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Jinggangshan City, which is located in the southwestern part of Jiangxi Province, is rich in
hot springs. However, lack of geothermal studies has limited the exploration and utilization
of the geothermal resources in this city. This study estimated the terrestrial heat flow in
Jinggangshan City through well logging and analyses of rock thermal conductivity and heat
production. Based on this and the surrounding geoscience transect and the Crust 1.0
model, this study constructed a one-dimensional lithospheric thermal structure by solving
the steady-state heat conduction equation. Furthermore, the deep temperature
distribution in Jinggangshan City was obtained to better understand the geodynamic
condition of the geothermal resources in this city. The results show that the heat flow in this
city is around 83.52 mW/m2, indicating the high heat background for the formation of
geothermal resources. According to the lithospheric thermal structure of Jinggangshan
City, the mantle contributes more to the terrestrial heat flow (qm/qc > 1) than the crust. The
temperature of the Mohorovicic discontinuity (the Moho) is 671.7°C, which is consistent
with that below the Tanlu deep fault (620–690°C). Moreover, the calculated depth of the
Curie surface (585°C) is 27 km, which is consistent with the Curie isotherm depth
estimated from aeromagnetic data. This consistency verifies the validity of the
lithospheric thermal structure of Jinggangshan City constructed in this study. In
summary, the high heat background plays an important role in the formation of
geothermal resources in Jinggangshan City.
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1 INTRODUCTION

Lithospheric thermal structure plays a significant role in the potential assessment and
exploration of geothermal energy (Sclater et al., 1980; Davies and Davies, 2010; Liu et al.,
2016; Li et al., 2017). It integrates information on crustal and mantle heat flow, ground
temperature distribution, and thermal conductivity and heat productivity of rocks (Liu et al.,
2017; Zhang et al., 2018). Terrestrial heat flow density (also referred to as heat flow) is a key
parameter used to constrain the lithospheric thermal structure (Jaupart and Mareschal, 2015;
Jiang et al., 2019; Prol-Ledesma and Moran-Zenteno, 2019). It is the heat flux per unit time per
unit area flowing from the interior to the surface of the Earth (unit: mW/m2 (Furlong and
Chapman, 2013; Wang et al., 2015) and comprises crustal and mantle heat flow (Jaupart and
Mareschal, 2015; Liu et al., 2021).
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Jiangxi Province, which lies in the geothermal district of
Southeast China, is rich in hot springs ((Zhu and Zhu, 1992).
The geothermal resources in this province are predominantly
controlled by faults and have middle–low temperatures (Xiao
et al., 2018; Li, 2019). Since heat flow distribution is closely related
to geological structures, previous heat flow values in Jiangxi
Province were discussed based on the tectonic setting (Hu
et al., 1992; Li et al., 1992; Jiang et al., 2019). For example, the
heat flow in deep structural variation zones has a high average of
71.9 (n = 14) mW/m2, whereas that in uplifts of the upper mantle
has a similar average of 70.2 mW/m2 but a relatively wide range of
56.4–98.8 mW/m2, and that in depressions of the upper mantle
(only that in Xiushui, northeastern Jiangxi Province has been
measured) is 57.8 mW/m2 (Figure 1). Therefore, deep structural
variation zones have the highest heat flow background, with an
average of 71.9 mW/m2, which is higher than that of continental
China (60.4 ± 12.3 mW/m2 (Jiang et al., 2019)). On the other
hand, the geothermal resources in Jiangxi Province, which mostly
consists of uplifts and mountains, are predominantly controlled
by the distribution of the NE–NNE-trending faults (Zhang, 2017;
Li, 2019). The southeastern part of Jinggangshan City is
intersected by the Huang’ao Fault—a deep NE-trending fault
(Figure 2). Although Jinggangshan City in southwestern Jiangxi
Province is located in the depression of the upper mantle, its
location in an NE deep fault indicates high potential of high heat

flow background (Li et al., 1992). Thus, the southeastern part of
Jinggangshan City has great potential for the formation of
geothermal resources (Zhu, 2007; Yang et al., 2018).
Furthermore, Huang’ao Fault in Jinggangshan City belongs to
Tanlu (Tancheng-Lujiang) deep fault (>3,000 km), extending NE
along eastern China (Lin, 1992). The Tanlu fault, which
experienced multistage deformation events since the Mesozoic,
is inferred to be a channel for the percolation of melt and fluid
and controls the lithosphere evolution in eastern China (Deng
et al., 2013). As exhibited in Figure 2, massive Yanshanian granite
(Mesozoic) is distributed along the Huangao fault in the southern
part of Jinggangshan City (Fan et al., 2014). The study of the
lithospheric thermal structure in Jinggangshan City, therefore,
shed light on the heat flow anomaly led by Tanlu fault and its
impact on the formation of geothermal resource.

This study focuses on Huang’ao and Qutan villages in the
southeastern part of Jinggangshan City. The heat flow in the
study area was acquired through well temperature logging and
analyses of rock thermal properties and heat generation rates.
Furthermore, by combining the geophysical studies of
surrounding areas, the crustal thermal structure of
Jinggangshan City was analyzed. The results provide
insights into the genesis of the geothermal resources and
have important implications for geothermal exploration in
Jiangxi Province.

FIGURE 1 | Terrestrial heat flow distribution and geotectonic map of Jiangxi Province (modified after Li et al. (1992) and Shen et al. (2009)).
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2 GEOLOGICAL SETTING

Jinggangshan City is located in the middle part of the Caledonian
South China orogenic belt bordering the Neoproterozoic
Jiangnan Orogenic Belt (Figure 1; Shen et al. (2009)). As
shown in Figure 2, Huang’ao and Qutan villages, which are
situated in the southeastern part of Jinggangshan City, are
intersected by the regional deep Huang’ao fault (Fan et al.,
2014; Liu et al., 2018). The Huang’ao deep fault is an NE-
trending (~45°C) compressional fault with a dip angle of 60°.
Its width decreases from the southwest (Qutan village) to the
northeast (Huang’ao village), as shown in Figure 2. Several types
of alteration have extensively developed in this fault zone,
including siliconization, schistosity, mylonitization, and
brecciation. The Huang’ao deep fault is a geological boundary
between the granites on its west side and the metamorphic rocks
on its east side. The granites comprise Caledonian and
Yanshanian granites (Figure 1). The Caledonian granites are
grayish-white, medium-to-fine-grained equigranular biotite
granites, containing quartz (~35 vo1%), plagioclase (~30 vol
%), alkali feldspar (~25 vo1%), and biotite (~5 vol%). The
Yanshanian granites are grayish-white, fine-grained,
equigranular two-mica granites with a mineral composition
similar to that of the Caledonian granites. The strata in the
study area are dominated by Precambrian and Ordovician
metamorphic rocks, which are subjected to strong folding
(Zhu, 2007; Yang et al., 2018). The Precambrian strata mainly
consist of the Niujiaohe (Є1n), Gaotan (Є2g), and Shuishi (Є3s)
formations. The Niujiaohe formation comprises feldspar–quartz

sandy slates, metamorphic sandstones, lamellate silicalites, and
organic carbon-bearing phyllites. The Gaotan formation
comprisesmedium-to-fine-grained sandy slates and
carbonaceous phyllites. The Shuishi formation mostly
comprises interbeds consisting of metamorphic
feldspar–quartz slates and metamorphic sandstones, with some
lenticular limestones at the top. Ordovician strata include the
Jueshangou, Qixiling, and Shikou formations. The Jueshangou
formation comprises metamorphosed (sandy-silt) slates, the
Qixiling formation consists of sericite-slate and
feldspar–quartz sandstones, and the Shikou formation includes
metamorphic slates and sandstones.

3 METHODS

3.1 Measurement of the Terrestrial Heat
Flow
Instead of direct measurement, the surface terrestrial heat flow
was calculated by multiplying the geothermal gradient by the
thermal conductivity of corresponding rocks (Jaupart and
Mareschal, 2015; Wang et al., 2015).

3.1.1 Temperature Measurement of Well
The temperature of well JGS-ZK02 was measured using the
well logging system (PSJ-2) equipped with a well temperature
probe PS2512, which has a measurement range of 0–65°C and
an accuracy of 0.1°C. The temperature was measured
according to the Chinese industrial standard DZ/T0080-

FIGURE 2 | Schematic geological map of Jinggangshan area and distribution of sampling locations.
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2010 Coal Geophysical Logging Specification. To ensure that
the well temperature was in a (quasi-) steady state, the well
temperature was repeatedly logged at a time interval of 12 h
after its deviation was less than 0.5°C following the completion
of drilling.

The temperature measurement of wells in Qutan and
Huang’ao villages was carried out using WD-016A-embedded
sensors and TD-016C data acquisition instruments.
The embedded sensors have a temperature measurement range
of -50–100°C and an accuracy of 0.1°C at 0–80 and 0.5°C at
50–0°C and 81–125°C. These temperature sensors (diameter:
11 mm) were implanted into a PVC cable (diameter: 12 mm)
at an interval of 5 m (distance 0–50 m) or 10 m (>50 m).

3.1.2 Thermal Conductivity
Thermal conductivity (unit: W/(mK)) is a measure of a given
material’s ability to transfer heat, representing the transferred
heat per unit area at per unit time when the temperature
gradient is 1°C per unit length (Wang et al., 2015). The
thermal conductivities of the rock samples were measured
using thermal conductivity scanning (TCS) in the East China
University of Technology, with a measurement range of
0.2–25 W/(mK) and an accuracy of 3%.

Anand et al. (1973) suggested that thermal conductivity would
increase with a decrease in temperature. The temperature at the
burial depth of rocks before sampling was probably different from
room temperature (25°C), at which the thermal conductivity was
measured. Therefore, the measured thermal conductivity at room
temperature should be corrected according to the in situ
temperature.

Regarding exposed rocks or rocks buried at a relatively shallow
depth that could be obtained by drilling, the measured
temperatures should be corrected according to their in situ
temperature using the following empirical formulas (Sass
et al., 1992):

K(0) � K(25)(1.007 + 25(0.0037 − 0.0074
K(25) )), (1)

K(T) � K(0)
(1.007 + T(0.0036−0.0072k(0) )), (2)

where T denotes the in situ temperature of rock samples and K
(0), K (25), and K(T) denote the thermal conductivity values of
rock samples at 0°C, 25°C, and the in situ temperature,
respectively.

For the rocks buried at a depth that could not be acquired
through drilling, their thermal conductivity was corrected using
the following formula (Cermak et al., 1990; Zang et al., 2002; Xu
et al., 2011):

K � k0p(1 + cz)
(1 + bpT) , (3)

where k0 is the thermal conductivity at the top surface of each
rock stratum; c is 0.0015; z is the depth of each rock stratum; and b
is 0.0015, 0.0001, and 0.0001 for the upper, middle, and lower
crust, respectively.

3.2 Lithospheric Thermal Structure
3.2.1 Lithospheric Thermal Structure
The crust is generally divided into four layers: a sedimentary
layer, and an upper, middle, and lower crust. Its lower
boundary—the Moho—is the contact surface between the
lower crust and the mantle.

As the primary seismic wave (P wave, Vp) is distinct in each
layer due to different geophysical characteristics, the distribution
ofVp in the crust provides evidence of the contact surface between
adjacent crust layers and crust structure. In the case where no
geophysical analysis of an area has been conducted, the model of
Crust 1.0 (Laske et al., 2013) is effective in establishing the crust
structure in the area (Liu et al., 2021). Crust 1.0 is a global crustal
model specified on a 1 × 1 degree grid and can be used for
compiling global artificial seismic data. It provides the crustal
structure and related parameters of each crust layer, such as Vp,
density and boundary depths.

Since no geophysical study has been carried out in
Jinggangshan City, Crust 1.0 is an effective tool for
establishing the crust structure of the city. Nevertheless, the
Crust 1.0 model has low resolution. To better constrain the
crust structure, the geophysical information from a
surrounding geoscience transect was collected. The geoscience
transect from Menyuan in Qinghang Province to Ningde in
Fujian Province (perpendicular distance: ~340 km) is similar
to that of Jinggangshan City (Editorial Committee of
Geoscience Transect, 1994; Wang et al., 1995). Though this
geoscience transect is a little far away from the study area, it
provides more accurate geophysical information.

3.2.2 Vertical Distribution of Heat Flow
The surface heat flow (q0), which is calculated according to the
thermal gradient and thermal conductivity (as mentioned in
Section 3.1), consists of the crustal heat flow (qc) and mantle
heat flow (qm).

The crustal heat flow is the sum of the radioactive heat
generated by the heat production elements in the crust (U, Th,
and K). The layer-stripping method is usually used to
quantitatively estimate the radioactive heat generated in each
crust layer and the whole crustal heat flow. The calculation
formulas are as follows:

qi � Di · Ai, (4)
qc � ∑ qi, (5)

where qi is the radioactive heat flow in each crust layer; Di is the
thickness of each crust layer; Ai is the heat production rate of each
crust layer; and qc is the crustal heat flow.

The heat production rate (A) is traditionally calculated based
on the U, Th, and K concentrations of representative rock
samples using the following formula (Rybach and Buntebarth,
1981; Artemieva et al., 2017):

A � ρ(0.0952CU + 0.0348CK + 0.0256CTh), (6)
where A is the heat production rate (μW/m3); ρ is rock density (g/
cm3); and CU (ppm), CK (ppm), and CTh (ppm) are the
concentrations of U, Th, and K, respectively.
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The U, Th, and K contents of rock samples were determined
by the Changsha Uranium Geology Research Institute. The K
content was measured using a flame atomic absorption
spectrophotometer, with a lower detection limit of 0.17%, and
the U and Th contents were analyzed using the LA-ICP-MS
method, with lower detection limits of 0.003 ug/g and 0.8 ug/g,
respectively.

However, this method is not suitable for rocks at depths that
are difficult to acquire through drilling. The heat production rate

of these rocks can be estimated based on the functional
relationship between Vp and Ai (Rybach and Buntebarth, 1984):

LnA � 13.7 − 2.17VP, (7)
where A is the heat production rate (μW/m3) and Vp is the
primary seismic wave (P wave). In this formula, the in situ seismic
velocities should be corrected according to laboratory conditions
(100 MPa, room temperature) using the method proposed by
Rybach and Buntebarth (1984).

FIGURE 3 | Temperature–depth profiles for the wells in Huang’ao and Qutan villages.
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The surface heat flow (q0) minus the crustal heat flow (qi) is the
mantle heat flow (qm). The mantle heat flow and the qi/qm ratio
are important for understanding deep geodynamic processes
(Wang et al., 2015; Zhang et al., 2018).

3.2.3 Deep Temperature Distribution
Well logging can be used to directly measure the temperature of
shallow strata that can be unearthed by boreholes. By contrast, the
temperature of deep strata should be calculated using the
following one-dimensional steady-state heat conduction
formula (Lachenbruch, 1970; Liu et al., 2021):

TZ � T0 + q ·D/k − A.D2/(2.k), (8)
where Tz (°C) is the temperature at depth z (m); T0 and q are the
temperature and heat flow (mW/m2) at the top of each crust layer,
respectively; and D, k (W/(mK)), and A are the thickness (km),
thermal conductivity (µW·m−3), and heat production rate of each
crust layer, respectively.

4 RESULTS AND DISCUSSION

4.1 Terrestrial Heat Flow
4.1.1 Temperature Measurement and Geothermal
Gradient
Temperature logging has been conducted for wells JGSDW-B006
and JGS-ZK02 in Huang’ao village and wells JGSDW-B002 and
JGSDW-B004 in Qutan village (Table 1). The results are shown
in Figure 2. Data fitting was completed using the linear least-
squares regression method. The slope of the fitting line was
numerically equal to the corresponding temperature gradient
(Figure 3 and Table 2). Well JGSDW-B006 had the highest
thermal gradient of 26°C·km−1, while well JGS-ZK02 had the
lowest thermal gradient of 7.3°C·km−1. The geothermal gradients
of the two wells in Qutan village were 9.3°C·km−1 and
13.1°C·km−1.

4.1.2 Thermal Conductivity
Five rock samples were collected in total to analyze thermal
conductivity. These samples consisted of granites, metamorphic
sandstones, slates, limestones, and quartz sandstones (Figure 3).

As shown in Table 3, the metamorphic sandstones had the
highest thermal conductivity of 2.75–3.53W/(mK) (average:
3.79W/(mK)). Compared with metamorphic sandstones, the
thermal conductivity of the Caledonian granites had a similar
average of 3.42W/(mK) but a relatively wider range of
2.06–5.15W/(mK). The Yanshanian granites had the lowest
thermal conductivity, with an average of 2.68W/(mK). The
limestones, sandstones, and slates had approximate thermal
conductivity, with an average of 2.77 W/(mK), 2.86W/(mK),
and 2.72W/(mK), respectively.

4.1.3 Surface Heat Flow
The heat flow was calculated based on the thermal gradient and
thermal conductivity of the representative rocks (Table 4).

As presented in Figure 3 and Table 4, the strata at valid depths
of 0–190 m mainly consisted of metamorphic sandstones and
slates, whose corrected thermal conductivity determined using
formulas (1) and (2) was 3.8 W/(mK) and 2.73W/(mK),
respectively. By combining their thicknesses, their weighted
thermal conductivity was estimated to be 3.57 W/(mK). The
surface heat flow of well JGSDW-B006, which equaled the
product of the geothermal gradient (26°C·km−1) and the
weighted thermal conductivity, was calculated to be
83.52 mW/m2. This surface heat flow is much higher than the

TABLE 1 | Temperature logging of geothermal wells in the study area.

JGSDW-
B006

JGS-ZK02 JGSDW-
B002

JGSDW-
B004

D T D T D T D T D T

0 18.9 0 32.2 260 33.8 0 36.0 0 41.7
10 19.2 10 32.2 270 33.9 10 36.2 10 41.7
20 19.3 20 32.3 280 34 20 36.3 20 41.8
30 19.6 30 32.4 290 34 30 36.3 30 42.0
40 20 40 32.4 300 34.1 40 36.5 40 42.2
50 20.3 50 32.5 310 34.2 50 36.5 50 42.3
60 20.8 60 32.6 320 34.3 60 36.5 60 42.3
70 21.5 70 32.6 330 34.4 70 36.7 70 42.4
80 20.8 80 32.7 340 34.5 80 36.8 80 42.4
90 21.5 90 32.7 350 34.5 90 37.1 90 42.7
100 21.6 100 32.8 360 34.6 100 37.0 100 42.7
110 22 110 32.8 370 34.7 110 37.4 110 42.9
120 22.3 120 32.9 380 34.8 120 37.6 120 43.1
130 22.6 130 32.9 390 34.9 130 37.6 130 43.0
140 22.8 140 33 400 34.9 140 37.8 140 43.0
150 23.1 150 33.1 410 35 150 38.0 150 43.2
160 22.8 160 33.1 420 35.1 160 38.2 160 43.2
170 23.4 170 33.2 430 35.2 170 38.2 170 43.4
180 23.6 180 33.2 440 35.3 180 38.3 180 43.4
190 24.1 190 33.3 450 35.4 190 38.5 190 43.5
— — 200 33.4 460 35.5 200 38.7 200 43.5
— — 210 33.5 470 35.6 210 38.8 210 43.6
— — 220 33.5 480 35.7 220 39.0 220 43.8
— — 230 33.6 490 35.8 230 39.2 230 43.8
— — 240 33.7 500 36 240 39.1 240 44.0
— — 250 33.7 — — 250 39.1 — —

— — — — — — 260 39.4 — —

— — — — — — 270 39.5 — —

— — — — — — 280 39.6 — —

— — — — — — 290 39.7 — —

— — — — — — 300 39.8 — —

— — — — — — 310 40.0 — —

— — — — — — 320 40.1 — —

— — — — — — 330 40.2 — —

— — — — — — 340 40.3 — —

Note: D denotes the depth of each well (unit: m) and T denotes the measured
temperature (unit °C).

TABLE 2 | Geothermal gradients and their depth ranges of temperature
measurement.

Area Well D (m) GG (°C·km−1) DRT (m)

Huang’ao Country JGSDW-B006 451.5 26 0–190

Qutan Country JGS-ZK02 500 7.3 0–500
JGSDW-B002 446 13.1 0–350
JGSDW-B004 450 9.3 0–250

Note: D denotes well depth; GG denotes the geothermal gradient of a well; and DRT
denotes the depth range of temperature measurement.
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average heat flow (60.4 ± 12.3 mW/m2) of continental China.
This finding indicates a high geothermal background in the study
area, which is genetically associated to the formation of
geothermal resources. In addition, the surface heat flow of
wells JGSDW-B002, JGSDW-B004, and JGS-ZK02 was all low
(24.9–35.1 mW/m2), which was attributable to the disturbance of
vertical water movement (Fan et al., 2014; Wang et al., 2015).

The surface heat flow value of well JGSDW-B006
(83.52 mW/m2) is plotted in Figure 1, with the others in
Jiangxi province. As shown in Figure 1, Jinggangshan City is
located in the depression of the upper mantle where the heat
flow background is expected to be low; however, the measured

heat flow value (83.52 mW/m2) there ranks second in all the
measured values in Jiangxi Province. It is suggested that
Huang’ao deep fault (NE trending) plays a key role in
the high heat flow background. This deep fault is
probably a channel of heat transfer from the heat source at
a depth.

4.2 Crustal and Mantle Heat Flow
4.2.1 Boundaries of the Lithospheric Thermal
Structure
The geoscience transect from the Menyuan area in Qinghai
Province to the Ningde area in Fujian Province is shown in

TABLE 3 | Heat conductivity of rocks in the study area.

Sample Era Lithology Area Longitude Latitude Heat
Conductivity

Density Average N

JGSDZ-B010 Ordovician Meta sandstone Huang’ao 114°15 26°31′ 3.44 2.78 3.24 3
JGSDZ-B029 Meta sandstone Longshi Town 114°06 26°46′ 3.53 3.08
PCS-8 Meta sandstone Nashan 114°13′ 26°39′ 2.75 3.25

QT-1 Yanshanian Granite Huang’ao 114°11 26°25′ 2.66 2.82 2.68 4
QT-2 Granite Huang’ao 114°11 26°25′ 2.62 3.5
YY4 Granite Huang’ao 114°12′ 26°28′ 2.55 2.57
dz002 Granite Nashan 114°10′ 26°38′ 2.9 2.7

JGSDZ-B016 Caledonian Granite Huang’ao 114°12′ 26°28′ 3.57 2.67 3.42 8
dz003-1 Granite Longshi Town 114°00′ 26°39′ 3.56 2.66
dz003-2 Granite Longshi Town 114°00′ 26°39′ 4.74 2.67
JGSDZ-B033 Granite Longshi Town 114°05′ 26°44 3.55 2.7
JGSDZ-B036 Granite Longshi Town 114°04′ 26°43′ 2.26 3.11
JGSDZ-B042 Granite Longshi Town 114°03′ 26°45′ 2.45 2.62
JGSDZ-C017 Granite Longshi Town 114°05′ 26°40′ 5.15 2.68
JGSDZ-C019 Granite Longshi Town 114°08′ 26°41′ 2.06 2.97

PCS-4 Devonian Limestone Nashan 114°14′ 26°39′ 2.81 3.43 2.77 4
PCS-6 Limestone Nashan 114°14′ 26°39′ 2.81 2.77
PCS-7 Limestone Nashan 114°14′ 26°39′ 2.7 2.6
PCS-1 Limestone Nashan 114°14′ 26°39′ 2.78 3.28

PCS-3 Ordovician Metamorphic slate Nashan 114°14′ 26°39′ 2.81 2.94 2.72 2
R-5 Metamorphic slate Reshuizhou 114°12′ 26°26′ 2.63 2.56

JGSDZ-B020 Devonian Sandstone Nashan 114°17′ 26°42′ 2.48 2.4 2.86 4
JGSDZ-B021 Sandstone Nashan 114°17′ 26°42′ 2.41 2.41
JGSDZ-B025 Sandstone Nashan 114°10′ 26°36′ 2.99 2.67
JGSDZ-B026 Sandstone Nashan 114°10′ 26°35′ 3.54 3.01

Note: the units of heat conductivity and density areW/(mK) and g/cm3, respectively; average denotes the average of heat flux; and N denotes the number of heat flux values involved in the
calculation of the average.

TABLE 4 | Calculated heat flow of each well in the study area.

Area Well GG (°C·km−1) DRT (m) HC_C (W/(m·K)) Heat flow
(mW/m2)

Qutan JGSDW-B002 13.1 0–350 2.64 35.108
JGSDW-B004 9.3 0–250 2.63 24.924

Shijiao Country JGSDW-B006 26.6 0–190 3.14 83.52

Guangming Country JGS-ZK02 7.3 0–500 3.53 25.77

Note: GG denotes the geothermal gradient of a well; DRT denotes the depth range of temperature measurement; and HC_C denotes the corrected heat conductivity.
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Figure 4. Jinggangshan City is located to the east of the Tanlu
(Tancheng-Lujiang) deep fault, where the boundaries of the
upper and the middle crusts have blurred due to the strong
thrusting process (Editorial Committee of Geoscience
Transect C E a E, 1994; Wang et al., 1995). Therefore, the
crust was divided into a sedimentary layer and an
upper–middle and lower layer. Based on the distribution of
the Vp as shown in Figure 4, the depth of the interface between
the middle and lower crusts in the study area was determined
to be 20.97 km (Table 5). Similarly, the depth of the Moho was
31.97 km, and the lower boundary of the sedimentary layer
was 0.62 km.

Based on the Crust 1.0 model, the depth of the interface
between the middle and lower crusts was 22.06 km and the Moho
depth was 32.9 km. By averaging the results calculated based on
the Vp distribution and the Crust 1.0 model, the final depth of the
interface between the middle and lower crusts was 21.52 km and
the final depth of the Moho surface was 32.44 km (Table 7).

4.2.2 Layer-Stripping Calculation of Heat Flow
As mentioned in Section 3.2.2, the layer-stripping method can be
used to calculate the crustal andmantle heat flow. The three layers
of the crust (i.e., the sedimentary layer, the upper-middle crust,
and the lower crust) were further divided into several portions
according to the well logging (Figure 3) and the isolines of
P-wave velocity (Vp; Figure 4). The thickness (Di)

represents the vertical distance between the top and bottom
isolines of Vp.

For the sedimentary layer (thickness: 620 m), the well logging
of well JGSDW-B006 (depth: 500 m) showed that this layer
mainly consisted of slates and metamorphic sandstones (Fan
et al., 2014), with the former located at a depth of < 62 m and the
latter distributed at a depth of >62 m. Therefore, the sedimentary
layer was subdivided into a slate layer and a metamorphic
sandstone layer. The heat production rates (Ai) of these two
sublayers were obtained based on the U, Th, and K contents of
rock samples. Eleven samples were collected using a hammer to
analyze the thermal conductivity (Table 6). The average heat
production of the metamorphic slates and metamorphic
sandstones was 3.63 μW/m3 and 4.17 μW/m3, respectively.

Regarding the upper–middle crust and the lower crust, Vp-layer

was the average velocity of the top and bottom isolines of Vp

(Table 7). The heat flow on the top surface of each layer was
calculated using formulas (4), (5), and (7). It is noteworthy that the
Vp-layer of the middle and lower crust was corrected by multiplying
the correction factor of 1.01 according to the laboratory conditions
(Rybach and Buntebarth, 1984). The heat flow of the mantle and
crust was 45.63 mW/m2 and 37.89 mW/m2, respectively.
Therefore, the qc/qm ratio was less than 1 (0.83), suggesting a
hot-mantle–cold-crust type of lithospheric thermal structure. In
other words, the heat flow mainly originated from the heat
contribution of the mantle. Based on Table 7, a conceptual
model is constructed for the lithospheric thermal structure in
the study area (Figure 5). As shown in this model, the values
of heat flow and heat production rate in each layer could be easily
identified and their changes between each other. The heat
production and heat flow values in the upper–middle crust is
obviously higher than those of the lower crust. Their values have a
decreasing trend with increasing depth.

4.2.3 Deep Temperature Distribution
According to Fan et al. (2014), the constant temperature zone in
Jinggangshan City (depth: 20 m) has a temperature of 15°C. The

FIGURE 4 |Distribution of P-wave velocity in the geological transect fromMenyuan to Ningde Zuoyi (modified after the Editorial Committee of Geoscience Transect
C E a E, (1994); Wang et al. (1995); the location of the section line is defined in Figure 1).

TABLE 5 | Geothermal structure in Jinggangshan City.

Layer H (km) D (km)

Sedimentary layer −0.62 0.62
Upper–middle crust −20.97 20.35
Lower crust −31.97 11

Note:H is the depth from the bottom of each layer to the ground surface in Jinggangshan
City. The ground surface elevation is 330 m according to the logging of well JGSDW-
B006. D is the thickness of each layer.
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TABLE 6 | Heat production of rocks in the study area.

Sample Era Lithology Area Longitude Latitude U Th K Heat
flux

Average N

Dz001-1 Ordovician Meta sandstone Nashan 114°07′10.80″ 26°37′19.10″ 13.7 5.6 1.48 4.17 4.17 1
PCS-3 Ordovician Metamorphic

slate
Nashan 114°13′31.04″ 26°39′21.25″ 9.19 21.2 5.63 4.42 3.63 2

R-5 Metamorphic
slate

Reshuizhou 114°12′00.83″ 26°26′15.98″ 7.1 10.9 2.05 2.84

Note: the units of U, Th, K and heat flux are ppm, ppm,%, and μW/m3, respectively; average denotes the average value of heat flux; andN denotes the number of heat flux values involved in
the calculation of the average value.

TABLE 7 | Geoscience transect around the study area.

Layer N Z D K Vp-b Vp-layer Vp-c A Ai q Tz

— km km W/(m·K) m·s−1 m·s−1 m·s−1 μW/m3 mW/m2 mW/m2
—

Sedimentary layer CTZ −0.02 — — — — — — — 83.52 15
Slate 1 −0.062 0.042 2.73 — — — 3.63 0.15 83.37 16.3
Meta-sandstone 2 −0.62 0.56 3.8 5.8 — — 4.17 2.33 81.04 28.4

Upper–middle crust — 3 −8.51 7.89 2.77 6 5.9 5.96 2.16 17.02 64.02 234.5
— 4 −12.77 4.26 2.76 6.1 6.05 6.11 1.55 6.62 57.40 328.3
— 5 −17.23 4.46 2.76 6.2 6.15 6.21 1.25 5.56 51.84 416.7
— 6 −21.52 4.29 2.75 6.5 6.35 6.41 0.80 3.45 48.39 494.8

Lower crust — 7 −23.25 1.73 2.84 6.8 6.65 6.72 0.42 0.72 47.66 524.0
— 8 −25.64 2.39 2.86 6.9 6.85 6.92 0.27 0.64 47.02 563.6
— 9 −30.52 4.88 2.91 7 6.95 7.02 0.22 1.05 45.97 641.6
— 10 −32.44 1.92 2.93 7.1 7.05 7.12 0.17 0.33 45.63 671.7

Note: CTZ denotes the constant temperature zone; N denotes the sequence number of the layer; Z denotes the bottom depth of each layer; D denotes the thickness of each layer; K
denotes the thermal conductivity of each layer; Vp-b denotes the P-wave velocity at the bottom of each layer; Vp-layer denotes the P-wave velocity of each layer, numerically equal to the
average of vp values of the top and bottom of each layer; Vp-c denotes the corrected Vp (correction factor is 1.01) (Rybach and Buntebarth, 1984); A denotes the heat production rate of
each layer; Ai denotes the heat production of each layer; q denotes the heat flow at the bottom of each layer; and Tz denotes the temperature at depth Z.

FIGURE 5 | Conceptual model constructed for the lithospheric thermal structure in the study area.
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temperature below the constant temperature zone was thereby
calculated using formulas (1), (2), (3), and (8). As shown in
Table 7, the crust was divided into 10 layers to estimate the deep
temperature distribution. The calculated temperature of the
Moho was 671.7°C, which is consistent with the estimated
temperature of the Moho below the Tanlu deep fault
(620–690°C (He et al., 2006)).

The Curie temperature isotherm is the basal surface of the
magnetite crust consisting of magnetitic minerals and
corresponds to the temperature at which magnetic
minerals become paramagnetic (Xiong et al., 2016; Yu-fei
et al., 2021). Ilmenites and pyrrhotites lose their
ferromagnetism at a temperature of 300–350°C. The
demagnetized temperature of magnetite is 585°C (Ross
et al., 2006), while that of Co–Ni–Fe–bearing minerals is
up to 760–800°C. The Curie temperature isotherm is an
important parameter of the lithospheric thermal structure
since it can be used to estimate the temperature at a depth
(Mayhew, 1985; Ross et al., 2006; Yang, 2015). It is a
supplement to heat flow in constructing the lithospheric
thermal structure. The Curie point isotherm in China
(Xiong et al., 2016) shows that the Curie surface in the
study area is at a depth of 19–30 km. Based on the deep
temperature distribution of the lithospheric thermal structure
listed in Table 7, the Curie surface depth corresponding to the
demagnetized temperature of magnetite (585°C) was
estimated to be 27 km using the interpolation method. The
consistency of the Curie surface depth further dominates the
validity of the lithospheric thermal structure and deep
temperature distribution in Jinggangshan City.

5 CONCLUSION

This study is the first comprehensive investigation of the
lithospheric thermal structure in Jinggangshan City,
contributing to a better understanding of the genesis and
exploitation potential of the geothermal resources therein.
Based on the abovementioned analyses, the following
conclusions can be drawn:

1) The heat flow of Jinggangshan City is 83.52 mW/m2, which is
much higher than the average heat flow (60.4 ± 12.3 mW/m2)
of continental China. The high heat flow indicates a high
geothermal background in the study area.

2) As estimated from the lithospheric thermal structure of
Jinggangshan City, qc and qm are 37.89 mW/m2 and
45.63 mW/m2, respectively. Therefore, the qc/qm ratio is

less than 1, indicating that the terrestrial heat flow in
Jinggangshan City mainly originates from the mantle.

3) As shown in the deep temperature distribution calculated
using the one-dimensional steady-state equation, the
temperature of the Moho in Jinggangshan City is 671.7°C,
which is consistent with the temperature of the Moho below
the Tanlu deep fault. Furthermore, the calculated depth of the
Curie temperature isotherm in Jinggangshan City is 27 km,
which is consistent with the depth estimated based on
aeromagnetic data. The consistency verifies the validity of
the lithospheric thermal structure established in this study.

4) The high heat flow background, which mainly originates from
the heat supply of the mantle, contributes significantly to the
formation of the geothermal resources in Jinggangshan City.
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