal resources; southeast
coast of China; numerical modeling

1. Introduction
Hotspots are areas of volcanic activity that are not directly linked to tectonic plate

boundaries and are usually characterized by unusually elevated heat flow [1]. Numerous
volcanic hotspots show systematic age progression along the direction of tectonic plate
movement, forming linear volcanic chains that are generally termed hotspot tracks [2–4].
A representative example is the Hawaiian–Emperor seamount chain, which is associated
with the Hawaiian hotspot [5].

Hainan Island is situated at the southwestern edge of the southeast coast of China, and
is separated from the South China Block by the Qiongzhou Strait (Figure 1). Seismic imaging
has uncovered a columnar low-velocity body under Hainan Island, which is believed to
extend into the deeper mantle. The radius of this structure is estimated to range between
40 and 80 km [6–8]. Petrological and seismological studies estimate the excess temperature
of the plume ranges from 140 to 200 K [9]. Geochemical data suggest that the ocean
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island basalts (OIBs) found on Hainan Island are likely sourced from deep regions within
the Earth’s interior, potentially originating from the lower mantle [10–12]. In summary,
multiple independent studies from seismic tomography, petrology and seismology, and
geochemistry all provide robust evidence for a mantle plume located underneath the
Hainan area.

 

Figure 1. The geographical location of the Hainan mantle plume and the study area. The red triangle
indicates the position of the Hainan plume, and the pink line outlines the boundary of the study area.

Compared to oceanic plates, hotspot tracks on continental plates are more difficult
to observe [4,13,14], primarily due to the absence of related surface features like volcanic
activity and elevated topography on the continent. Geochemical studies suggest that a
series of OIBs, originating from a mantle plume, are distributed in a NE-SW alignment
along the southeastern margin of China. These rocks exhibit a distinct age progression,
with the oldest samples found in the northeast and the youngest towards the southwest.
Geophysical studies have revealed a linear anomaly characterized by high seismic velocity
located beneath the crust in the southeastern coastal area of China, specifically in the
northeastern section of Hainan Island [15]. Additionally, the southeast coast of China is
characterized by overlapping linear belts of high heat flow and thin crust, which coincide
with the seismic velocity anomaly belt. This correlation suggests a hotspot trajectory
linked to the Hainan plume [16–18]. Nevertheless, prior research has primarily centered on
the presence of the Hainan plume and its surface manifestations, with limited evidence
supporting related hotspot tracks. This study aims to bridge this gap by investigating
the origin of this offset through integrated seismological analysis and three-dimensional
dynamical modeling.

Based on high-resolution data from seismic waves and surface heat flow data, we
systematically analyzed the spatial distribution characteristics of deep seismic velocities
of the southeastern margin of China, revealing the spatial distribution of the lithospheric
thermal structure. Subsequently, we employed a three-dimensional modeling approach to
explore the thermal and mechanical interactions between the moving South China Plate
and the stationary Hainan plume, using heat flow data as a key constraint, and obtained
the critical geodynamic parameters of the Hainan plume (plume tail radius and excess
temperature), as well as the evolutionary process of the lithospheric thermal structure
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through inversion. On the basis of this, we revealed the causative mechanisms of seismic
velocity anomalies and thermal anomalies within the lithosphere of southeastern China.
Finally, on the basis of the cross-validation of multidisciplinary data and results from
numerical modeling, we proposed “bottom-up” heat transfer modes for the southeastern
margin of China and explored the enrichment patterns of geothermal resources in this area.

2. Seismic Velocity Structure and Thermal Implications
Seismic wave velocities, particularly S-wave velocities, exhibit a negative correlation

with temperature. Rising temperatures reduce the shear modulus and increase the ductility
of rocks, leading to a significant decrease in S-wave velocity. Therefore, anomalies with low
velocities are typically linked to tectonic activities that occur at high temperatures, such as
plume activities [19–22]. We aim to investigate the thermal anomalies within the lithosphere
of the southeastern coastal region of China and their spatial correlations with surface heat
flow anomalies and seismic velocity anomalies by analyzing the spatial distribution of
seismic wave velocities.

The seismic velocity data are derived from the China Seismological Reference Model
CSRM-1.0 (http://chinageorefmodel.org), which is a high-resolution seismic model [23,24].
The dataset covers the region from 68◦ E to 134.8◦ E and from 17◦ N to 53.8◦ N, with a lateral
grid spacing of 0.2◦ × 0.2◦ in the North–South seismic belt and the mountainous regions of
North China, and 0.4◦ × 0.4◦ in other regions. The vertical resolution is 0.5 km. We extracted
Vs data from the CSRM-1.0 model for the South China–southeast coastal region within a
depth range of 40~120 km, and constructed S-wave velocity maps within the same depth
slice at 10 km depth intervals (Figure 2). The thickness of the crust along China’s southeast
coast ranges from approximately 30 to 35 km, with a lithospheric thickness of about 70 to
80 km [16,25]. Therefore, based on the velocity data, we analyzed the velocity distribution
characteristics of the lithospheric mantle and the shallow portion of the asthenospheric
mantle in this area. The velocity analysis reveals a low-velocity zone (LVZ) within the
lithospheric mantle located underneath the Jiangxi–Fujian (Gan-Min) region, extending
from 40 to 70 km depth, with shear wave velocities 2~4% lower than the reference values
(4.5~4.6 km/s) and 2~3% lower than those beneath Hainan Island within the same depth
slice (Figure 2a–d). However, at depths greater than the lithospheric mantle (>70 km), a
significant low-velocity anomaly is detected beneath Hainan Island (Figure 2e–i), with
shear wave velocities about 1.8% lower than those beneath the Gan–Min region within the
same depth slice. This anomaly may indicate the upwelling of the Hainan plume.

Early studies generally suggested that low-velocity zones are closely associated with
thermal anomalies or partial melting [20,21]. According to Goes, Govers and Vacher [22], a
rise of about 100 ◦C in temperature results in a decrease of roughly 0.7~4.5% in shear-wave
velocity (Vs). Mantle plume–lithosphere interactions typically result in elevated lithospheric
temperatures, which in turn lead to a decrease in shear-wave velocity (Vs). However, no
notable low-velocity anomaly is observed within 40 to 70 km depth underneath Hainan
Island, nor does the surface exhibit widespread high heat flow anomalies (Figure 3),
indicating that the lithospheric thermal structure in this region may not be substantially
affected by the Hainan mantle plume. Compared with Hainan Island, the lithospheric
low-velocity body beneath the Gan–Min region shows a good spatial correspondence
with surface high heat flow (Figure 3). Based on the analysis of the spatial patterns of
low-velocity zones and heat flow anomalies located in southeastern China, we suggest that
the thermal anomaly in the lithosphere caused by the Hainan plume may have shifted in a
northeast direction. This alteration in heat transfer could be associated with the tectonic
plate movements occurring over the Hainan plume.

https://doi.org/10.3390/jmse14010019

http://chinageorefmodel.org
https://doi.org/10.3390/jmse14010019


J. Mar. Sci. Eng. 2026, 14, 19 4 of 16

 

Figure 2. Horizontal sections of S-wave velocity at various depths along the southeastern coast of
China. (a) S-wave velocity at a depth of 40 km; (b) S-wave velocity at a depth of 50 km; (c) S-wave
velocity at a depth of 60 km; (d) S-wave velocity at a depth of 70 km; (e) S-wave velocity at a depth of
80 km; (f) S-wave velocity at a depth of 90 km; (g) S-wave velocity at a depth of 100 km; (h) S-wave
velocity at a depth of 110 km; (i) S-wave velocity at a depth of 120 km.

 

Figure 3. Distribution of lithospheric seismic velocity and surface heat flow contours in southeastern
China. From top to bottom, the figure illustrates the heat flow at the surface, and shear wave velocity
(Vs) at depths of 40 km, 50 km, 60 km, and 70 km within the lithospheric mantle. Red circles mark
the positions of low-velocity zones in the lithospheric mantle, whereas black circles denote regions
with high heat flow.

https://doi.org/10.3390/jmse14010019

https://doi.org/10.3390/jmse14010019


J. Mar. Sci. Eng. 2026, 14, 19 5 of 16

3. Methods
3.1. Theoretical Framework

To investigate the spatial migration mechanism of low-velocity anomalies along the
coastal South China and its thermal effects, this study develops a novel three-dimensional
thermo-mechanical coupled numerical model, building upon previous two-dimensional
modeling work [18]. In contrast to the 2D cross-sectional model, our model is designed
to reconstruct the 3D lithospheric structure of the entire study region (covering both the
NW-SE direction and lateral extent). This approach allows for a more realistic simulation of
the spatiotemporal evolution of Hainan plume upwelling and its interaction with the litho-
sphere. Three-dimensional modeling enables direct analysis of the spatial correspondence
between thermal anomalies and seismic velocity anomalies in 3D, and facilitates quantita-
tive assessment of heat flow perturbations along the NW-SE direction and on a regional
scale—capabilities beyond the reach of 2D profile models. Furthermore, this study utilizes
the spatial distribution of observed surface heat flow anomaly zones along the southeastern
coast as a key constraint. Through iterative inversion, more accurate parameters for the
Hainan plume (e.g., radius) are obtained, ensuring that model inputs better reflect actual
geological conditions and thereby enhancing the reliability of the simulation results.

The model is constructed within the COMSOL Multiphysics 6.0 environment, with its
principal advantage being the accurate three-dimensional representation of mantle plume
upwelling and the associated multidimensional heat transfer processes, and provides
a more direct and controllable modeling environment for such problems. The model
algorithm is grounded in an established finite element framework [26], incorporating a
three-dimensional geometric domain and boundary conditions. Through the concurrent
resolution of the interrelated governing equations pertaining to mass, momentum, and
energy conservation, the study achieves a three-dimensional quantitative simulation of the
lithospheric-scale thermo-mechanical system in the coastal area of southeastern China. The
governing equations are outlined as follows:

∇·u = 0 (1)

ρ

(
∂u
∂t

+ u·∇u
)
= ∇·

(
µ
(
∇u + (∇u)T

))
−∇p + ρg (2)

ρcp
∂T
∂t

+∇·(−k∇T) + ρcpu·∇T = A (3)

The temperature is represented by T, while ρ denotes the density. The term u signifies
the velocity, and t corresponds to time. Dynamic viscosity is indicated by µ, g refers to
gravitational acceleration, cp stands for specific heat, k represents thermal conductivity, and
A indicates the rate of heat generation.

This model adopts a standard approach for numerical mantle convection simulations
by treating mantle rock viscosity as strongly temperature-dependent [27–30], and this
constitutive relationship is based on early theoretical foundations and has been validated
by numerous studies, confirming its reliability [31–33].

µ = µiexp(
Ea

Rc
∗ ( 1

T
− 1

Tr
)) (4)

The reference viscosity is denoted as µi, the activation energy is represented by Ea, Rc

signifies the gas constant, and Tr refers to the reference temperature.
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3.2. Model Setup

The dynamic framework of this model is driven by the northeastward movement of
the South China Plate since 80 Ma. Based on constraints from OIB ages, the plate motion
rate is established at 1.8 cm per year to simulate the evolution process since 80 Ma. The
model’s geometric space is defined with dimensions of 4000 km in length, 800 km in width,
and 400 km in depth, ensuring that boundary effects are minimized (Figure 4). The initial
crust and lithosphere thicknesses are established at 35 km and 70 km, respectively. The
top boundary is defined with a velocity condition that simulates the movement of tectonic
plates. Specifically, it includes a horizontal velocity component of 1.8 cm per year directed
along the x-axis, while there is no movement in the y-axis, indicating a stable vertical
position. The model allows free flow in the vertical direction, and the velocity of the lower
boundary in the horizontal direction is set to zero.

 

Figure 4. The initial setup of the temperature field.

The thermal structure of the model is influenced by the initial field, boundary condi-
tions, and mantle plume parameters. At the upper boundary of the model, the temperature
is fixed at 0 ◦C, whereas, at the lower boundary, it is established at 1300 ◦C, corresponding
to the potential temperature of the asthenospheric mantle [25]. Both sides are adiabatic
boundaries. The construction of the initial temperature field takes into account both
lithospheric heat conduction and radiogenic heat generation effects (Figure 4). Given the
widespread development of granite in South China, we establish the initial field by solving
the one-dimensional steady-state heat conduction equation and assessing the contribution
of heat generation from granite. This initial field is then calibrated using regional observed
heat flow values. The key parameters of the mantle plume are based on the range given by
previous studies, that the excess temperature associated with the Hainan plume determined
by petrology and seismology falls within the interval of 140 to 200 K, and a radius range of
40 to 80 km, aiming at reproducing the measured heat flux distribution in this region, the
inversion optimization is carried out.

T =
−z2Qu

2k
− zq0

k
, 0 km ≥ z ≥ −10 km (5)

T =
−z2Qml

2k
+

(Qu − Qml)h1
2

2k
− z(q0 − h1(Qu − Qml))

k
, −10 km ≥ z ≥ −35 km (6)

T = Tc −
(T r − Tc)(z + 35)

35
, −35 km ≥ z ≥ −70 km (7)

T = Tr, −70 km ≥ z ≥ −400 km (8)
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z represents depth, q0 indicates the heat flow at the surface, Qu denotes the heat
production rate in the upper crust, Qml refers to the heat production rate within the middle
and lower crust, h1 signifies the upper crust thickness, Tc is the temperature at the Moho,
and Tr stands for the reference temperature, which is 1300 ◦C. Table 1 provides the values
of all parameters utilized in the model, sourced from prior research [6,7,9,15,34–37].

Table 1. Reference values for the model parameters.

Reference Parameters Parameter Symbol Reference Values

Upper crust thickness h1 10 km
Middle crust thickness h2 10 km
Lower crust thickness h3 15 km

Crust density ρc 2900 kg/m3

Mantle density ρm 3300 kg/m3

Radiogenic heat production of the
upper crust Qu 1.3 µW/m3

Radiogenic heat production of the
middle-lower crust Qml 0.27 µW/m3

Thermal conduction coefficient k 2.5 W/(m·K)
Surface heat flux q0 65 mW/m2

Plate motion rate v 1.8 cm/yr
Universal gas constant Rc 8.31 J(◦C)/mol

Activation energy Ea 120 kJ/mol
Acceleration of gravity g 9.8 m/s2

Coefficient of thermal expansion α 3.28 × 10−5 (◦C)−1

Background viscosity i 3 × 1019 Pa·s
Plume tail radius R 40~80 km

Plume excess temperature ∆Tp 140~200 K

4. Modeling Results
4.1. Evolutionary Characteristics of Lithospheric Thermal Anomalies

The modification of lithospheric thermal structure by plume activity in linear volcanic
chain regions is a dynamic process regulated by plate motion. Numerical modeling in-
dicates that, when material from a high-temperature plume ascends to the lithosphere’s
base, a localized thermal anomaly initially develops in the contact region (Figure 5a). Sub-
sequently, the hot material undergoes lateral spreading due to shear, causing the thermal
anomaly to progressively expand in the same direction as the movement of the plate over
time (Figure 5c,d). By 80 Myr, the anomalous zone expands to approximately 1600 km,
evolving into an asymmetric structure. Its leading edge exhibits higher temperatures, about
30% above the background geotherm, and triggers ductile flow at the lithosphere’s base
(Figure 5). The distribution characteristics of lithospheric thermal anomalies induced by a
mantle plume differ significantly under moving and stationary plate conditions. Under
a stationary plate, heat transfer is dominated by vertical conduction, typically forming a
symmetrical thermal dome centered on the mantle plume.

The sustained high temperatures at the leading edge of the thermal anomaly zone are
essentially the result of a positive feedback loop between thermal input and rheological
weakening. Thermal input from the mantle plume reduces the viscosity at the lithospheric
base by 2 to 3 orders of magnitude, triggering rheological weakening and viscous flow,
thereby leading to a significant temperature increase at the leading edge of the thermal
anomaly zone. The high temperatures at the leading edge further enhance flow efficiency,
increasing the vertical heat transport rate by 20~30%. The modeling confirms that the heat
input–rheological weakening feedback mechanism drives the progressive intensification
of the thermal anomaly along the plate motion direction, ultimately producing a thermal
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structure with spatial decoupling between the lithospheric thermal anomaly center and the
mantle plume source region (Figure 5d).

 

Figure 5. The evolutionary process of the lithospheric thermal structure. The white arrows represent
ductile flow at the lithosphere’s base. ∆T denotes the thermal anomaly temperature of the lithosphere,
and ∆Tp denotes the excess temperature associated with the mantle plume. (a) The thermal anomaly
temperature field at 10 Myr; (b) The thermal anomaly temperature field at 20 Myr; (c) The thermal
anomaly temperature field at 40 Myr; (d) The thermal anomaly temperature field at 80 Myr.

4.2. Evolution Characteristics of Heat Flow

The state of plate motion serves as the dominant control on how surface heat flux
responds to plume heat input. Under a stationary plate condition (velocity is 0 cm/yr),
vertical heat conduction dominates, forming an axisymmetric circular heat flow anomaly
zone, with heat flow value decreasing outward from the center. When the plate moves
horizontally, lateral heat advection stretches the anomaly zone into an elongated ellipse,
with its major axis aligned parallel to the direction of the plate’s movement. Quantitative
modeling indicates that the length of the major axis increases with plate motion, while
the minor axis is mainly controlled by thermal diffusion and is positively correlated with
the plume radius and temperature. The region of heat flow anomalies located along
southeastern China is roughly elliptical, extending approximately 1500 km along the SW–
NE direction for the major axis and about 400 km along the NW–SE direction for the minor
axis. We used the spatial dimensions of the heat flow anomaly zone as a constraint to invert
the model results, which indicate that the Hainan plume possesses a radius of roughly
50 km and a tail excess temperature of 180 ◦C, and this result is in close agreement with
other geophysical and geochemical findings.

Numerical modeling quantitatively reveals that the leading edge of the heat flow
anomaly zone exhibits significantly high heat flow, with peak values about 17% higher than
the background heat flow. Heat flow value decreases gradually along the long axis (AA1)
toward the direction of the mantle plume (trailing edge), and the decline rate increases
with the growing distance from the leading edge (Figure 6b). At 80 Myr, the heat flow
gradient in the leading-edge region decreases by 1.0 mW/m2 per 100 km, while, in the
trailing-edge region, the gradient reaches 1.5~2.0 mW/m2 per 100 km. Under the dynamic
control of plate movement, the zone of heat flow anomalies induced by plume activity is
systematically displaced relative to the plume source region, with the high-heat-flow area
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shifted 1300~1500 km from the vertical projection of the mantle plume (Figure 6a). Along
the short axis (BB1), heat flow decreases outward from the center of the anomaly zone and
is symmetrically distributed on either side of the long axis (Figure 6c).

 

Figure 6. (a) Heat flow anomalies distribution resulting from plume activity at 80 Myr. White solid
lines denote heat flow contours, and AA1 and BB1 represent the major and minor axes of the heat
flow anomaly region, respectively. (b) Heat flow variation curve along the major axis. (c) Heat flow
variation curve along the minor axis.

5. Discussion
5.1. Origin of the Thermal Anomaly Offset

A complete comprehension of the lithospheric thermal characteristics in southeastern
China serves as the key basis for revealing the deep dynamic processes and their surface
manifestations. The coastal area in the southeast of China is distinguished by a highly
complex geological background. Early studies have proposed multiple geodynamic models,
including intraplate rifting, subduction and rollback of the paleo-Pacific Plate, and continent
collisional orogeny, to explain the widespread magmatism, high heat flow, and lithospheric
thermal anomalies in this area [38–49]. Nevertheless, these models still have limitations.
For example, the model of intraplate rifting fails to clarify the inland orogeny within
the South China Plate [50]. The paleo-Pacific subduction and rollback model does not
sufficiently address the spatial displacement of lithospheric thermal anomalies along the
southeastern coast. The continent–continent collision model encounters difficulties in
elucidating the distribution of rocks in this area [51,52]. Additionally, the movement
direction of the South China Plate has been a topic of contention since the late Cretaceous
period. For instance, Lithgow-Bertelloni and Richards [53] suggested that the Eurasian
plate has been moving in a northeast direction since 20 Ma. However, subsequent studies
have yielded inconsistent conclusions. Zahirovic, et al. [54], Seton, et al. [55], and Müller,
et al. [56] proposed southeast or northeast movement patterns, respectively. This divergence
indicates that the current research on the kinematic characteristics of the South China Plate
remains inadequate, and the findings of this investigation offer key evidence to support its
continuous northeastward movement.

The S-wave velocity analysis in this paper indicates that the prominent thermal anoma-
lies in the Gan–Min region primarily originate from the lithospheric mantle rather than
deeper sources, consistent with other geophysical observations [57,58]. The S-wave low-
velocity zone clearly reveals localized thermal anomalies within the lithospheric mantle
underneath the Gan–Min region, which diminish or disappear near the lithosphere’s base.
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Meanwhile, significant thermal anomalies at the asthenospheric scale are mainly concen-
trated beneath Hainan Island. This spatial offset between lithospheric and asthenospheric
thermal anomalies is key to understanding the thermal framework of the lithosphere along
the southeastern coastal region of China.

Numerical modeling further indicates that this spatial offset of thermal anomalies
may be connected to the sustained northeastward motion of the South China Plate situated
above the Hainan mantle plume (Figure 7a). The ongoing northeastward motion of the
Block has caused the lithosphere to shift horizontally relative to the Hainan plume beneath
it. The lithospheric mantle (for instance, the Gan-Min region) beneath the trajectory of
motion underwent thermal input or erosion due to the Hainan plume, which led to the
shallow thermal anomalies and low-velocity zones observed at the lithospheric scale. As
the lithospheric block shifts away from the Hainan plume source, the asthenospheric
thermal anomaly beneath it diminishes, while the plume remains beneath Hainan Island,
forming a thermal anomaly and low-velocity zone in the asthenospheric mantle underneath
Hainan Island (Figure 7b). Therefore, the movement of the South China Plate toward
the northeast over the Hainan mantle plume provides a key dynamical mechanism to
clarify the spatial offset (the separation between lithospheric thermal anomalies and the
asthenospheric heat source) of lithospheric thermal anomalies and the low-velocity body
in the southeastern coast.

 

Figure 7. Spatial offset between lithospheric thermal anomalies and the Hainan plume. ∆T represents
the lithospheric thermal anomaly temperature, and ∆Tp represents the excess temperature associated
with the mantle plume. (a) The thermal anomaly temperature field results obtained from model
calculations; (b) The red circles indicate the distribution of the low-velocity zones.

Along the southeastern coastal region of China, multiple pieces of evidence, including
overlapping linear belts of high heat flow and thin crust, the mantle plume-derived OIBs,
and the spatial offset of the low-velocity body, jointly support this dynamic mechanism.
According to Zhang, He, Chen and Guo [18], the linear high heat flow belt is an important
surface manifestation of the Hainan plume. Moreover, in this area, a linear thin crustal belt
trending southwest to northeast has been identified, with its spatial arrangement closely
corresponding to that of the linear high heat flow zone. Its development may have been
shaped significantly by the interaction of the plume and the lithosphere. According to Liu,
Chen, Leng, Zhang and Xu [15], the erosive influence of the mantle plume on the crust is
enhanced by the weakness present in the lower crust. In China’s southeastern coastal zone,
the crust progressively becomes thinner as one moves southwest [59], a phenomenon that
could be associated with the strength characteristics of the lower crust in this region [60].
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A key point to emphasize is the emergence of a variety of OIBs sourced from mantle
plumes along overlapping linear belts of high heat flow and thin crust, where the ages of
the basalt progressively decrease as one moves southwestward [61–68]. This not only offers
petrological proof of the movement of the South China Plate as it interacts with the Hainan
mantle plume but also limits the onset period of this activity to approximately 80 Ma. The
start time of the model (~80 Ma) corresponds to the earliest episode of OIB-type basalt
eruption along the coastal South China (Fujian, ~80–90 Ma). Subsequently, Guangdong
moved above the Hainan mantle plume, coinciding with major Cenozoic tectonic events
such as the opening of the South China Sea (~30 Ma) [69]. Crucially, the widespread
Cenozoic to Quaternary alkaline basalts in the northern South China Sea margin and
around Hainan Island (e.g., [70]) exhibit enriched geochemical signatures that consistently
indicate a contribution from the Hainan plume source. These volcanic rocks, which range
from ancient to recent and show spatial migration, form a comprehensive observational
dataset. This dataset validates the fundamental evolutionary scenario depicted in our
model, namely, the long-term presence, sustained activity, and lithospheric interaction of
the Hainan plume.

5.2. Geothermal Resources Distribution

The heat flow measurements in Fujian and Jiangxi are significantly higher than the
average values (65 mW/m2) in the southeastern coastal areas. The most recent heat flow
measurements suggest that the values in this area vary between 70 and 220 mW/m2 [17].
Among them, heat flow exceeding 80 mW/m2 is distributed along the Fault zones, which
are closely related to the Yanshanian granitic with high radiogenic heat production on
both sides of the faults [71,72]. Extreme high heat flow greater than 96 mW/m2 is mostly
associated with deep hydrothermal circulation systems [73]. Once shallow disturbances,
such as high-radiogenic granitic and hydrothermal activities, are omitted, the heat flow
within this area varies between 70 to 77 mW/m2, representing an increase of 8 to 18%
compared to the southeastern coast’s background value.

On the basis of the spatial offset of low-velocity zones and the distribution of heat
flow anomalies, we propose a coupled geodynamic model of mantle plume activity and
plate motion. This model illustrates that the lithosphere’s thermal anomaly, along with the
low-velocity anomaly observed in the Gan–Min area, is caused by thermal contributions
from a combination of the Hainan plume and the ongoing northeastward movement of the
South China Plate since 80 Ma. The Gan–Min region is characterized by well-defined faults
and a significant abundance of hot springs, with hydrothermal geothermal resources being
the predominant type [74]. The fundamental elements for the formation of a hydrothermal
circulation system are conduits (faults), fluids, and heat sources. In the Gan–Min region,
residual heat from the Hainan plume (lithospheric thermal anomalies) and radiogenic heat
sources may constitute the primary driving forces of the hydrothermal circulation system
(Figure 8). Numerous deep-seated faults cutting down to the Moho or the lithospheric
scale have developed on Hainan Island, including the Maniu–Puqian, Wangwu–Wenjiao,
and Jiusuo–Lingshui faults. Moreover, significant volcanic formations from the Quaternary
period have emerged, positioning Hainan Island as one of China’s most recently active
volcanic areas [75–77]. Initial research suggests that the geothermal resources of Hainan
Island are primarily of the hot dry rock type. Frequent Quaternary volcanic activity may
have caused magma to erupt to the surface along deep-seated fault zones, while the
portions that did not erupt remained in the crust, existing as localized magma chambers
and forming hot dry rock resources in their surrounding areas [74,78,79]. This research
shows that the thermal anomalies in the lithosphere, generated by the Hainan plume,
migrate beneath the Gan–Min region along with the motion of the South China Plate. The
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lithosphere under Hainan Island has not experienced significant thermal perturbation, and
the heat flow (65~70 mW/m2) does not exhibit prominent anomalies. However, some local
areas of Hainan Island still exhibit high heat flow (>75 mW/m2). Taking into account the
tectonic context of the area, it can be deduced that the patterns of high heat flow anomalies
and volcanic materials in the region might be influenced by significant deep-rooted faults
(Figure 8). Faults in the region create routes for magma to rise, thus making Hainan Island
a prime location for the accumulation of hot dry rock resources.

 

Figure 8. Heat transfer modes of geothermal systems in Hainan Island and the Gan-Min region. The
solid red lines represent faults, and the dashed black lines indicate hydrothermal circulation.

The geothermal resources in the Gan-Min region and Hainan Island are dominated
by hydrothermal and hot dry rock types, and both are important geothermal resource-
rich zones with significant potential for development. The Gan-Min region benefits from
the steady heat supply of the residual thermal anomaly (lithospheric thermal anomalies)
from the Hainan plume, which can drive hydrothermal circulation, enhance heat transfer
efficiency, and favor the formation of large-scale geothermal resource areas. Although
Hainan Island lacks significant lithospheric thermal anomalies, numerous deep-seated fault
zones provide preferential pathways for magma migration, and the substantial sedimentary
layers of this area act as insulating caps for magma chambers, favoring the formation of
dry hot geothermal resources. The dry hot geothermal resources on Hainan Island are
controlled by deep-seated faults, and their distribution may exhibit local regionality.

5.3. Model Limitations

This study adopts necessary simplifications in lithospheric rheology to ensure com-
putational tractability. Despite these simplifications, the model successfully captures the
key mechanism governing the spatial offset between lithospheric thermal anomalies and
the Hainan plume. Future work incorporating more realistic rheological constraints will
further refine our understanding of this process.

6. Conclusions
1. Analysis of S-wave velocity structure based on high-resolution seismic models indi-

cates a pronounced spatial offset of S-wave low-velocity zones between the astheno-
spheric and the lithospheric mantle in the southeastern coastal region of China. A
notable low-velocity zone is observed within the asthenospheric mantle underneath
Hainan Island, which may correspond to the upwelling Hainan plume. Nevertheless,
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no notable low-velocity body is detected in the overlying lithospheric mantle. In
comparison, within the same depth slice, a localized low-velocity body exists within
the lithospheric mantle underneath the Gan-Min area, with its position offset approx-
imately 1300 km to the northeast relative to the low-velocity body underneath the
asthenosphere of Hainan Island.

2. The lithospheric low-velocity anomaly in the Coastal area of Southeastern China
shows a good spatial correspondence with high surface heat flow. The low-velocity
zone in the lithosphere is detected beneath the Gan-Min region, and the surface also
exhibits a significantly high heat flow. However, despite the presence of a mantle
plume below Hainan Island, no lithospheric low-velocity anomaly is detected, and
the surface does not show a significant heat flow anomaly.

3. We developed a geodynamic model to reproduce the movement of the South China
Plate in relation to the underlying Hainan mantle plume, using heat flow data as a
constraint to invert for key dynamical parameters (plume tail radius of approximately
50 km and excess temperature of about 180 K) of the Hainan plume, and obtained
the evolution of the lithospheric thermal structure. The modeling results reveal that
the heat delivered by the Hainan plume to the lithosphere gradually migrates along
with plate motion, forming a thermal anomaly zone along its hotspot path. The high-
temperature region at the leading edge of this thermal anomaly zone may correspond
to the lithospheric low-velocity zone observed beneath the Gan-Min region.

4. Under the dynamical context of the Hainan plume activity and the NE-directed
motion of the South China Plate, the spatial offset of the low-velocity anomaly and the
lithospheric thermal anomalies can be well explained. Concurrently, the heat transfer
patterns of the geothermal systems in both the Gan-Min region and Hainan Island
are better understood. The Gan-Min geothermal system is mainly hydrothermal,
powered mainly by a residual thermal anomaly associated with the Hainan plume,
and may exhibit a large-scale and relatively uniform distribution. The geothermal
resources on Hainan Island are primarily hot dry rock, shaped by underlying faults,
and may exhibit local regionality, uneven distribution.
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42. Hsü, K.J.; Sun, S.; Li, J.l.; Chen, H.; Pen, H.P.; Şengör, A.M.C. Mesozoic overthrust tectonics in south China. Geology 1988, 16,
418–421. [CrossRef]
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