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Abstract: Southeast Asia contains significant natural geothermal resources. However, the mechanism
for generating geothermal anomalies by the crust–mantle structure still needs to define. In this
study, we focused on Guangdong Province, China. We conducted three magnetotelluric profiles to
interpret the crust and upper mantle structure beneath the Guangdong Province and its geothermal
implications. Based on data analysis results, a two-dimension inversion was conducted on the dataset.
The inversion model revealed that there is a presence of upwelling channels, and some channels
are connected with shallow crustal fault zone; the thickness of crust and lithosphere in Guangdong
Province is relatively thin. Such a special crust and upper mantle structure form high surface heat
flow. Merged with previous research, our results imply that massive Late Mesozoic granites, which
contain high radioactive heat generating elements, are distributed on the surface and underground
of Guangdong Province. Based on the correlation between high radioactive Late Mesozoic granites,
crust-upper mantle structure, surface heat flow, and locations of natural hot springs, we established
a geothermal conceptual model to visualize the origin of a current geophysical and geothermal
anomaly in Guangdong Province.

Keywords: magnetotellurics; 2D inversion; crust-upper mantle structure; Late Mesozoic granite;
geothermal energy; Guangdong Province

1. Introduction

Southeast Asia straddles the boundary between the Pacific/Philippine Plate and
Eurasia Plate and locates in the South China fold belt. It is mainly located on the Cathaysian
plate. The geology is highly diverse, and the tectonic setting ranges from the amalgamation
between the Yangtze block and the Cathaysia Block during the Neoproterozoic [1] to the
subduction of the Pacific/Philippine Plate in the Cenozoic [2]. Guangdong Province is
located on the Cathaysian plate and has the same tectonic evolution as the Cathaysian plate
(Figure 1). The crust and upper mantle structure of Guangdong Province in this area have
shaped by these tectonic impacts, which are mainly manifested as follows:
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Figure 1. Tectonic map in East Asia and distribution of exposed Late Mesozoic granite in South China (modified from
Kuang et al. [3]). The green area is the distribution of exposed Late Mesozoic granite, modified from Zhou et al. [4]. The red
line is Guangdong Province.

First, the predominant feature in Guangdong Province is the widespread exposure of
Mesozoic granite with an exposed area of 60,000 km2, accounting for about one-third of
the area, considered the result of the multi-stage emplacement of magmatic rocks [3]. Such
spatial-temporal distribution characteristics of the Mesozoic granites have been attributed
to the dynamic mechanism associated with subduction and interaction with multiple
plates [5,6]. These granites, Late Mesozoic granite, in particular, were formed by the
remelting of the Neoproterozoic and Paleozoic crust [7] and extremely rich heat-producing
elements (Th, U, and K) with average heat production of more than 5 µW/m3 [8]. Second,
various geophysical methods have led to the thin lithosphere (~80 km) present in South
China [9–12]. Combining with studies on mantle peridotite enclaves/xenoliths in Paleozoic
suggested that a lithospheric thinning process has occurred in Meso-Cenozoic [13–15].
Furthermore, there are abundant NE- and NW/WNW-trending faults and associated fold-
and-fault zones in Southeast Asia ([6]; Figure 1). Consequently, these processes shaped
Southeast Asia into a geothermally active region and southeast China into the second-
largest high heat flow region in China, where there are many natural hot springs spanning
an unusually large area ([16,17]; Figure 2). The large area geothermal anomaly constitutes
an impressive geothermal utilization prospective area; however, it has not been well
exploited due to the deficiency of comprehensive studies of the geothermal anomaly in
southeast China.

Recently, a study based on Bouguer gravity data has suggested that the geothermal
anomalies in Guangdong Province originated from the combined effect of asthenosphere
upwelling and granite, which emplaced along the faults [18]. Another study based on heat
flow data and tectonic setting stated that the high surface heat flow values correspond
to the lithosphere’s thinning [17]. However, these results do not fully explain the crust
structure, geothermal anomalies, and their interrelationships. These results do not fully
account for the crust structure, geothermal anomalies, and their interrelationships, which
hinders the subsequent utilization of geothermal resources, the implementation of relevant
simulation work, and analysis of the geothermal polygeneration system [19–21].

To solve these problems, the primary goals are to constrain the crust–mantle structure
and to establish the association between geothermal anomalies and the crust–mantle struc-
ture. In this study, we conducted three magnetotelluric profiles in Guangdong Province,
China, where these areas are abundant in the geothermal resource. Further, the granitic
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intrusions and faults are available for analyzing the effects of different factors on the genera-
tion of hot springs. We present new imaging results of the crust and upper mantle structure
across a major portion of Guangdong Province and establish a geothermal conceptual
model to decipher geothermal formation in Guangdong Province.

Figure 2. Tectonic map of Guangdong Province and adjacent area. The distribution of faults is modified from Wang et al. [6].
The yellow lines are the magnetotellurics profiles. The heat flow values and “hot” basin are modified from Jiang et al. [17].

2. Geological Setting

The Guangdong Province has narrowed due to three major convergent tectonic plates
since the Mesozoic, which are the subduction of the Pacific Plate to the east, the subduction
of the India Plate beneath the Eurasia Plate to the southwest, and the convergence between
North and South China Blocks to the north (Figure 1). As a response to this tectonic
event multi-plate interaction, this region underwent a widespread tectonic thermal event
and intracontinental deformation. These events are characterized by massive magmatic
emplacement, widespread shortening, thrusting, and decollement in the Mesozoic [4,6].
Specifically, these events could be evidenced by the widespread granitoid belts of different
ages and large-scale fault zones. Such features were mainly caused by the multi-plate
interaction [7] or by the advance and retreat of the Pacific Plate [6,22]. Later on, during
the Cenozoic, a basin and range-like region and widely distributed basalt were generated
in the coastal areas [23,24]. These tectonic events have been suggested to be formed
by asthenospheric convection-driven extension and thinning of continental crust. Such
asthenospheric convection is controlled by the collision between India Plate and Eurasia
Plate (for a review, see [3]).

3. MT Data Acquisition

From July to August 2013, three MT profiles (L100, L200, and L300) with 440 km
and 103 stations were established to obtain the electrical structure of crust and mantle
in southeast China (Figure 2). The L100 is divided into two parts. The east part has a
length of 40 km with an interval of 1 km. The west part has a length of 100 km with a
station spacing of 5 km. L200 has a length of 100 km with a station spacing of 5 km. The
L300 has a length of 200 km with a station spacing of 10 km. The L100 and L200 cross the
Wuchuan-Sihui fault zone and the Enping-Xinfeng fault zone (Figure 2). The L300 crosses
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the Enping-Xinfeng fault zone, Heyan fault zone, Zijin-Boluo fault zone, and Lianhuashan
fault zone (south section of the Zhenghe-Dapu fault zone) (Figure 2). Extending direction
of the MT profiles is designed to be east-west trending.

MT data were collected with Phoenix MTU-5 instruments. All 5 orthogonal com-
ponents of the electromagnetic field (Ex, Ey, Hx, Hy, and Hz) were recorded. The x-axis
and the y-axis are magnetic N-S trending and magnetic E-W trending, respectively. The
horizontal electric (E) and magnetic (H) fields are measured in the time domain and con-
verted to the frequency domain by Fourier transform to receive the MT response function.
Before the field data collection, we performed calibration and consistency experiments on
all the instruments and equipment used to ensure that the instruments invested during
the construction process work properly. The first and second Supplementary Figures
(Supplementary Figures S1 and S2) show the calibration results of the V5 system 2000
equipment box and probe, respectively. With a recording time no less than 18 h, MT data
were obtained in an average period of 0.003–2000 s. The MT time-series were transformed
into frequency domain with fast Fourier transform, and the frequency-dependent transfer
function elements were calculated by standard remote reference [25], robust routines [26].

4. MT Data Analysis, Inversion, and Result
4.1. MT Data Analysis

In magnetotelluric analyses, the regional structure’s response can be concealed by the
galvanic distortion caused by small-scale inhomogeneities near the surface. In this work,
the multi-site multi-frequency distortion decomposition, which is based on the Goom–
Bailey (GB) decomposition method [27], was used to estimate the galvanic distortion of
the MT response and the regional strike and dimension of magnetotelluric data before
two-dimensional inversion and obtained the best electrical principal axis information of
the three profiles in the study area according to this method (Supplementary Table S1).
Under the assumption that the surface layer is partially covered by 3D on 2D structural
paper, the observed impedance tensor (Z) was decomposed [27], the formula is as follows:

Z = RCZ2−DRT = gRTSAZ2−DRT = CRZ2−DRT (1)

C is the frequency-independent local distortion matrix, g is a scalar factor, R is the
rotation matrix, RT is the transpose matrix of R, T is the torsion matrix, S is the shear matrix,
A is the decomposition tensor, and Z2-D is the actual 2D impedance tensor of the region. T
can be expressed as:

T =

[
1 −t
t 1

]
, R =

[
cos θ sin θ
− sinθ cos θ

]
, S =

[
1 e
e 1

]
, A =

[
1 + s 0

0 1−s

]
(2)

t is the torsion factor, θ is the strike angle, e is the shear factor, and s is the splitting scale
factor. gAZ2-D is solved as a whole due to its nonuniqueness:[

Zxx Zxy
Zyx Zyy

]
=

[
cos θ sin θ
− sinθ cos θ

][
1 −t
t 1

][
1 e
e 1

][
0 ZTE

−ZTM 0

][
cos θ − sinθ
sin θ cos θ

]
(3)

There are 8 equations and 7 unknowns when the impedance tensor is expanded in
the form of a real part and an imaginary part. The parameters of regional impedance,
strike, and distortion can be obtained by using the least-squares method. Furthermore,
the whole frequencies of the MT data are rotated to the respective strike directions before
inversion. The GB strike directions of all sites for whole frequencies were depict using
the rose diagram (Figure 3). As shown in Figure 4, the calculated structural strike almost
coincides with the strike of the large-scale fault in Guangdong Province, China. The main
electrical axes of the three profiles are mainly NE, which are consistent with the large
structural trend of southeast China [6].
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Figure 3. Multi-frequency rose diagrams of geoelectric strike direction of some stations by using the
Goom–Bailey (GB) decomposition.

Figure 4. The structural trend of the survey points in the three profiles. The orange lines are major regional deep-seated
fault, the yellow line is the MT profile, the pink arrow is the structure trend, and the black star is the MT station.
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4.2. MT Data Inversion

Using the nonlinear conjugate gradient algorithm developed by Rodi and Mackie [28],
two-dimensional inversion analysis of the rotated data is carried out, and the algorithm
is implemented in the data interpretation package WinGLink. Before calculating the final
model, several inversion parameters should be set to fit the data.

The collected magnetotelluric data can be divided into two parts, which includes data
with a magnetic field direction perpendicular to propagation direction (TM) and data with
the electric field direction perpendicular to propagation direction (TE), and the inversion
modes include TM mode, TE mode, and TE and TM joint inversion mode. For TM mode it
is more sensitive to the low-resistance structure in the shallow part and is susceptible to
the influence of static displacement, which mainly produces current-type distortion; the TE
mode well reflects the deep and high-resistance structure and is less affected by the static
displacement, which is prone to inductive distortion. For measured data, it is generally
preferred to use TM model data for two-dimensional inversion [29,30]. Consequently, to
select the inversion results more suitable for the geological parameters, TE model inversion,
TM model inversion, and TE and TM joint model inversion were carried out for the L300,
respectively (Figure 5). The TE model inversion has a good reflection on the shallow
high-resistance layer. However, the low-resistance layer is missing, and it is impossible to
analyze the fracture characteristics of the underground structure. The TM model highlights
the low-resistance layer well and has a perfect correspondence with the deep-seated fault in
the Guangdong Province. There is a certain similarity between TE and TM joint inversion
model and the TM model. However, the result of joint inversion is not ideal due to the
large fitting difference between the TE and TM joint model and TM model. Accordingly, in
this study, the TM model of nonlinear conjugate gradient (NLCG) two-dimensional was
selected for inversion. The NLCG inversion method has the advantages of fast operation
layer speed, less memory occupation, multimode inversion, avoiding the single inversion
mode and multi-solution of inversion results. The results are more comprehensive and
selective, and the inversion model is more intuitive, reflecting the underground problems
clearly.

To obtain the best regularization parameter (τ) values, we selected different τ values
(τ = 1, 3, 5, 10, 20, 50) for the L300, and carry out inversion, respectively. In the inversion
process, the other parameters remain unchanged with the weighted parameter is 1.5 and
the error range is 5%. Meanwhile, the fitting difference root-mean-square (RMS) value of
each inversion is discriminated (Supplementary Table S2). Figure 6 displays that, τ = 1, it
can be seen from the figure that its reflection effect on the shallow part is better, however,
for the deep information, the overall performance is low resistance, which does not achieve
good results; τ = 3, both the shallow part and the deep part have a good reflection effect;
τ = 5 and τ = 10, it can be seen from figures that there is no significant difference in the
whole, and it also has a large similarity with τ = 3. However, it does not obviously reflect
the highly conductive upper mantle layer; τ = 20 and 50, the inversion results are much
smoother than that in others. Although it reflects well on deep electrical characteristics,
it does weakly on shallow formation information. Therefore, 3 is the best τ value, and
it is used in the later inversion. Moreover, the initial resistivity was set as 100 Ω·m; the
homogeneous half-space initial model was adopted; the WinGLink data inversion software
was used for inversion.

4.3. Inversion Results

The most notable feature of the 2D inversion result is the large area of low resistance
area along with these profiles (Figure 7). Each profile’s conductivity has a three-layered
structure in vertical, and the low conductors are inserted between the high conductors
across these profiles. The overall RMS of the L100, L200, and L300 are 4.4, 4.7, and 5.2,
respectively. As demonstrated in Figure 7, the RMS value of most of the stations of the three
profiles is below 4.5, and the RMS value of 90% of the station is less than 6. The 190 and
195 stations of the L100, which are located near Yangjiang City and Yangdong County, have
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a relatively large RMS value and may be greatly disturbed by human activity, resulting
in poor data fitting in two-dimensional inversion. Similarly, the 225 station of the L200,
which is located near Enping City, has a relatively large RMS value. The overall RMS of
the L300 is much large than that of L100 and L200, and 20% of the L300 stations have high
RMS values (>6). However, there is no significant human disturbance near these stations
with high RMS values. Thus, we speculate that there are complex fault systems near these
stations, and the RMS is affected by a three-dimensional inhomogeneous geological body
near the surface.

Figure 5. Compares of NLCG 2D inversion result of three inversion models (TE, TE and TM, and
TM) of MT profile L300.
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Figure 6. 2D inversion results of NLCG in L300 TM mode under different the regularization parameter (τ) values.
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Figure 7. RMS distribution along these three profiles for the original 2D inversion.

5. Interpretations and Discussions
5.1. Interpretations of the Model

As can be seen from Figure 8, the resistivity increases with the depth in vertical profile,
which contains three layers: crust sedimentary caprock in the top, middle and lower crust
in the middle, and mantle to the bottom.

The top layer’s thickness gradually thins from west to east in L100 and L200 profiles
ranging from 9 km to 2 km thickness, while it is about 4 km thickness in the L300 profile.
Similarly, crust thickness gradually thins from west to east in all profiles with an average
of ~30 km even though the crust’s thickness is various with 22 km in local. The high-
resistance layer in the entire crust is cut into several blocks by the low-resistance bodies,
forming a discontinuous spatial distribution of the high-resistance layer. A large area
of low resistance layer has a resistivity value of 0.4–100 Ω·m in the lower layer of L100
and L200 profiles, and it tends to extend to −120 km or deeper. Furthermore, there is
a large area of low resistivity in the upper mantle with a depth below 90 km, which is
supposed to be asthenospheric. The presence of a discontinuous low resistivity layer in the
range of −10 to −30 km suggests multiple channels for upwelling of the mantle sources or
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recommends a high-conductor formed by the alteration or melting of wall rocks caused by
mantle materials. Specifically, Figure 8 shows the F3 (Heyuan Fault) adjacent to Heyuan
City is connected with the asthenospheric upwelling in the L300. Our previous geophysical
exploration in the Heyuan Basin confirmed that the Heyuan Fault controls Cenozoic basalt
occurrence [3]. Moreover, all the regional fault zones are well reflected in the inversion
model, and the low resistance zone near the surface matches with the actual location of
fracture exposure.

Figure 8. Preferred inversion model of electrical resistivity for the upper 120 km along the profiles with station locations
and position of major tectonic features. F1-1, West part of F1; F1-2, East part of F1; F1, F2, F3, F4, and F5 are identical to
that in Figure 2. The RF is the Renzishi Fault. The purple dotted line represents the inferred boundary between strata and
Jurassic and Cretaceous granite; the yellow dotted line represents the inferred Moho boundary; the black arrow represents
the upwelling direction of mantle material.

5.2. Lithosphere and Asthenosphere
5.2.1. Thickness of Lithosphere and Structure of the upper Mantle

The lithosphere thickness of the study areas and adjacent areas is around 80 km, as
shown in this study. This result is similar to other geophysical observations in South China.
For example, the ambient noise tomography work indicated that the lithosphere thickness
in the Cathaysia Block is 60–70 km [9]. The receiver function results implied a lithosphere
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thickness of ~65 km in southeast China [11,31]. Deng and Levandowski proposed that the
depth of the lithosphere–asthenosphere boundary (LAB) is ranging around 100 km, which
is estimated by the final density model and receiver functions [12]. A joint inversion of
Rayleigh wave dispersion data, topography, geoid height, and terrestrial heat flow with a
probabilistic Monte Carlo method predicts the recent lithosphere in South China is ranging
from 80–105 km [10].

Notably, the depth of LAB in South China observed by different complex and com-
mendably geophysical methods seems variable. The presence of multichannel of astheno-
sphere upwelling in the coastal area and adjacent area may well explain the variable
depth of LAB as these upwelling channels interfered with geophysical interpretation to
some extent. As shown in Figure 8, each profile has several asthenospheric upwelling
channels along deep-seated faults whose influence width is tens of kilometers. Similarly,
using the magnetotelluric method to detect the crust/mantle thermal structure shows that
the asthenospheric upwelling is common in southeast China, including Fujian Province,
Guangdong Province, etc. [32,33]. The impact of these widespread distributed multichan-
nel asthenospheric upwelling on the lithosphere mainly reflects in the following two points.
For one, the rigid lithosphere turns into a plastic state under the underplating of high-
temperature materials. It is gradually eroded by the asthenosphere, resulting in thinning of
the lithosphere. Additionally, the lithosphere undergoes partially melting due to the under-
plating of the asthenosphere with meltable material separate out from the lithosphere to the
asthenosphere. The lithosphere’s remaining rigid material undergoes rigid rupture under
gravity and sinks into the asthenosphere [34,35]. These two mechanisms coexist in the
upwelling process of the asthenosphere, and all have a significant impact on lithospheric
thinning. Furthermore, Compared with other ancient cratons, U-Pb zircon geochronology
dates the Cathaysian block where southeast China locates as Neoproterozoic in age [36]
indicate the lithosphere is more vulnerable to erosion and destruction [32]. In summary,
the asthenosphere’s upwelling has completely modified the lithospheric structure, result-
ing in different thicknesses of the lithosphere and crust–mantle structures in Guangdong
Province.

Guangdong Province straddles the boundary between three energetic tectonic do-
mains: the Pacific subduction zone to the east, the collision zone between the Philippine
Sea and the Eurasian plate to the southeast, and the spreading of the South China Sea to
the south (Figure 1). Specifically, for the Pacific plate, previous receiver function images
of mantle transition zone [37–39] and tomographic studies [40,41] indicate that the slab
front extends into the area beneath the South China block (~105◦ E). Various geophysi-
cal and geochemical evidence has indicated that the Pacific plate stagnant in the mantle
transition zone and has continuously released fluid material to destruct and reform the
overlying lithospheric mantle [40,42,43]. The collision zone between the Philippine Sea and
the Eurasian plate forms compressional uplifting and orogeny along the southeast coast
area and Taiwan [44,45]. The evolution of the South China Sea has a significant impact
on the surrounding continents, which is reflected in the formation of crustal uplifting or
depression [2,46,47]. The interaction of these plates affects the activity of the asthenosphere
in Guangdong Province and adjacent areas. For example, the force driven by the Pacific
plate’s subduction triggers the mantle convection, inducing the eastward asthenospheric
flow beneath South China in the big mantle wedge. For one, during the flow process,
the positive buoyancy causes asthenospheric upwelling accompanied by decompression
melting and melt extraction [48]. This process will erode the overlying lithosphere. On
another side, fluid released by the stagnant Pacific plate is added to the asthenosphere to
promote the partial melting of the Upper mantle and Mantle transition zone [49–51].

Moreover, geophysical results imply that the present lithospheric thickness (~80 km) is
much less than that of the Paleozoic lithosphere. Geochemistry and P-T studies on mantle
peridotite enclaves/xenoliths entrained by Paleozoic kimberlite and basalt have indicated
that there was a thick lithosphere (110–230 km) at that time beneath South China [13,15].
However, the study on Mesozoic Ningyuan mantle xenoliths implies a thin lithosphere



Energies 2021, 14, 2236 12 of 17

(<80 km) [52] and that on Cenozoic Xinchang mantle xenoliths intimate the mantle re-
placement and accretion is a common process in South China since the Mesozoic [14].
These pieces of geological evidence present a process of incessant lithospheric thinning
and asthenospheric intrusion.

In summary, for a given tectonic domain mainly affected by subduction or collision,
the evolution of the continent plate depends on the fluid (primarily water) content and
forms of the subducting or colliding plate and the intrinsic properties of the continental
block [32]. The structure of the upper mantle and thickness of the lithosphere in southeast
China are affected by different motion types of different plates, fluid addition, and its
crust–mantle properties, leading to regional large-scale asthenosphere upwelling, causing
the South China lithosphere to be destructed and reformed by mantle-derived hot materials.
As a consequence, a thin lithosphere (<80 km) is commonly present beneath southeast
China and is consistent with the high heat flow (Q) [17].

5.2.2. Structure of the Crust

MT results thoroughly document the crustal electrical structure, the characteristics
of deep-seated faults, and the variation of crustal thickness. As mentioned in previous
(Section 5.1), numerous low electric resistance geological body is present in the crust where
couples with deep-seated faults. The asthenosphere uplift’s top interface corresponds well
with the position of the fault zone in the crust. For example, the asthenospheric material can
uplift to a shallow position where there are deep-seated faults in the superficial (Figure 8).
In other words, deep-seated fault zones play an important role in controlling the upwelling
of the asthenosphere. The thickness of the crust is generally around 30 km and tends to
thin eastward.

The same geological structure feature was also reported in most other southeast
China areas by different geophysics observations or numerical simulations. The MT
results in other southeast China regions presented a similar crustal electrical structure,
the characteristics of deep-seated faults, and the variation of crustal thickness of that in
this study [33]. Based on deep seismic-sounding data, Zhang and Wang inferred that the
crust thickness in the Cathaysia Block is around 33 km, and the crustal thickness tends
to thin eastward [53]. Deep seismic-sounding data also displays such a thin eastward
trend of crustal thickness and the crustal thickness ranging from 30 to 34 km; the result
from receiver function analysis with teleseismic wavefield reconstruction suggested that
Moho surface depth in southeast China ranges from 25–35 km [54]. Based on the numerical
simulation in South China, Zhang et al. proposed the Moho temperature, and the Moho
depth is ranged from 500 to 650 ◦C and from 27 to 32 km, respectively [55]. The joint
inversion of receiver functions and surface wave dispersion indicated a crust thickness in
southeast China is approximately 30 km [56]. These studies all show a relatively thin and
electrical heterogeneity crust in Guangdong Province.

5.3. Interpretation of the Geothermal Anomalies in Guangdong Province

Heat flow is considered as one of the direct surface geothermal manifestations of
subterranean thermal energy and is a key parameter used to interpret the crust–mantle
structure and geodynamics [17,57,58]. Guangdong Province is located in the second-largest
geothermal anomaly area in China, where surface heat flow ranges from 61.6 to 97 mW/m2

with a mean average of 73 mW/m2 [17]. The values of surface heat flow are greater than
the mean heat flow of continental China (60 mW/m2, [17]), and the globe means heat flow
of continental crust (65 mW/m2, [57]). High heat flow has formed many “hot” basins
in Guangdong Province (Figure 2) and developed with numerous natural hot springs
(recorded natural hot springs more than 300, Figure 2). However, the surface heat flow for
Guangdong Province is limited by the small number of measurement sites (only 24 sites
have been reported in the literature up to 2019 in Guangdong Province, Figure 2) and are
affected by the local geothermal fluid convection [59]. Therefore, we use the surface heat
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flow and the natural hot spring, which is a direct indicator to interpret the geothermal
anomalies in Guangdong Province.

The high ratio of mean Qmantle/Qcrust (~1.33) in southeast China implies that mantle
heat causes surface geothermal anomalies in Guangdong Province [17]. As mentioned
above, the thin lithosphere, which accompanies by multichannel asthenospheric upwelling,
determines a high terrestrial heat flow in Guangdong Province. The upwelling channel of
mantle-derived material is connected with the fault system of shallow crust in Guangdong
Province. Source waters penetrate the fault system and reach deep into the places where
the mantle-derived material is affected. These places have a high temperature, warming
the cold water and resulting in fluid convection in the fault system. Fluid convection causes
heat upwelling and the development of natural hot springs along with the fault system or
adjacent areas (Figure 2).

It should be noted that many natural hot springs in Guangdong Province and its
surroundings are distributed along with the faults system and the exposed areas of the
Late Mesozoic granite. This is attributed to the high radioactive heat-producing elements
(HPE, such as 238U, 232Th, and 40K) of the Late Mesozoic granites in South China. These
Late Mesozoic granites in Guangdong Province are widely distributed with an exposed
area of 60,000 km2, accounting for more than one-third of the area (Figure 2). These gran-
ites in Guangdong Province and adjacent areas were formed in a typical continental arc
setting and were considered to associate with the advance of the Paleo-Pacific Plate in
the Early Middle Jurassic and the retreat of the Paleo-Pacific Plate in the Late Jurassic
to Cretaceous [2,5,22]. Importantly, subduction plate-derived materials and the decom-
pression melting caused by stress relaxation promoted the reworking of terrane in South
China [7,60]. Two-stage model age of Jurassic and Cretaceous granite Hf isotope ranges
between 1.6 and 1.8 Ga, suggesting Late Mesozoic granites in Huizhou area were generated
by remelting of Proterozoic crust [61]. This result is consistent with the two-stage model
age of detrital zircons Hf isotope in Oujiang River, eastern Cathaysia, Fogang granites,
and Nankunshan granites [7,60]. The remelting of differentiated crust material leads to
redifferentiation occur. Consequently, the Late Mesozoic granites inevitably have high large
ion lithophile elements. Statistics and calculation of the Th, U, and K content of Mesozoic
granites in South China show an extremely high heat production with average values of
6.29 µW/m3 for the Late Mesozoic granite in Guangdong [8,62]. The radioactive heat reser-
voirs calculated based on the heat production show the Mesozoic granite intrusions contain
abundant radioactive heat production (Figure S3). As shown in Figure S3, compared with
the Mesozoic granites in Guangdong Province and its surrounding areas, the Late Mesozoic
granites in Nanling Range have the highest heat production (heat production more than 9
µW/m3 of some granites, radioactivity heat reservoirs more than 1016 J/a of some granite
intrusions) and radioactive heat reservoirs and couple with numerous high-temperature
(>80 ◦C) natural hot spring. This finding reveals Late Mesozoic granite has a marked
contribution to the regional geothermal anomaly.

The previous study inferred, based on low gravity anomalies, that there are massive
concealed granitic bodies under the exposed Mesozoic granite and adjacent areas [18].
However, our previous study in the Huiyang-Meixian depression between Huizhou and
Heyuan City revealed a continuous concealed granite under the depression [3] where Xi
et al. [18] deduced there was an absence of concealed granite. Thus, we speculate that
the scale of concealed granite under the Guangdong Province is larger than Xi et al. [17]
suspected. In other words, due to the extremely high heat production of the Late Meso-
zoic granite, the Late Mesozoic granite under the Guangdong Province turned into a
high-temperature geothermal reservoir. Large quantities of heat released from persistent
radioactive decay are one of the most significant geothermal mechanisms in Guangdong
Province.

By integrating the results and discussions above, a geothermal model is proposed to
visualize the origin and evolution process of geothermic in Guangdong Province (Figure 9).
For one, the arc tectonic setting in Guangdong had gradually changed into an intraplate rift
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setting since Mesozoic [2,22], forming large-scale basins includes Heyuan Basin, Sanshui
Basin, Lianping Basin, etc. [3,4,23], and accompanying with upwelling of mantle mate-
rial. The thin lithosphere superimposed upwelling of mantle-derived material determines
the high heat flow background in Guangdong Province. For another, voluminous Late
Mesozoic granite generated by remelting of the Neoproterozoic and Paleozoic crust [7,61]
contains an extremely high content of heat-producing elements. Large quantities of heat
are released from the persistent radioactive decay of these heat-producing elements. Con-
sequently, the special crust-upper mantle structure in Guangdong Province has led to the
formation of numerous natural hot springs. These hot springs can be divided into two
types (Figure 9). The first is type A, hot springs distributed near the fault of granite area,
the Late Mesozoic granite is the key heat source. Typical examples are the hot springs in
the Nanling Range. The second is type B, hot springs distributed along fault zones with
mantle-derived material upwelling, the mantle material and the Late Mesozoic granite are
the key heat source. Typical examples are the hot springs along the Heyuan fault, where
noble gas evidence shows the upwelling of mantle material [63].

Figure 9. A model of the crust–mantle structure to decipher geothermal formation in Guangdong Province. The granite
layer was modified from Kuang et al. [3].

6. Conclusions

In this study, we focused on the crust and upper mantle structure and its geothermal
implications in Guangdong Province. The main results and conclusions are as follows:

1. Three new MT profiles with a total of 440 km long across the major portion of
Guangdong Province were acquired to reconstruct crust and upper mantle structure.
The TM model of the nonlinear conjugate gradient (NLCG) two-dimensional inversion
with τ = 3 was determined by data analysis;

2. Inversion results show that the low resistance zone on the shallow surface matches
the actual location of the fault; there is the presence of multi upwelling channels
of asthenosphere mantle, and some channels are connected with shallow crustal
fault zone; the thickness of the crust and the lithosphere in Guangdong Province are
relatively thin. The crust and upper mantle structure in Guangdong Province is the
result of long-term (from Proterozoic to Cenozoic) tectonic magmatism, especially the
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intense tectonic magmatism caused by multi-plate interaction since the late Mesozoic.
Such special crust and upper mantle structure forms high surface heat flow and is
one of the key factors for generating anomalies;

3. Massive Late Mesozoic granites, which contain high radioactive heat-producing
elements, are distributed on the surface and underground of Guangdong Province.
Large quantities of heat released from persistent radioactive decay of Late Mesozoic
granite are another significant geothermal mechanism in Guangdong Province.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14082236/s1, Figure S1: Calibration results of V5 system 2000 equipment box, Figure S2:
Calibration results of V5 system 2000 equipment probe, Figure S3: Radioactive heat reservoirs and
radioactive heat production rate of the late Mesozoic exposed granite and the distribution of the hot
springs in Guangdong province and adjacent area.
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