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Abstract: The Nanping geothermal field in Hainan is situated within the Wuzhi Mountain fold belt of
the South China fold system based on its geotectonic units. Although there is abundant surface heat
detected and widespread distribution of Late Mesozoic granite in the area, the geological background
of geothermal resources remains unclear. In this article, we collected core samples from boreholes
within the Nanping geothermal field to conduct testing and analysis on rock thermal conductivity
and heat-production rate. By combining these results with temperature logging data, we discuss
a method for diterming the heat flow background of convective geothermal system. Furthermore,
the study analyzed the geothermal flux and deep thermal structure of the research area. The results
demonstrate that the average radioactive heat production rate of the Baocheng rock mass in the study
area is 3.16 pW/m?3, primarily attributed to the decay heat of Th and U, while the heat contribution
of K is negligible. The thermal conductivity values of the rocks are relatively high, ranging from
2.29 to 3.75 W/(mK), slightly exceeding the average thermal conductivity of the upper crust. The
study area represents a typical convective geothermal field influenced by groundwater convection,
exhibiting a high geothermal temperature gradient. Using the groundwater-correction method,
the geothermal flux in the study area is calculated to be 89-108.27 mW /m?, of which the thermal
conduction component is 73.17 mW /m? and the convective component is 15.83-35.1 mW/m?2 Among
these components, heat generated from radioactive decay of crustal radioactive elements contributes
35.44 mW/m? to thermal conduction, while deep mantle conduction accounts for a heat flux is
37.73 mW/m?, with a ratio of 1:1.07 between them. The difference between crustal and mantle heat
fluxes is minimal in this region, indicating an approximation towards a “crust-mantle heat source
balance zone”. Furthermore, the thickness of the “hot” lithosphere in the study area ranges from
42 to 46 km, indicating significant characteristics of extension-thinning.

Keywords: heat flow; lithospheric thermal structure; convective geothermal system; thermal conductivity

1. Introduction

Surface heat flow represents the amount of heat transferred from the Earth’s interior
to the surface per unit of area per unit of time [1,2], which can be measured. The sur-
face display of the energy balance of the numerous dynamic processes inside the Earth
provides a wealth of geologic and geodynamic information [3], also a key parameter for
evaluating the potential of geothermal resources. According to the types of heat-transfer
modes, geothermal systems are mainly categorized into two types, namely conduction
and convection [4,5]. The surface heat flow of these two types exhibits distinct structural
differences. Conductive geothermal systems demonstrate a simplistic structure, while
convection geothermal systems primarily rely on convective as the main mechanism for
heat transfer, the heat flow measured at the surface includes the heat transferred from the

Energies 2024, 17, 4824. https:/ /doi.org/10.3390/en17194824

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17194824
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en17194824
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17194824?type=check_update&version=1

Energies 2024, 17, 4824

20f17

Earth’s interior and that transferred by convection of groundwater within the geothermal
system [6].

Heat in the Earth’s interior mainly comes from the decay of radioactive elements
in crustal rocks (crustal heat flow) and from the deep Earth (mantle heat flow) [7]. The
proportions of the crustal and mantle heat flows, as well as the distribution of the deep
Earth’s temperature field, reflect the lithospheric thermal structure characteristics [8,9]. The
lithospheric thermal structure characteristics are a response to the thickness, temperature,
and formation evolution of the lithosphere [10,11], which provides geodynamic information
such as the tectonic deformation evolution of the lithosphere, and it is also the core of the
study of the heat source mechanism of geothermal systems [12-14]. Therefore, it is of great
significance to study the measurement and calculation of the geothermal heat flow and
to establish the lithospheric thermal structure model, both for the study of the regional
geothermal geological background and the process of tectonic thermal evolution.

Currently, five geothermal heat-flow measurement stations have been established
in Hainan province: one in Chengmai County and four in Wanning City, whose heat
flow is 63.2-82 mW /m? [15,16]. The heat flow is 65.8 mW /m? in the northern area and
73.17 mW/m? in the southern area, higher than the average 61 mW/m? of the Chinese
mainland. In the southern part of Hainan lie many open-air hot springs with abundant
geothermal resources. Nanping hot spring, distributed on Baocheng rock mass, has the
largest single spring water flow in Hainan, with a maximum single-eye water flow of
51.2 m3/h and a water temperature of 77 °C. The Qixianling hot spring, which is also
distributed on the Baocheng rock mass, has the highest water temperature of 97 °C. There-
fore, the thermal geological condition of the Baocheng rock mass is good, and it has better
conditions for geothermal resources development. However, the geodetic heat-flow mea-
surement data in the area are all collected in early time, and only one data quality reaches
grade A. The representativeness of the data is relatively bad, and the geothermal geological
background is still unclear, which restricts the research, development, and utilization of
regional geothermal resources. Therefore, this paper selects the Baocheng rock body dis-
tribution area with better geothermal geological conditions and more typical rock-body
distribution as the study area to calculate the geodetic heat flow of the area, analyzes
its background, and preliminarily establishes the lithospheric thermal structure model.
In addition, for convective geothermal systems, it is usually impossible to calculate the
heat-flow background by general methods, and it is impossible to judge the heat-flow
contribution of heat-flow agents. The calculation method of the heat-flow background and
convective component of convective geothermal systems in this paper provides basic data
and theoretical reference for the heat flow research of convective geothermal systems.

2. Study Area

Lingshui area is located in the southern part of Hainan, which belongs to the Wujishan
fold belt of the South China fold system in terms of geotectonic position. The research
area is located between two east-west and one north—east deep tectonic zones (Figure 1a),
which correspond to the north—east Yacheng-Gangbei tectonic zone, and the near-east-west
Jiusuo-Lingshui tectonic zone, and the Jianfeng—Diaoluo tectonic zone, respectively. The
formation of east-west fault zones decides the distribution of hot springs in many places.
For instance, the hot springs of the Nanping geothermal field are roughly distributed in
an EW directional manner along the bed of the Lingshui River, which means that they are
brought by east-west sub-fractures.

In multi-phase tectonic movements, the Yanshan movement is mainly characterized
by large-scale intrusion and eruption of acidic magma. The magmatic rocks exposed in
Lingshui area are mainly the Baocheng rock mass, with small areas of Permian-Triassic
and Jurassic granites exposed in the peripheral areas, and the magmatic rock associated
with the geothermal system is the Baocheng rock mass [17], which is located in the north—
eastern part of the Jiusuo-Lingshui tectonic belt in Southeastern Hainan, developed in
the Late Yanshan period [18], spreading in a near-EW direction and spatially located in
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close relationship with the EW-oriented Jiusuo-Lingshui tectonic belt [19], with a total
area of about 783 km?. The lithological types of the Baocheng rock massif include mainly
diorite, granodiorite, granodiorite, quartz diorite, quartz diorite, and granite diorite. The
main lithological types of the Baocheng rock mass include monzonitic granite, granodiorite,
quartz diorite, granite porphyry, and granodiorite porphyry, accompanied by many other
veins, such as granodiorite, microlite, lamprophyre, quartz, diorite, and doleritic dyke.
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Figure 1. (a) Geological framework of Southeast Asia [20]; (b) regional geological map of Hainan
Island [21,22]; (c) the location of the geothermal well and regional geological map of the study area.

3. Materials and Methods
3.1. Sample Collection and Testing

In this study, the data were collected from the core of five boreholes of Nanping geother-
mal field. The boreholes were numbered ZK1-ZKS5, the borehole depth was 400-700 m, and
the bottom hole temperature was 67-84 °C. Rock samples were collected from ZK1-ZK5
borehole cores, and the rock types mainly included biotite monzonitic granite and diabase,
basically covering the main reservoir types in the study area. A total of 24 rock samples
were tested for thermal conductivity parameters, 19 rock samples were tested for content
of U, Th, and K, and the sampling depths and test results are shown in Table 1. The tests of
thermal conductivity were conducted at the Institute of Hydrogeology and Environmental
Geology of the Chinese Academy of Geological Sciences.
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Table 1. The distribution of core sampling in study area.
s s Groundwater Heat
Dr}l]l)mg Dzntlllll 1(151) Level Sample ID Lithology D&l:)t h I;lllelz:iSi(;n- Generation
P (m) y Rate
Medium-weathered
! NPZK01-1 biotite monzogranite 125 v v
2 NPZK01 300 39 NPZK1-Y10 Diorite 197 v -
3 NPZKO01-2 Diorite 211 Vv v
Medium-weathered
4 NPZK02-1 biotite monzogranite 9 v v
5 NPZK2-Y10 Diorite 203.1 4 -
—— NPZK02 400 3.6 Medi thered
edium-weathere
6 NPZK02-2 biotite monzogranite 24 v v
7 NPZK02-3 Diorite 347 v v
8 NPZK03-1 Medium-weathered 127 J ;
biotite monzogranite
9 NPZK03-2 Medium-weathered 246 v -
biotite monzogranite
~  NPZKO03 400 1.1 .
10 NPZK03-3 Medium-weathered 344 N ;
biotite monzogranite
11 NPZK03-Y12 Diorite 3729 4 -
12 NPZK03-Y13 Monzogranite 392.7 Vv -
13 NPZK04-1 Biotite monzogranite 129 4 vV
14 NPZKO04-2 Biotite monzogranite 315 Vv Vv
—— NPZK04 600 4.8
15 NPZK04-3 Biotite monzogranite 462 4 V4
16 NPZK04-4 Biotite monzogranite 585 Vv vV
17 NPZKO05-1 Biotite monzogranite 114 4 V4
18 NPZKO05-2 Biotite monzogranite 2245 Vv v
19 NPZKO05-3 Diorite 300 v v
20 NPZK05-4 Biotite monzogranite 416 V4 v
—— NPZKO05 700 3
21 NPZKO05-5 Biotite monzogranite 500 4 v
22 NPZKO05-6 Biotite monzogranite 605 4 v
23 NPZKO05-7 Biotite monzogranite 690 Vv v
24 NPZKO05-Y13 Diorite 699.5 4 -

3.2. Borehole Temperature Measurement

Geothermal temperature measurement is the basis for the study of geothermal heat
flow and the thermal structure of the lithosphere. Geothermal temperature logging was
conducted in five boreholes in the Nanping geothermal field. The Z1-1000 double-speed log-
ging winch logging system with PPS25 electronic probe which made by Pioneer Petrotech
Services Inc. (Calgary, AB, Canada),was used to measure the temperature of the boreholes,
with a measurement range of 0.1-177 °C, an accuracy of 0.5 °C, and a temperature res-
olution of 0.01 °C. The method of well temperature measurement adopted is down-test
continuous temperature measurement, with the winch controller pulling up at a uniform
velocity controlled at 10 m/min. The checkpoint measurement is conducted every 200 m.
The ground temperature measurement conforms to DZ/T0080-2010 [23].

The measurement was conducted 1 year after the completion of the well building, and
the well temperature was basically restored to a steady state and a quasi-steady state [24].
The measurement data were close to those measured when the borehole reached the
thermal equilibrium, and the temperature inside the well was close to the true formation
temperature. The distribution of temperature-measured boreholes in the study area is
shown in Figure 1b.
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3.3. Thermal Conductivity Coefficient Test

Thermal conductivity, which represents the ability of a rock mass to conduct heat, is
a basic parameter for calculating terrestrial heat flow, and its value is closely related to
the lithology, mineral composition, and internal structure, as well as the in situ external
environment. The external environment is mainly affected by temperature, pressure, water
content, and other factors. The difference in water content of rocks is related to the porosity.
With the increase in water content, the thermal conductivity of rocks tends to increase.
For the dense granite rock in the study area, the porosity is mostly lower than 3%, and
the influence of water content on the thermal conductivity of rocks can be ignored [25].
Pressure has a certain degree of influence on the thermal conductivity, but for every 1 MPa
increase in pressure, the thermal conductivity is only increased by 1-2% [26]. The thermal
conductivity is greatly affected by temperature and generally decreases with the increase
in temperature [27]. The buried depth of the layer involved in heat-flow calculation in the
study area is less than 1 km, and the influence of formation pressure is far less than that of
temperature [28,29]. Therefore, only temperature correction of the thermal conductivity
value was conducted in this study.

Vosteen and Schellschmidt analyzed the correlation between thermal conductivity and
temperature of crystalline rocks (volcanic rocks, metamorphic rocks) and sedimentary rocks,
and they conducted tests for crystalline rocks in the range of 0-500 °C and sedimentary
rocks in the range of 0-300 °C. They concluded that the correlation between thermal
conductivity and temperature is different in crystalline rocks and sedimentary rocks due
to the essential differences in the genesis and mineralogical composition of these two
types. They developed correlation equations for the calibration of the thermal conductivity
collected in the laboratory [30].

_ A(0)
MD) = 599+ T(a — 57400

A(0) = 0.53A(25) + %\/ 1.13(A(25))% — 0.42A(25)

In the equation, A(0) and A(25) correspond to the thermal conductivity with the
external environment at 0 °C and 25 °C, respectively. A(T) corresponds to the thermal
conductivity of the rock at the in situ temperature, A’s unit as W/(m-K), T’s unit as °C.
The constants a = 0.003 and b = 0.0042 in crystalline rocks, and constants a = 0.0034 and
b = 0.0039 in sedimentary rocks.

The thermal conductivity was measured by an automatic thermal conductivity scanner
(TCS) at 25 °C, with a measuring range of 0.2~25 W/(mK) and an accuracy of 4-3%.

3.4. Heat-Generation Rate

The radioactive heat generation of rocks represents the ability of the radioactive
elements in the rock to release heat by decay, for the core samples collected, is usually
calculated using the proportions of Uranium (U), Thoriu (Th), and Kalium (K) in rock
components in conjunction with the density of the rock [31], as follows:

A=px (0.0952 X Cy + 0.0348 x Ck + 0.0256 x CTh)

In the equation, A refers to radioactive heat generation of rocks (uw/ m?), p refers
to rock density (g/ m?), and Cy, Cry,, and Ck are the content of uranium (ng/g), thorium
(ug/g), and kalium (wt%) in the rock, respectively.

For rocks deep in the Earth’s crust that cannot be accessed by drilling, Rybach and
Buntebarth proposed a Vp-A formula bounded by the age of the geologic body through
extensive experimental measurements [32]:

InA =13.7 — 2.17Vp
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A is the radioactive heat-generation rate, and the unit is pW/m3; Vp is the seismic
wave velocity, expressed in km/s.

U and Th were tested by ICP-MS with an uncertainty ranging from 1% to 10%. K was
tested by XRF with an uncertainty ranging from 1% to 2%. The data of seismic primary
waves’ velocity were measured by the Lingshui seismic station [33].

3.5. Surface Heat-Flow Calculation

The vertical convective activity of groundwater is one of the major disturbing factors
in heat-flow calculations [34,35]. The temperature-depth curve presents an “upward
convex” type when the hot water upwells at depth, and a “downward concave” type
when the groundwater seeps down from the upper part of the groundwater. The shape
and magnitude of the upward convexity and downward concavity depend on the rate
of groundwater upwelling or seepage (Figure 2). To calculate reliable heat-flow values,
groundwater transport needs to be corrected [36].

T, Temperature= T, Temperaturs

Depth
s“'boo
&
Depth

\/

v
Figure 2. Effect of groundwater convection on geothermal distribution.

Nanping geothermal field belongs to the convective geothermal system, and its Earth
heat flow includes the heat conducted inside the earth and that carried by groundwater
convection in the geothermal system. In the center of the geothermal field where under-
ground hot water upwells along the fracture intersection site, the groundwater convection
largely influences the heat flow. In the area far away from the geothermal center with weak
groundwater activity, the influence of groundwater convection is gradually weakened.

The temperature measurement curve of the boreholes of the geothermal field presents
data in an upward convex type, indicating a strong vertical movement of underground
water at this level [6], which can be corrected by the bellowing formula.

(T7 = Ty)e’*
et (z2—21) _q

') <1_TZ—T1)
* (za—z1)ep Lh—-T

In the formula, p and c refer to the density (kg/ m?) and specific heat (k] /kg-K) of the
water, respectively. T1, Ty, and T, refer to the temperature at the depth of z; and z,, and
the middle. v, is the upwelling vertical velocity (m/s) of the hot water.

(z2—21)

Q = pcv, AT + pco, X

4. Results
4.1. Distribution Characteristics of the Vertical Geothermal Field

According to the performance of borehole cores in the Nanping geothermal field,
the thermal reservoir lithology is mainly biotite monzonite granite, visible diabase (gab-
bro), diorite porphyry, carbonate, and other dyke rocks. Rock compression and frag-
mentation are strong, with hydrothermal alteration phenomena and obvious traces of
groundwater activities.
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Figure 3 shows the temperature—-depth distribution of the boreholes. The temperature
distribution of the boreholes in the Nanping studied area is quite uniform, showing a trend
of upward convexity of the temperature curves in the shallower part above the 100 m point,
which may be affected by the upwelling of hot water. In the deeper part of the boreholes
below the 100 m point, the temperature is almost maintained by the development of the
fissures in the granite core exposed in the boreholes, with the gradient of the geothermal
temperature basically remaining unchanged. Corresponding to the lithology of the stratum
exposed by the drill holes, the temperature increases rapidly with a large gradient before
the drill holes expose the water storage structure, while after passing through the water
storage structure, the temperature increase slows down and the gradient decreases.

Temperature(°C)
0 20 40 60 80 100
1 — 1 J

ZK2
100

2004

300 i

Depth (m)

400

500 4

ZK5

600

7004

Figure 3. Relationship between borehole temperature and depth in the studied area.

Taking the ZK4 borehole in Nanping as an example, the fracture zone at 274.0-509.0 m
exposed by the borehole develops fissures, mostly chloritization or epidotization and
potash feldspathization. The geothermal distribution in this area is divided into several
layers. (1) In the 0-120 m layer, the geothermal temperature increases rapidly, and the
temperature measurement curve shows a convex trend, which can reach 320 °C/km. (2) In
the 120-300 m layer, the formation temperature increases steadily and slowly with the
depth increasing. The average geothermal gradient is 4.44 °C/km. (3) In the 300-500 m
layer, the geothermal gradient has a negative growth, probably due to the mixing of cold
water caused by local crushing. (4) In the 500-580 m layer, the temperature curve shows a
convex trend. From the wellhead exposed by the ZK5 borehole to 263 m, the overall core
breakage, fissure development, and temperature-measurement curve show an irregular
jagged shape from 0 to 263 m, which is closely related to local fissure development and
hydraulic connection. Below 263 m, the deep formation temperature increases steadily
and slowly with the depth increasing, and the average geothermal gradient is 2.59 °C/km.
In order to compare with the ground temperature distribution in the Nanping area, the
borehole temperature-measurement data of the Qixianling area, which is located in the
northern part of the Baocheng rock mass, were collected to reveal the regional heat-flow
background [37]. The ground temperature in the Qixianling research area presents a
sectional trend of convective growth. (1) The ground temperature increases rapidly in
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(a) Nanping borchole ZK 5

Depth(m)

100

300

400

500

20-160 m, and the temperature-measurement curve presents an upward trend. (2) The
temperature-measurement curve presents an upward trend in the 160-464 m layer. (3) The
ground temperature at the 464-532 m horizon shows a conductive geothermal trend, and
the average geothermal gradient is 31.6 °C/km (Figure 4).

(b) Qixianling borchole ZK 11
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Figure 4. Geothermal and lithologic distribution of Nanping borehole ZK5 (a) and Qixianling
borehole ZK11 (b).

4.2. Thermal Conductivity Characteristics

The samples in this test mainly consist of biotite monzonitic granite and diabase
(Table 2). Due to the fragmentation of moderately weathered granite rock mass, the porosity
is 2.96-8.61%, with an average of 5.16%. The porosity of biotite monzonitic granite with a
low weathering degree is 1.82-3.35%, with an average of 2.34%. Porosity has a negative
effect on the thermal conductivity of rock samples. That is, the thermal conductivity tends
to decrease with the increase of porosity (Figure 5). Therefore, biotite monzonitic granite
and moderately weathered biotite monzonitic granite are discussed separately in this paper.
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Table 2. Heat conductivity and heat-generation rate of rocks in the study area.

Heat

Corrected Heat

Heat Generation

Porosity Conductivity Conductivity Density u Th K Rate
(%) (W/mK) (W/m) (g/cm®) ppm ppm % uW/m?
1 NPZKO01-1 3.37 1.489 1.47 2.68 492 16.5 3.06 2.67
2 NPZKO01-2 1.41 1.242 1.27 2.78 1.01 2.38 2.15 0.64
3 NPZK1-Y10 2.12 2.641 2.44 - - - - -
4 NPZK02-1 2.96 1.517 1.51 272 4.49 13.6 3.26 242
5 NPZK02-2 2.96 1.733 1.71 2.57 5.56 14.2 3.6 2.62
6 NPZKO02-3 2.85 1.502 1.49 2.63 1.16 22 2.61 0.68
7 NPZK2-Y10 2.14 2.807 2.72
8 NPZKO03-1 7.04 1.624 1.59 2.66 4.58 18.5 3.51 2.74
9 NPZKO03-2 8.61 1.79 1.73 2.65 412 13.8 3.45 2.29
10 NPZKO03-3 5.99 2.261 2.14 2.62 10.5 23 293 4.43
11 NPZK03-Y12 1.78 2.307 2.18 - - - - -
12 NPZKO03-Y13 2.18 3.281 3.04 - - - - -
13 NPZK04-1 297 3.517 3.17 2.65 524 22 297 3.09
14 NPZK04-2 3.35 2.738 2.52 2.62 6.34 20.6 3.07 3.24
15 NPZK04-3 1.85 3.605 3.26 2.59 433 16.5 43 2.55
16 NPZK04-4 2.97 2.669 2.44 2.64 4.6 21.1 5.78 3.11
17 NPZKO05-1 1.86 3.135 2.93 2.67 6.6 30.6 3.23 4.07
18 NPZKO05-2 2.89 3.215 2.99 2.55 6.26 252 3.52 348
19 NPZKO05-3 1.82 2.983 2.79 2.73 1.6 5.85 1.59 0.98
20 NPZK05-4 223 2.947 2.76 2.56 5.16 17.6 3.36 271
21 NPZKO05-5 1.87 2.65 2.49 2.69 3.39 15.5 3.22 224
22 NPZKO05-6 222 2423 229 2.65 6.29 30.9 3.69 4.02
23 NPZKO05-7 1.86 4.071 3.75 2.59 5.44 22.2 3.55 3.13
24 NPZKO05-Y13 2.11 1.9 1.83 - - - - -
87 Medium-weathered biotite
monzonite granite
5 L ® Biotite monzonite granite
® Diorite
o T ¢ o
1
= ® .
% i
g = *; .®
g » TS
= TR
2 - )
[ ]
1 —T—T T — T —
1 2 3 4 5 6 7 8 9

Porosity(%)

Figure 5. Relationship between borehole thermal conductivity and porosity in the research area.

The temperature of the rock samples was corrected, and the thermal conductivity after
correction was shown in the figure and table. The corrected thermal conductivity ranges
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from 1.27 to 3.75 W/(mK), among which the granite thermal conductivity ranges from
2.29 to 3.75 W/(mK), with an average of 2.72 W/(mK). The moderately weathered biotic
monzonite granite thermal conductivity ranges from 1.47-3.02 W/(mK), with an average of
1.69 W/ (mK). The thermal conductivity of diorite ranges from 1.27 to 2.72 W/(mK), with
an average of 1.99 W/(mK). The thermal conductivity of each lithology increases as the

depth increases, and decreases as the temperature increases, with an average decrease rate
of 5.04% (Figure 6).
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Figure 6. Thermal conductivity vertical distribution.

4.3. Heat-Generation-Rate Characteristics

For the samples of all three radio-genetic elements analyzed (Table 2), the ternary
diagram of Th-U-K relative to their respective heat production constants shows that Th
and U are the main heat-producing elements of the Baocheng rock mass. For granites
with a low weathering degree, the heat-generation rate varies from 2.24 to 4.07 pW/m?3,
with an average of 3.16 kW /m?. This contribution to the heat-generation rate is 51.2 to
60.8%, which is dominant, followed by U contributing 33.17 to 43.14%. K’s contribution
is negligible.

The heat-generation rate of medium-weathered granite ranges from 2.29 to 4.43 uW/m?,
2.86 uW/m3 on average. The contribution of U to the heat-generation rate increases
gradually, with the heat-generation rate from 37.28 to 63.35%. The contribution of Th is
30.59 to 55.04%, and the contribution of K is negligible. All of these show that granite heat
generation is driven by Th (Figure 7).

The heat-generation rate of diorite is low, 0.64-0.98 uW/ m?3. The contribution of U, Th,
and K to the heat-generation rate is 38.41-43.51%, 30.16-51.33%, and 10.26-26.33%, respectively.

The heat-generation rate of the granite in a geothermal reservoir in the research area
is slightly higher than that of the world-wide average rate of 2.5 uW/m?3 [38]. Using
magnetotelluric sounding technology, the depth of the Baocheng rock body can be up to
8 km [39], so the heat-generation rate of granite bodies above the 8 km point is represented
by less weathered biotite diorite granite.
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Figure 7. Th-U-K ternary diagram.

For the heat-generation rate of rock mass below the 8 km point, through the collected
seismic P-wave velocity Vp data in the research area, the heat-generation rate of each rock
layer deep in the crust is calculated as shown in the table. It can be seen that the value of
the rock heat-generation rate decreases as the depth increases (Table 3).

Table 3. Heat produced by the decay of radioactive elements of different depths in the research area.

Depth (km) Vp A
0 4.771 30.798
5 5.463 4.625
10 5921 1.318
15 6.385 0.369

20 6.708 0.153
30 7.101 0.052
40 7.255 0.034
60 7.787 0.008
80 7.928 0.005
100 7.747 0.009
120 7.737 0.009
150 7.779 0.008

4.4. Heat-Flow Calculation

The heat-flow value was calculated from the borehole data of the Nanping geothermal
field. After the borehole bore through the sedimentary cover (7 m), it entered the granite
body, and the lithology is mainly biotite monzonite granite. The average thermal conductiv-
ity (2.72 W/(mK)) of biotite monzonitic granite of the low weathering degree was selected
as the representative for calculation.

The calculation results are shown in Table 4. The hot water upwelling rates of ZK4 and
ZK5 boreholes in the Nanping geothermal field are 9.56 x 1078 m/sand 4.2 x 1078 m/s,
respectively. The surface flux is 89-92.9 mW/m?.



Energies 2024, 17, 4824 12 of 17
Table 4. Heat flux of geothermal well in the study area.
Location  ID Y antion” e vz K Q
ng (m/s) W/(m-K) (mW/m?)
(m) Q)
7K1 0-121 30.6-83.6 9.56 x 1078 2.72 89
Nanping
ZK5 67-634 47.86-67.06 42 x 1078 2.72 92.9
19-160 34-44.2 58 x 108 1.99 96.23
Qixianling ZK11 160-464 70.5-95.6 1.3 x 108 1.99 96.61 99.23
464-532 95.6-99.3 1.99 108.27

The hot water upwelling rate of the ZK11 borehole in the Qixianling geothermal field
is 5.8 X 1078 m/s in the upper section and 1.3 x 1078 m/s in the middle section. The
calculated heat-flow value is 96.23 mW/m? in the upper section and 96.61 mW/m? in the
middle section. The lower section adopts the calculation method of the conduction heat-
flow value, and the heat-flow value is 108.27 mW /m?. By using the thickness-weighted
average method, the surface flux of the borehole is 99.23 mW/ m2. In conclusion, the
Baocheng rock mass area has a high heat-flow background.

5. Discussion
5.1. Heat-Flow Composition Analysis

The crustal structure can be stratified according to the important Vp velocity inter-
face [40], with Vp = 6.0 km/s, 6.2 km/s, and 6.7 km/s as the interfaces of the upper crust
top, upper crust bottom, and middle crust bottom, respectively (Editorial Committee of
Geoscience Section, China Earthquake Administration, 1992).

Using the Moho depth map of the whole country and geophysical prospecting re-
sults [17], we can conclude that the thickness of the Baocheng rock mass is 8 km, and below
the 8km point, there is metamorphic batholith with a thickness of 3 km, followed by upper
crust with a thickness of 3 ki, middle crust with a thickness of 6 km, and lower crust
with a thickness of 14 km [17]. In this study, the average measured data are taken as the
heat-generation rate of the Baocheng rock mass, and the Vp-A relationship is used for that
below the Baocheng rock mass to obtain the heat-generation rate of the corresponding
layer. In the calculation process, the seismic wave velocity at the depth of 8 km is not
measured, so the wave velocity curves of the upper and lower sections are used to find
the corresponding values. The average value of the two ends of each section is used to
represent the heat-generation rate of each section for those below 8 km.

The heat energy generated by radioactive elements in each layer is calculated sepa-
rately. The results show that the heat energy generated by the decay of radioactive elements
in the crust below the Moho surface (0-34 km) in the research area is 35.44 mW /m?; that
is, the crustal heat flow is 35.44 mW /m?. Since systematic measurements of terrestrial
heat flow have not been conducted in the research area, the average value of heat flow
in Southern Hainan is 73.17 mW/m? as the heat-flow background and the conduction
component of geothermal flux in this area, which mainly consists of crustal heat flow
and mantle heat flow [20,41]. The mantle heat flow in this area can be estimated to be
37.73 mW/m?. It is further estimated that the ratio of heat flow between the inner crust
and mantle is 1:1.07, and there is little difference between the crustal source heat flow and
the mantle heat flow, which can be approximately regarded as the “crust and mantle heat
source equilibrium zone”.

Concluding the above analysis, the surface heat flux of 89-99.23 mW/m? in the
distribution area of the Baocheng rock mass in Hainan is composed of three parts of heat:
the convective component of 15.83-26.06 mW/m?, the heat generated by the decay of
radioactive elements in the crust of 35.44 mW/m?, and the heat flow in the deep mantle of
37.73 mW/m?. The heat carried by the deep water during the upwelling process accounts
for 17.8-26.26% of the total surface heat flux (Figure 8).
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Figure 8. Conceptual model of lithospheric thermal structure in the research area.

5.2. The Thickness of Thermal Lithosphere

The lithosphere, including the crust and upper mantle, is a rigid layer floating on the
partially molten mantle asthenosphere, while the thermal lithosphere refers to the rock
layer defined by geothermal methods. Heat flow is transferred by heat conduction in the
upper part of the thermal lithosphere and by heat convection in the lower part [42]. In
the studies of the lithosphere, the thickness of the thermal lithosphere is an important
parameter to characterize the thermal structure of the lithosphere, reflecting the thermal
action of the lithosphere in terms of time scale. It has scientific significance for the study
of geological tectonic action, mantle material upwelling, volcanic origin, and its dynamic
mechanism in volcanic regions [39].

Lachenbruch (1970) proposed that the solid phase line of mantle material can be ap-
proximated by the dry basalt solid phase line (BDS) [8]. Rudnick et al. (1998) proposed that
the depth corresponding to the intersection point of the geothermal curve and BDS equals
the thickness of the thermal lithosphere [43]. Artemieva and Mooney (2001) put forward
that there exists a boundary layer in the contact zone between the thermal lithosphere and
its lower layer, which has the properties of heat conduction and convection, and proposed
two adiabat, which serve as the upper and lower limit of the interface temperature of the
thermal lithosphere, whose depth range corresponding to the intersection point of the
geothermal curve is the depth range of the thermal lithosphere [44].

Upper limit: T7 = 1200 °C + 0.5(°C/km) x Z(km)

Lower limit: T, = 1300 °C + 0.4(°C/km) x Z(km)

Due to objective reasons, the temperature data from the deep crust to the mantle
cannot be measured and collected. The vertical distribution curve of the temperature in the
crust and upper mantle can be deduced by the one-dimensional heat-conduction formula.

In the formula, T refers to the temperature (°C) of the constant temperature zone,
which, in the calculation, is the annual average temperature of the research area 24.5 °C. Qg
refers to heat flow (mW/m?). Z is the depth (km), A is the heat-generation rate (WW /m?),
and A is the thermal conductivity of the calculation section, expressed in W/(mk). Based
on the measured results in this paper and the previous research data, it is necessary to
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consider the influence of temperature on the thermal conductivity of unsampled rocks in
the upper crust and middle crust of the lithosphere; that is, A(T,Z) = Ag/(1 + «T). In this
formula, « is the temperature-effect parameter, 1 x 1072 °C~1. A of the upper crust is 2.9
W/(m-K), and that of the middle crust is 2.3 W/(m-K). The thermal conductivity of the
lower crust and mantle rocks of the lithosphere can be taken as a constant 2.5 in the study
without considering the influence of temperature [45] (Table 5).

Table 5. Stratified structure and thermophysical properties of lithosphere in Nanping geothermal
field.

Heat Flux Lithology Heat Conductivity
(mW/m?) (km) (W/m-K)

Baocheng granite body 0-8 2.72
Metamorphic batholith 8-11 2.9
7317 Upper crust 11-14 2.9
Middle crust 14-20 23
Lower crust 20-34 2.5
Mantle >34 2.5

The calculated shallow Earth temperature curve is quite in line with the temperature
obtained through boreholes, and the temperature reaches 150 °C at the depth of 5 km in hot
water circulation, which is consistent with the calculated heat reservoir temperature. The
inner temperature of the granite is 585 °C at the depth of 22 km, which is consistent with
the conclusion of the inner depth (22-23 km) in the Nanping area [46]. The temperature at
the Moho surface at a depth of 30 km is 787 °C, which is consistent with the conclusion
calculated by Tang (2018) that the temperature at the Moho surface in South China is
600-800 °C [47].

According to the above temperature and adiabatic curves, the thickness range of the
thermal lithosphere in the research area is 42-46 km (Figure 9). It belongs to the region with
a thin thickness of thermal lithosphere and high temperature of the Moho surface, which
indicates that this area is subjected to strong mantle heat action and crustal extension and
thinning on the oceanic side. There is little difference between the thickness of the “thermal”
lithosphere and that of the seismic lithosphere, which may indicate that the thickness of
the rheological boundary layer in this area is small [47].

Temperature(°C)
200 600 1000 1400
1 1 1 1

104

Curie isotherm

Mantle adiabatic

307

Depth(km)

40—

50

Figure 9. Thermal lithospheric thickness in the research area.
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6. Conclusions

(1) The test analysis reveals that the thermal conductivity of the Baocheng rock mass in
Nanping exhibits an increasing trend with depth while gradually decreasing with
higher degrees of weathering. The thermal conductivity values for lower weath-
ered biotite granites range from 2.29 to 3.75 W/(m-K), with an average value of
2.72 W/(m-K), and that of moderately weathered biotite granites ranges from 1.47 to
3.02 W/(m-K), with an average value of 1.69 W/(m-K).

(2) Borehole temperature measurements indicate that hot water migration in this area is
significantly influenced by convection processes. By applying groundwater correc-
tion, the surface heat flux is calculated to be 89-99.23 mW /m?, reflecting the good
geothermal geological background in this region.

(3) Based on the measured rock mass heat-generation rates and calculations using seismic
wave velocity, the distribution pattern of heat flow across different layers within the re-
search area can be determined. The surface heat flux includes both conduction dissipa-
tion (73.17 mW/m?) and convective transport by groundwater (15.83-26.06 mW /m?).
Groundwater convection contributes approximately 17.8-26.26% to the total heat flow
in this area. In the conduction heat, the crustal and mantle heat flows have a division
ratio close to 1:1.07. The thermal structure of the lithosphere belongs to the crust and
mantle heat-source equilibrium zone.

(4) The thickness of the hot lithosphere is only 42-46 km, and a Moho surface temperature
reaches as high as 787 °C. This suggests a strong influence from mantle heating action,
along with crustal extension and thinning toward the ocean.
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