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TheWugongshan area is rich inmedium–low temperature convective geothermal
resources, among which there are more than 10 geothermal fields in Wentang,
Wanlongshan, Wenjia, Hongjiang, etc. There are few basic geothermal geological
studies in the geothermal fields and their peripheral areas; thus far, no systematic
research work into the thermophysical parameters has been carried out. In this
paper, 85 rock samples were collected from the surface and boreholes covering
the strata and magmatic rocks in the study area. The results show that the average
radioheat generation rate, the average thermal conductivity, and the average
specific heat are 0.24–5.49 (μW/m3), 1.995–4.390 (W/mK), and 1.318–4.829 (MJ/
m3K), respectively. The average thermal diffusivity ranges from 1.115 to 1.611 × 10-

6 m2/s. The highest radioheat generation rate is Jurassic granite, and the lowest is
quartz vein. The largest thermal conductivity and specific heat is the siliceous
quartzite, and the smallest is the quartz vein. The highest thermal diffusivity is
Cambrian metamorphic mica schist, and the lowest is siliceous quartzite. The
radioactive heat generation rate, thermal conductivity, specific heat, and thermal
diffusivity are closely related to the chemical composition, mineral composition,
rock fabric, porosity, water content, and temperature and pressure conditions of
rocks in the whole area. There is a linear relationship between thermal
conductivity (K) and thermal diffusivity (κ), and the correlation equation is
K = −0.3144k + 3.2172. Combined with the characteristics of thermophysical
parameters, the genetic theory of deep crust heat generation + structural heat
accumulation + siliceous quartzite heat conduction + granite heat preservation is
preliminarily proposed.
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1 Introduction

In recent years, with the shortage of fossil energy and the
increasing environmental problems, renewable resources have
become an important research topic. Geothermal energy is a
renewable resource hidden in the earth. As one important
solution to the energy crisis, it has attracted worldwide attention
due to its advantages such as large resource potential, low
development cost, and high utilization coefficient (Wang et al.,
2015). The distribution of geothermal resources has obvious
zonation and zonality in China (Wang and Lin, 2020). The
Wugongshan medium–low temperature geothermal resources in
Jiangxi Province are located in the south of the convergence belt of
the Yangtze Block and the Cathaysia Block, which is composed of
15 geothermal fields with huge resource potential, such as Wentang
geothermal field andWanlongshan geothermal field (Xia et al., 2017;
Gao et al., 2020).

The genetic mechanism of geothermal resources can be
attributed to two separated processes, forming heat and
transporting heat. The formation of crustal temperature is
controlled by the radiogenic heat producing elements. The
thermophysical parameters of rocks are the basic information for
the thermal field and include thermal conductivity, specific heat
capacity, thermal diffusivity, and radioactive heat generation rate.
The thermophysical parameters of rocks directly affect the
generation, storage, and transfer of heat between various layers in

the earth interior, which are important for designing high-level
waste repositories in the nuclear industry, developing ground source
heat pumps (Liu et al., 2006; Wan et al., 2013; Wang et al., 2020;
Zhou et al., 2017), and studying lithospheric thermal structures and
basin thermal histories (Vila et al., 2010; Feng et al., 2018; Sven,
2018; Zhang et al., 2019). Most previous studies focus on the analysis
of thermophysical parameters in sedimentary rocks (Cho et al.,
2010). Few studies have reported the characteristics of the
thermophysical parameters of granite rocks. The Wugongshan
area is occupied by Jurassic granite, which provides convenient
conditions for studying the thermophysical parameters in granite.

The heat transport process in porous media is controlled by the
thermophysical parameters. Previous studies have revealed the
relationships between the thermophysical parameters and basic
physical properties (i.e., density, mineral composition, and water
content). Côté and Konrad (2005) developed a model to introduce
an empirical relationship between the normalized thermal
conductivity and the degree of saturation. Lu et al. (2007)
developed an improved model to rebuild the relationship
between the thermal conductivity and the basic physical
properties of unsaturated soils. Cho and Kwon, 2010 proposed
empirical correlations to predict the thermal conductivity and the
specific heat capacity of granite as a function of porosity and water
content. However, there is still a lack of quantitative analysis of the
non-linear relationship between thermophysical parameters and
geothermal genesis mechanisms. The thermophysical analysis is a

FIGURE 1
(A) Structure outline map of China (modified from Zhao and Guo, 2012); (B) regional geological map of South China (modified from He et al., 2010).
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prerequisite for the development and utilization of geothermal
resources.

The study of thermophysical parameters is of great
significance for the analysis of geothermal genesis. The
parameters are indispensable for research into temperature
distribution and heat transfer in the surface and interior of
the earth. However, due to the lack of geological research, the
potential of the geothermal energy resource in the Wugongshan
area is undeveloped at present. Therefore, 85 rock samples,
covering typical strata and magmatic rocks, were collected
from the surface and boreholes in the Wugongshan area for
estimating thermophysical parameters, including thermal
conductivity, thermal diffusivity, specific heat capacity, density
and radioactive heat generation rate, and analyzing the
distribution characteristics of thermophysical parameters of
rocks in different strata. This study provides important basic
data for geothermal genesis and future exploration and
utilization of geothermal resources in the Wugongshan area.

2 Regional geological setting

The Wugongshan area is located in the middle part of the Jiangnan
orogenic belt in South China, on the south side of the convergence belt of
the Yangtze Block and the Cathaysia Block, and belongs to the middle
Jiangxi tectonic collision belt in the northern margin of the Cathaysia
Block (Figure 1). From the Neoproterozoic to the present, it has
experienced the superimposed transformation of multiple tectonic
movements, such as active continental margin, plate collision and
uplift, and intra-continental orogeny, and the structural traces of
different levels are interwoven, showing the general characteristics of
complex orogenic belts (Faure et al., 1996; Li, 1998; Li et al., 2008; Li et al.,
2009). There exist both the compressive tectonic system related to the
subduction-collision orogenic belt and the multi-level and multi-
sequence extension-slip overburden tectonic system caused by the
post-orogenic extension (Sun et al., 1994; 1997; Faure et al., 1996;
Shu et al., 1998; 2000; Lou et al., 2002; 2005). The Wugongshan area
is an ellipse with a long axis of about 70 km and a short axis of about

FIGURE 2
Geothermal geological map of the Wugongshan area (modified from Shu et al., 2000).
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30 km, covering an area of about 1.5 × 103 km2. Trending from the
northeast to the southwest, the ratio of the long and short axes is about 2:
1. The axis is located in the Qianshan–Sanjiang–Hongjiang area, which
is Jurassic granite (Figure 2).

The basement strata in the Wugongshan area are the Sinian and
Cambrian strata. The Sinian strata are distributed in the southern
and western part of Wugongshan, mainly consisting of the Bali
Formation and the Laohutang Formation (Faure et al., 1996; Shu
et al., 1998). The Bali Formation (Z2b) is mainly composed of garnet
mica schist, garnet biotite quartz schist, and quartz schist. The
Laohutang Formation (Z2lh) has three layers. The bottom layer is
gray–white medium-thin bedded siliceous rock, the middle layer is
garnet biotite granitic rock assemblage, and the upper layer is light
gray, gray–white medium–thin bedded banded siliceous rock. The
Cambrian strata are distributed in the west, east, and northeast of
Wugongshan, with the Niujiaohe Formation, Gaotan Formation,
and Wentang Formation. The Niujiaohe Formation (Є1n) is

interbedded with didolomite quartz schist and unequal grained
feldspar quartz complex sandstone. The Gaotan Formation (Є2gt)
is composed of garnet schist, plagioclase schist, etc. The Wentang
Formation (Єwt) is a globally disordered and locally ordered
medium–deep metamorphic rock series with marbling limestone.
The Mesozoic and Cenozoic strata are rarely exposed, and the
Quaternary strata are distributed in the banks of the Lushui and
Yuanshui and their tributaries and the mountain valleys, forming
terraces at all levels of the floodplains and river valleys (Zhang et al.,
2022).

Since the Neoproterozoic, the Wugongshan area has undergone
three tectonic-magmatic evolution stages: Early Paleozoic, Middle
Triassic, and Late Triassic to Early Cretaceous (Ren, 1991; Li, 1998;
Faure et al., 2009; Chen et al., 2010; Charvet, 2013). From the Late
Triassic to the Early Cretaceous, the Yanshanian extended to the intense
intercontinental orogeny period, and the Wugongshan granite dome
structure was formed in this area, composed of overlying strata, core and

FIGURE 3
Boxplot of thermophysical parameters in the Wugongshan area (K, thermal conductivity; C, specific heat capacity; κ, thermal diffusivity).

FIGURE 4
Histograms of thermal conductivities in the Wugongshan area.
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TABLE 1 Thermophysical parameters of rocks in the Wugongshan area.

Serial
number

Sample
number

Longitude Latitude Depth Period Lithology Th
(μg/
g)

U
(μg/
g)

K
(%)

Density
(g/cm3)

Radioactive heat
generation rate

(μW/m3)

Thermal
conductivity

(W/mK)

Specific
heat

(MJ/m3K)

Thermal
diffusivity
(10−6 m2/s)

1 CJZK05-1 114°07′06″ 27°21′29″ 1157.19 Silurian Granite 17.4 6.57 3.73 2.661 3.19 2.775 1.451 1.912

2 CJZK05-2 114°07′06″ 27°21′29″ 1037.45 Silurian Granite 22 7.64 3.11 2.674 3.74 2.281 1.574 1.449

3 CJZK05-3 114°07′06″ 27°21′29″ 930.12 Silurian Granite 30.4 6.56 3.48 2.675 4.07 3.302 3.310 0.998

4 CJZK05-4 114°07′06″ 27°21′29″ 852.39 Silurian Granite 19.2 5.29 3.34 2.678 2.98 1.215 1.567 0.775

5 DJFZK02-1 114°22′32.8″ 27°32′25.9″ 224.25 Cambrian Biotite schist 24.6 4.25 3.74 2.784 3.24 1.590 0.566 2.812

6 DJFZK02-2 114°22′32.8″ 27°32′25.9″ 495.45 Siliceous
quartzite

7.61 1.05 2.19 2.600 0.96 2.831 1.491 1.899

7 DJFZK02-3 114°22′32.8″ 27°32′25.9″ 704.56 Silurian Granite 23 2.38 3.00 2.680 2.46 2.342 1.239 1.890

8 DJFZK02-4 114°22′32.8″ 27°32′25.9″ 839.75 Silurian Granite 27.7 2.24 3.08 2.655 2.74 3.230 2.988 1.081

9 DJFZK02-5 114°22′32.8″ 27°32′25.9″ 977.57 Silurian Granite 14 6.45 2.10 2.759 2.89 2.559 1.693 1.512

10 DJFZK01-1 114°22′14″ 27°31′60″ 800.37 Silurian Granite 27.3 2.53 2.58 2.664 2.74 2.715 1.496 1.815

11 DJFZK01-2 114°22′14″ 27°31′60″ 641.51 Silurian Granite 24 2.85 3.05 2.662 2.64 2.592 1.269 2.043

12 DJFZK01-3 114°22′14″ 27°31′60″ 473.34 Silurian Granite 9.02 1.52 1.70 2.655 1.16 1.965 3.004 0.654

13 DJFZK01-5 114°22′14″ 27°31′60″ 345.28 Cambrian Metamorphic
quartz sandstone

10.6 3.29 8.42 2.635 2.31 2.554 1.759 1.452

14 DJFZK01-6 114°22′14″ 27°31′60″ 250.64 Cambrian Biotite schist 12.1 2.39 2.15 2.751 1.68 3.921 2.801 1.400

15 SJZK01-1 114°17′50″ 27°33′23″ 242.72 Jurassic Granite 31 7.07 5.05 2.628 4.32 2.147 1.973 1.088

16 SJZK01-3 114°17′50″ 27°33′23″ 517.38 Jurassic Granite 29.7 8.04 4.22 2.634 4.41 2.887 1.159 2.491

17 SJZK01-5 114°17′50″ 27°33′23″ 869.68 Jurassic Granite 27.3 11.13 3.89 2.619 4.96 2.841 1.655 1.717

18 SJZK01-6 114°17′50″ 27°33′23″ 1026.86 Jurassic Granite 31.6 17.51 4.21 2.628 6.90 2.948 2.783 1.059

19 SJZK01-7 114°17′50″ 27°33′23″ 1168.68 Jurassic Granite 51.1 21.09 3.56 2.669 9.18 2.365 1.272 1.859

20 SJZK01-9 114°17′50″ 27°33′23″ 1443.41 Jurassic Granite 70.6 14.39 3.65 2.659 8.79 2.654 1.748 1.518

21 XQZK11-1 114°03′32″ 27°32′06″ 332.35 Silurian Granite 1.4 8.77 3.54 2.642 2.63 3.077 2.301 1.337

22 XQZK11-2 114°03′32″ 27°32′06″ 438.7 Silurian Granite 21.4 3.75 3.12 2.657 2.69 2.943 1.744 1.688

23 XQZK11-3 114°03′32″ 27°32′06″ 558.87 Silurian Granite 12.3 2.76 4.38 2.742 2.00 2.784 1.659 1.678

24 XQZK11-4 114°03′32″ 27°32′06″ 658.96 Silurian Granite 23.2 3.36 2.93 2.744 2.79 4.267 1.979 2.156

(Continued on following page)
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TABLE 1 (Continued) Thermophysical parameters of rocks in the Wugongshan area.

Serial
number

Sample
number

Longitude Latitude Depth Period Lithology Th
(μg/
g)

U
(μg/
g)

K
(%)

Density
(g/cm3)

Radioactive heat
generation rate

(μW/m3)

Thermal
conductivity

(W/mK)

Specific
heat

(MJ/m3K)

Thermal
diffusivity
(10−6 m2/s)

25 XQZK11-6 114°03′32″ 27°32′06″ 869.1 Siliceous
quartzite

4.97 1.06 2.16 2.625 0.80 5.215 6.417 0.813

26 XQZK11-7 114°03′32″ 27°32′06″ 963.08 Silurian Granite 2.27 5.19 2.54 2.740 1.76 2.063 3.023 0.682

27 XQZK12-1 114°41′42″ 27°40′44.8″ 1599.64 Silurian Granite 12 4.2 2.88 2.671 2.15 2.466 2.835 0.870

28 XQZK12-3 114°41′42″ 27°40′44.8″ 1398.32 Silurian Granite 8.64 4.49 2.75 2.657 1.98 2.512 2.043 1.230

29 XQZK12-4 114°41′42″ 27°40′44.8″ 1262.89 Silurian Granite 8.99 8.05 4.07 2.649 3.01 2.107 1.964 1.073

30 XQZK12-5 114°41′42″ 27°40′44.8″ 1133.07 Silurian Granite 8.42 7.68 3.89 2.637 2.85 3.224 1.616 1.995

31 CJZK06-1 114°07′13.2″ 27°21′22.5″ 179.7 Silurian Granite 16.2 4.51 4.00 2.649 2.61 2.764 1.679 1.646

32 CJZK06-2 114°07′13.2″ 27°21′22.5″ 443.26 Silurian Granite 15.5 4.85 3.11 2.686 2.60 2.974 1.888 1.575

33 CJZK06-3 114°07′13.2″ 27°21′22.5″ 647.9 Silurian Granite 12.6 5.33 3.81 2.658 2.56 3.159 1.580 1.999

34 CJZK06-4 114°07′13.2″ 27°21′22.5″ 755.4 Silurian Granite 12.6 7.4 4.11 2.681 3.14 3.298 2.272 1.452

35 XQZK13-1 114°06′19.5″ 27°33′31.1″ 115.07 Cambrian Metamorphic
quartz sandstone

25.9 4.06 4.87 2.808 3.42 2.476 3.041 0.814

36 XQZK13-2 114°06′19.5″ 27°33′31.1″ 248.4 Silurian Granite 14.8 1.61 2.49 2.721 1.68 2.616 1.031 2.537

37 XQZK13-3 114°06′19.5″ 27°33′31.1″ 368.41 Siliceous
quartzite

0.05 0.01 0.12 2.623 0.02 6.959 8.214 0.847

38 XQZK13-4 114°06′19.5″ 27°33′31.1″ 500.99 Silurian Granite 10.6 1.82 2.19 2.631 1.37 2.435 1.021 2.385

39 XQZK13-6 114°06′19.5″ 27°33′31.1″ 757.53 Siliceous
quartzite

0.31 0.1 0.56 2.535 0.09 6.354 8.016 0.793

40 XQZK13-7 114°06′19.5″ 27°33′31.1″ 870.8 Siliceous
quartzite

0.53 0.15 0.18 2.723 0.09 2.238 3.145 0.711

41 G202104 114°7′26″ 27°33′59″ Surface Quartz vein 0.081 0.041 0.04 2.650 0.02 2.023 1.245 1.625

42 G202108 114°10′16″ 27°36′15″ Surface Quartz vein 7.55 0.87 1.65 2.570 0.86 1.987 1.183 1.680

43 G202110 114°17′20″ 27°41′28″ Surface Quartz vein 1.12 0.35 0.46 2.620 0.20 2.114 1.541 1.372

44 G202113 114°17′57″ 27°32′49″ Surface Quartz vein 0.39 1.26 0.24 2.540 0.35 1.874 1.268 1.478

45 G202115 114°18′15″ 27°33′6″ 135.00 Jurassic Granite 21.4 9.04 5.23 2.970 4.72 2.983 1.887 1.581

46 G202116 114°18′15″ 27°33′6″ 257.00 Jurassic Granite 25.4 14.6 3.84 2.870 6.24 2.842 1.754 1.620

47 G202117 114°18′15″ 27°33′6″ 410.00 Jurassic Granite 17.1 9.02 1.74 2.940 3.99 3.012 2.143 1.406

(Continued on following page)
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TABLE 1 (Continued) Thermophysical parameters of rocks in the Wugongshan area.

Serial
number

Sample
number

Longitude Latitude Depth Period Lithology Th
(μg/
g)

U
(μg/
g)

K
(%)

Density
(g/cm3)

Radioactive heat
generation rate

(μW/m3)

Thermal
conductivity

(W/mK)

Specific
heat

(MJ/m3K)

Thermal
diffusivity
(10−6 m2/s)

48 G202118 114°18′15″ 27°33′6″ 490.00 Quartz vein 3.56 4.96 5.73 2.580 1.97 1.977 1.254 1.577

49 G202119 114°18′15″ 27°33′6″ 600.00 Jurassic Granite 20.4 23.8 3.68 2.970 8.67 2.879 2.012 1.431

50 G202120 114°18′15″ 27°33′6″ 770.00 Jurassic Granite 22.5 5.20 3.54 2.890 3.45 3.146 2.312 1.361

51 G202121 114°18′15″ 27°33′6″ 850.00 Jurassic Granite 34.9 14.8 4.19 2.870 7.02 2.887 2.014 1.433

52 G202122 114°18′15″ 27°33′6″ 950.00 Jurassic Granite 24.6 8.79 3.46 2.880 4.57 2.796 1.877 1.490

53 G202123 114°18′15″ 27°33′6″ 1060.00 Jurassic Granite 23.6 24.9 4.02 2.780 8.65 2.987 2.056 1.453

54 G202124 114°18′15″ 27°33′6″ 1170.00 Jurassic Granite 27.1 6.68 2.77 2.950 4.21 2.784 1.645 1.692

55 G202125 114°18′15″ 27°33′6″ 1275.00 Jurassic Granite 24.4 11.0 4.54 2.970 5.43 3.124 2.147 1.455

56 G202126 114°18′15″ 27°33′6″ 1365.00 Jurassic Granite 24.5 8.24 1.42 3.010 4.39 2.945 2.256 1.305

57 G202131 114°18′27″ 27°35′29″ Surface Siliceous
quartzite

0.25 1.36 0.26 2.740 0.40 2.745 1.689 1.625

58 G202132 114°18′27″ 27°35′29″ Surface Quartz vein 0.18 0.20 0.08 2.680 0.07 2.112 1.421 1.486

59 G202133 114°18′27″ 27°35′29″ Surface Jurassic Granite 6.76 15.1 2.17 2.680 4.51 2.887 1.874 1.541

60 G202139 114°23′13″ 27°37′46″ Surface Quartz vein 0.13 0.42 0.02 2.560 0.11 1.978 1.345 1.471

61 G202140 114°23′52″ 27°37′55″ Surface Quartz vein 0.070 0.10 0.04 2.610 0.03 1.874 1.221 1.535

62 G202142 114°6′19″ 27°33′31″ 310.00 Silurian Granite 10.9 10.0 1.83 2.940 3.81 3.112 2.247 1.385

63 G202143 114°7′33″ 27°21′12″ 1090.00 Silurian Granite 6.25 1.38 1.52 2.540 0.87 2.487 1.438 1.729

64 G202144 114°7′33″ 27°21′12″ 1050.00 Silurian Granite 17.1 6.14 3.53 2.870 3.29 3.114 2.336 1.333

65 G202145 114°7′33″ 27°21′12″ 1250.00 Silurian Granite 15.6 6.15 3.03 2.940 3.21 3.078 2.038 1.510

66 WGS06004 114°13′44″ 27°36′38″ Surface Silurian Granite 15.4 8.81 3.00 2.740 3.67 2.570 1.758 1.462

67 WGS06006 114°08′197″ 27°38′10″ Surface Silurian Granite 24.2 4.20 4.56 2.810 3.31 2.678 2.071 1.293

68 WGS06007 114°17′5″ 27°40′6″ Surface Jurassic Granite 7.12 9.09 4.01 2.730 3.24 2.989 1.560 1.916

69 WGS06011 114°20′59.7″ 27°31′18.9″ Surface Silurian Granite 22.5 2.79 3.56 2.750 2.66 2.525 1.791 1.410

70 WGS06012 114°15′38″ 27°28′34.6″ Surface Silurian Granite 19.70 6.28 5.42 2.830 3.65 1.830 1.819 1.006

71 WGS06014 114°16′16.8″ 27°30′56.2″ Surface Jurassic Granite 19.72 23.80 4.34 2.910 8.50 2.678 2.095 1.278

72 WGS06015 114°15′12.5″ 27°31′10.9″ Surface Jurassic Granite 13.18 9.10 4.25 2.840 3.84 2.886 2.417 1.194

(Continued on following page)
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TABLE 1 (Continued) Thermophysical parameters of rocks in the Wugongshan area.

Serial
number

Sample
number

Longitude Latitude Depth Period Lithology Th
(μg/
g)

U
(μg/
g)

K
(%)

Density
(g/cm3)

Radioactive heat
generation rate

(μW/m3)

Thermal
conductivity

(W/mK)

Specific
heat

(MJ/m3K)

Thermal
diffusivity
(10−6 m2/s)

73 WGS06017 114°11′35″ 27°20′11.4″ Surface Silurian Granite 18.25 5.19 3.57 2.860 3.10 2.756 2.060 1.338

74 WGS06018 114°10′21.1″ 27°24′53″ Surface Jurassic Granite 36.27 6.32 4.41 2.970 5.00 2.357 1.587 1.485

75 WGS06022 114°5′2″ 27°30′56″ Surface Silurian Granite 15.97 2.54 4.68 2.880 2.34 2.574 1.573 1.636

76 WGS06023 114°10′38″ 27°32′4″ Surface Jurassic Granite 39.22 2.78 3.02 2.790 3.83 2.216 1.494 1.483

77 WGS06024 114°9′35″ 27°32′4″ Surface Silurian Granite 19.08 3.37 3.06 2.710 2.48 2.348 2.255 1.041

78 WGS06026 114°10′13″ 27°39′35″ Surface Silurian Granite 20.47 5.10 3.20 2.780 3.12 2.309 1.501 1.538

79 WGS06027 114°17′44″ 27°34′54″ Surface Jurassic Granite 8.83 32.48 2.99 2.730 9.34 2.650 2.144 1.236

80 WGS06030 114°15′20″ 27°32′51″ Surface Jurassic Granite 10.83 6.48 4.03 2.670 2.76 2.255 1.607 1.403

81 WGS06032 114°10′36.3″ 27°27′2″ Surface Silurian Granite 14.90 3.73 4.36 2.890 2.57 2.644 1.571 1.683

82 WGS06033 114°26′3.8″ 27°39′4.4″ Surface Silurian Granite 13.50 3.21 3.51 2.740 2.12 2.441 1.086 2.248

83 WGS06034 114°23′0.1″ 27°36′50.7″ Surface Silurian Granite 14.62 2.84 2.36 2.980 2.17 2.774 1.950 1.423

84 WGS06035 114°20′6″ 27°34′21″ Surface Jurassic Granite 43.48 5.01 4.00 2.710 4.69 2.571 2.044 1.258

85 WGS06037 114°17′50.5″ 27°38′50.3″ Surface Jurassic Granite 8.37 6.36 4.40 2.670 2.60 2.377 1.605 1.481
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detachment fault zones. The overlying strata of theWugongshan granite
dome structure are composed of Devonian–Triassic metamorphic-
sedimentary strata. A series of single oblique overburden sheets are
found on the north and south sides of the dome, mainly related to the
Mesozoic extensional slip. The faults in the Wugongshan area mainly
trend to the northeast, and the secondary faults are NNE-trending and
NW-trending. The two groups of faults share the hanging-wall position,
and the rocks are very broken, easily forming a regional thermal anomaly
output channel. The asthenospheric uplift in this area forms the convex
isothermal surface in the region, and the shallow rockmass is affected by
the decay heat of radioactive elements in the late deep intrusive rock
mass and the deep heat source by fault transmission-conduction,
forming geothermal resources.

Strong magmatic activities in the Wugongshan area created the
Siluric-Jurassic granites. The lithology, structural structure, mineral
association, and other aspects indicate they are complex rocks with
homologous magmatic evolution characteristics. Silurian granites are
distributed in Nanmiao Town, Taishan Town, Wentang Town,
Hongjiang Town, Xinquan Town, Qianshan Town, and other places
in Wugongshan, with a NE direction. The lithology is mainly biotite
monzogranite, granodiorite, and monzogranite, and its component
minerals are plagioclase, potassium feldspar, biotite, amphibole, and a
small amount of quartz. The rockswere generally transformed by the late
tectonic orogeny, and the minerals were oriented. Gneiss-like structures
were developed, and gneiss was developed at the edge of the rock mass.
Jurassic granites are distributed in the areas of Mingyueshan, Sanjiang,
Hukeng, and Xiaojialing at the core ofWugongshan (Figure 2). They are
mostly elliptic and irregular in plane and generally show a NE direction.
The lithology is dominated by monzogranite and biotite granite, and its
constituent minerals are potassium feldspar, plagioclase, quartz, biotite,
and a small amount of Muscovite. The rocks have a porphyritic granitic
structure (Faure et al., 2009; Zhang et al., 2022).

The geothermal fields in the Wugongshan area show several
obvious characteristics: 1) hot springs mostly occur in the fracture
zone or the intersection of two groups of faults with different directions.
2) The water is heated by deep circulation of groundwater, and there is
no special additional heat source such as modern volcanic heat source
or magmatic heat source in the shallow part. 3) The permeability of the
rock mass is poor, and the water is mainly guided by fractures and
fracture zones. Hot water gushes to the surface or shallows along the
deep fault zone. 4) Local thermal anomalies are often formed near the
hot water main stream zone, and the geothermal gradient in the center
of the anomaly is more than 2–3 times higher than the normal value
(Bai et al., 2021a; Bai et al., 2021b).

3 Sample collection and experimental
methods

Based on a systematic field geological survey, a total of
85 samples of Cambrian metamorphic rocks, Silurian granite,
Jurassic granite, siliceous quartzite, and quartz vein were
collected from the surface and boreholes in the Wugongshan
area. The locations of sampling points are shown in Figure 2.

The density, thermal conductivity, specific heat, and thermal
diffusion of the samples were determined in the Laboratory of Rock
Thermophysical andGeothermalMeasurement of theKey Laboratory of
Paleogeomagnetism and Paleostructure Reconstruction of the Ministry
of Natural Resources. The analytical instrument was a thermal
conductivity meter based on transient planar heat source technology
(TPS) for thermal conductivity, thermal diffusion, and specific heat
capacity manufactured by Hot Disk, Sweden. The instrument can be
used to measure the thermophysical properties of various rock samples,
such as thermal conductivity (range: 0.005–500W/mk), specific heat

FIGURE 5
Superposition diagram of the geothermal geological map with thermal conductivity isolines.
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capacity (temperature range: 10 K–10000 K), and thermal diffusibility
with high accuracy (±3%) (Gustafsson, 1991). The experimental
principle was the transient plane source (TPS) method (Gustavsson
et al., 1994; Gustavsson and Gustavsson, 2005). The core component of
the method was a probe with a spiral structure, which was etched into a
10 (±2)-μm-thick metal sheet that was insulated with a 4–100-μm film.
The probe was placed between two samples for testing (Sizov et al.,
2016). During the test, a certain temperature rise was generated by the
current passing through the probe, and the heat capacity of the probe
was negligible. The heat of the probe diffuses to both sides of the sample
at the same time, and the average temperature rise of the probe surface
was accurately measured according to the resistance change of the metal
sheet of the probe (Gustavsson et al., 1997; Mihiretie et al., 2016). The
Hot Disk probe is both a heat source and a temperature sensor. The
probe was connected to an automatic data system that included
experimental operating software and analysis of the transient curves
of the experimental results with corresponding temperature function
models (Mihiretie et al., 2017). The test results are shown in Table 1.

The content of U, Th, and K in rock samples was tested in the
laboratory of the Hebei Institute of the Regional Geological Survey. The
K test instrument was an Axiosmax X-ray fluorescence spectrometer.
AnXSeries 2 plasmamass spectrometer was used forU andTh analysis.

The test temperature was 26°C, and the humidity was 40%. The test
accuracy was better than 5%. The radioactive heat generation rate (A) of
rocks was calculated using the following formula (Rybach, 1976) (1),
and the results are shown in Table 1.

A � 0.01ρ 9.52CU + 2.56CTh + 3.48CK( ) (1)
where A is the radioactive heat generation rate of rock (μW/m3),

ρ is the rock density (unit: g/cm3), CU, CTh, and CK are the content of
radioactive elements U, Th and K, respectively, and the units are
(×10−6), (×10−6), and (wt%), respectively.

4 Results

4.1 Rock density

According to the measured data, the average density of rock
samples in the Wugongshan area is 2.70 g/cm3. The average density
of rocks in the region ranges from 2.80 g/cm3 for Jurassic granite to
2.73 g/cm3 for Silurian granite, 2.71 g/cm3 for Cambrian metamorphic
rocks, 2.64 g/cm3 for siliceous quartzite, and 2.60 g/cm3 for quartz vein.

FIGURE 6
Histograms of specific heat capacities in the Wugongshan area.
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4.2 Rock thermophysical parameters

The thermal conductivity of rock is the heat passing through
a unit area in a unit of time when the temperature is reduced by
one degree in a unit length along the direction of heat flow
transfer, indicating the magnitude of the thermal conductivity of
rock. The rocks in the area are grouped into five categories
according to different ages and lithologies. Figure 3 shows the
average thermal conductivity of the rocks in the area, which
ranges from 1.995 to 4.390 W/mK. The average thermal
conductivity in descending order is 4.390 W/mK for siliceous
quartzite, 2.744 W/mK for Jurassic granite, 2.677 W/mK for
Silurian granite, 2.504 W/mK for Cambrian strata, and
1.995 W/mK for quartz vein.

The specific heat capacity of rock is the heat capacity of a substance
per unitmass; that is, the heat absorbed (or emitted) by a certainmass of
a certain rock when its temperature rises (or falls) by one degree (Wang
et al., 2015). The average specific heat of rocks in the area ranges from
1.318 to 4.829MJ/m3K (Table 1). The average specific heat value is
4.829MJ/m3K for siliceous quartzite, 1.905 MJ/m3K for Silurian granite,
1.893MJ/m3K for Jurassic granite, 1.884 MJ/m3K for Cambrian strata,
and 1.318 MJ/m3K for quartz vein.

The thermal diffusivity of rock is the product of the thermal
conductivity divided by the density and specific heat capacity of
rock; that is, k = K/ρC. Thermal diffusion of rock is a physical
quantity that characterizes the temperature change rate of rock
when the ambient temperature changes. According to Figure 3, the
average thermal diffusion of rocks in the region ranges from
1.115 m2/s to 1.611 m2/s. The average thermal diffusivity is
1.611 m2/s in Cambrian strata, 1.521 m2/s in quartz vein,

1.506 m2/s in Silurian granite, 1.490 m2/s in Jurassic granite, and
1.115 m2/s in siliceous quartzite.

4.3 Radioactive heat generation rate of rock

The decay heat generated by radioactive elements is an
important power source that drives many deep tectonothermal
processes in the earth’s interior and is also one of the main heat
sources of geothermal resources. As shown in Figure 3, the average
radioactive heat generation rate of rocks in the Wugongshan area
ranges from 0.24 to 5.49 μW/m3. The radioactive heat generation
rate is 5.49 μW/m3 in Jurassic granite, 2.72 μW/m3 in Silurian
granite, 2.52 μW/m3 in Cambrian strata, 0.39 μW/m3 in siliceous
quartzite, and 0.24 μW/m3 in quartz vein.

5 Discussion

5.1 Hydrochemical analysis of geothermal
groundwater

Hydrogen and oxygen are widely distributed in nature and are
important components of groundwater. Groundwater originating
from different sources has different stable isotopic compositions of
hydrogen and oxygen (Liu et al., 2017). The variation of δD‰ in
general atmospheric precipitation ranges from −160‰ to −30‰,
and the variation of δ18O ranges from −17‰ to +5‰. The
relationship between δD and δ18O is usually linear, and the δD
and δ18O of atmospheric precipitation in most areas are negative. In

FIGURE 7
Superposition diagram of the geothermal geological map with specific heat capacity isolines.
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this study, samples of geothermal water, groundwater, spring water,
and rainfall were analyzed, hydrogen and oxygen isotope tests were
carried out (published separately), and the relationship diagram of
δ18O and δD of relevant water samples in the study area was
obtained (Figure 4). The δ18O and δD data of geothermal water,
underground cold water, surface water, and other water samples in
the Wugongshan area basically fell near the global atmospheric
precipitation line. Almost all results are higher than the global
atmospheric precipitation line, indicating that both geothermal
water and cold water in the Wugongshan area are supplied by
atmospheric precipitation, and water vapor recycling occurs in the
area. The values of δ18O and δD inmost geothermal waters are lower
than those of cold water, indicating that the hot water recharge rate
in this area is higher, and hot springs are formed because the
atmospheric precipitation is heated and rises to the surface after
deep circulation.

5.2 Thermophysics analysis of rocks

Due to the significant difference in mineral composition,
texture, and structure, the thermal conductivity of rock types

differs. The thermal conductivity of the same type of rock will
vary to some extent, due to the differences in mineral composition
ratio and structure (Clauser, 2011; Jiang et al., 2016). Thermal
conductivity increases with mineral content, and the thermal
conductivity of rocks is high. In general, the thermal conductivity
of rock increases with the increase of pressure, density, and humidity
and decreases with the increase of temperature. The temperature
and pressure of the upper crust have little effect on the thermal
conductivity of rocks. As can be seen from Figure 5, the thermal
conductivity data of the region are basically in a normal distribution
pattern. The thermal conductivity data sets of Silurian and Jurassic
granite are similar in distribution morphology, indicating that the
rocks formed in the Silurian and Jurassic periods have similar
thermal conductivity characteristics. The Cambrian strata and
siliceous quartzite are relatively dispersed, which reflects the
different thermal conductivities of rocks in different lithologies.
The distribution map of the strata, rock outcropping areas, and
thermal conductivity is shown in Figure 6. Rock samples with high
thermal conductivities are mainly distributed in the western region.
The lithology of this area is mainly Silurian monzogranite, siliceous
quartzite, and Cambrian metamorphic rocks. The area of local high
thermal conductivity in the study area is concentrated in two places.

FIGURE 8
Histograms of thermal diffusivities in the Wugongshan area.
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The thermal conductivity of the rocks in the Wugongshan area is
mainly below 3.1 W/mK, and the characteristics of the thermal
conductivity isoline are consistent with the lithologic characteristics
of the geological map. The lithologic properties of the areas of high
thermal conductivity are mainly siliceous quartzite and
monzogranite.

Previous studies have revealed a negative correlation between the
specific heat of rocks and quartz content at normal temperature (20°C),
which means that the specific heat of rocks with large quartz content is
relatively small (Jorand et al., 2015). The specific heat of rock increases
with increasing temperature and porosity and decreases with increasing
pressure (Xin et al., 2014; Miao and Zhou, 2017). However, there is no
negative correlation between the specific heat of rocks and quartz content
in the Wugongshan area. The maximum specific heat of siliceous
quartzite is 4.829 MJ/m3K, and the minimum specific heat of quartz
vein is 1.318 MJ/m3K. Figure 7 shows the frequency distribution of
specific heats of different lithologies. Except for the Silurian and Jurassic
granites, the frequency distribution of specific heats of other rocks varies
and has a wide distribution range. Figure 8 shows that the high specific
heat values in rock samples are mainly distributed in the western region,
and themain lithology is siliceous quartzite. The distribution of local high
specific heat in the study area is concentrated, and the distribution is
consistent with the NE trending faults in the area. Combined with the
thermal conductivity data, the siliceous quartzite is considered a good
thermal conductive rock and a good thermal conductive channel.

Thermal diffusion of rock represents the ability of the rock’s
temperature to be uniform during heating or cooling. Heat diffuses
rapidly and over a long distance in material with a high thermal
diffusion rate, while in material with a low thermal diffusion rate,
heat diffuses more slowly (Wang et al., 2015). As shown in Figure 8,

the thermal diffusion rate of rock samples varies within a small
range, but the siliceous quartzite has a relatively low thermal
diffusion rate (1.115 m2/s). The frequency distribution of thermal
diffusivity in different lithologies is also shown in Figure 9. The
distribution morphology of Silurian, Jurassic, and quartz veins are
similar, indicating that these rocks have similar characteristics of
thermal diffusivity. In Figure 10, the area of thermal diffusivity
greater than 1.8 × 10−6 m2/s is mainly distributed in the eastern part
of the Wugongshan study area, while the thermal diffusivity values
in the northern, southern, and central parts of the study area range
from 1.3 × 10−6 m2/s to 1.8 × 10−6 m2/s. There was no obvious
difference in thermal diffusivity among different lithologic blocks in
the study area and no obvious zonation according to lithology. There
is a linear relationship between thermal conductivity (K) and
thermal diffusivity (κ) value in the area (Figure 11), and the
correlation equation is

K � −0.3144κ + 3.2172 (2)
Exploring the radioactive heat generation rate of rocks is one of the

main investigations into the genetic mechanism of a geothermal system.
It is important to investigate the contribution rate of radioactive decay
heat to surface heat flow and clarify the thermal structure of the
lithosphere to study the distribution of radioactive heat-generating
elements in rocks (Zhao et al., 1995). The average radioactive heat
generation rates measured in this paper are 5.49 μW/m3 for Jurassic
granites and 2.72 μW/m3 for Silurian granites. The mean value of the
global radioactive heat generation rate of granite is 2.1–2.5 μW/m3

(Artemieva et al., 2017), and it is closely related to the age of granite. In
Figure 12, the area with a high radioactive heat generation rate is
consistent with the outcropping area of Jurassic granites. In previous

FIGURE 9
Superposition diagram of the geothermal geological map with thermal diffusivity isolines.
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studies, the average value of terrestrial heat flow in the Wugongshan
area was 90.4 mW/m2 (internal data). This is much higher than the
62 mW/m2 of the China mainland and the 65 mW/m2 of the global

continental average, indicating that the Wugongshan area is a region
with a high heat flow value. The earth heat flow is the most accurate
parameter to reflect a geothermal field. The high earth heat flow value in
the study area indicates that this area has a high regional thermal
background value and has good geothermal geological conditions for
the development of geothermal fields. The average radiogenic heat
generation rate of Jurassic granite is 5.49 μW/m3, and the estimated
radiogenic contribution heat flow is about 27.45–38.43 mW/m2,
accounting for 29.6%–41.4% of the average geothermal heat flow in
the Wugongshan area. The Silurian granites do not exhibit strong
anomalies. To sum up, the heat flow of granite radioactive elements in
this area has a certain contribution to the heat source, but the
contribution is limited, and it is not the main heat source of the
Wugongshan area.

5.3 Genesis mechanism of geothermal
resources

The heat sources of geothermal resources are mainly the
following types: 1) partial melting layer in the crust (such as the
Yangbajing geothermal field in Tibet (Dor and Zhao, 2000; Zhao

FIGURE 10
Coefficient curve of thermal conductivity and thermal diffusivity.

FIGURE 11
Superposition diagram of the geothermal geological map with
radioactive heat generation rate isolines.
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et al., 2001; Hu et al., 2022), the Gonghe-Guide geothermal field in
Qinghai Province (Xue et al., 2013; Zhang et al., 2018a; Tang et al.,
2020), the Guanzhong geothermal field in Shaanxi Province (Qin
et al., 2005; Li et al., 2016; Luo et al., 2019), and the Tengchong
geothermal field in Yunnan Province (Bai et al., 1994; Jiang et al.,
2012; Zhao et al., 2012; Long et al., 2021)). 2) Cenozoic volcanic
waste heat (the Changbaishan geothermal (Jiang et al., 2016; Zhao
et al., 2017) and the Tengchong geothermal field (Zhao et al., 2012;
Long et al., 2021)). 3) Deep rift geothermal (the Gulu and Yangying
volcano-geothermal area, South Tibet (Zhang et al., 2017), the
Wudalianchi geothermal field (Shao and Zhang, 2008), the
Zhangzhou geothermal field (Lin et al., 2020), and the Okari
geothermal field in Kenya (John et al., 2005; Zhang et al.,
2018b)). 4) Heat generation by radioactive elements (the Ningdu
geothermal in Jiangxi Province (Liu et al., 2020) and the Fogang
geothermal field in Guangdong Province (Wang et al., 2015)). 5)
Fault friction heat generation (the Yangshan geothermal field in
Nanjing (Wu et al., 2021), theWestern Sichuan geothermal field (Qu
et al., 2019), and the Yanchihe hot spring in western Hubei (Xia,
1995)).

The Xinquan–Wentang fault and the Heping–Sanjiang fault
were formed in the Yanshanian period, which controlled the

Wanlongshan, Wentang, Wenjia, Sanjiang, Tangjiashan, and
other geothermal fields. The value of helium gas in these fields
is zero, which indicates that the heat source is crustal heat.
According to the thermophysical parameters, the Silurian and
Jurassic granites have higher thermal conductivity and specific
heat, which are conducive to the accumulation and propagation
of heat. Thus, the heat source in the Wugongshan area is mainly
from the geothermal source in the deep crust. The siliceous
quartzite in the fracture zone is developed and thick, which is
conducive to conducting the deep heat to the shallow and surface
areas. The geothermal energy collects heat and transfers heat in
the granite near the fault zone, and the Xinquan–Wentang fault
and Heping–Sanjiang fault are important thermal conductive and
heat control structures in this area.

Due to the action of gravity, the surface atmospheric normal
temperature precipitation seeps down along the rock fracture
structures or joint fracture zones and gradually increases its
temperature initially within the range of normal geothermal
gradient, forming water that is warmer than the normal
temperature. When the dispersed flow gathers near the heat-
controlled and water-controlled fault (the northeast fault of the
region), it basically presents zonal and linear runoff along the

FIGURE 12
Relationship between δ18O and δD in water samples in the Wugongshan area.
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fault zone. Because the heat-controlled and water-controlled
fault cuts deep into the crust, the siliceous quartzite in the fault
zone conducts the heat in the deep crust upward and transfers
and gathers heat in the shallow granite, thus forming a
geothermal anomaly zone with sharply rising temperature.
Geothermal water with a sharply rising temperature is
formed by the heat absorbed by runoff in the anomaly zone
when it encounters the water-blocking (isolation) structural
plane (usually NEE-trending or NNW trending in this region)
diagonally intersected with the heat-controlled and water-
controlled fault. Because the geothermal water with a rising
temperature has a lower density than the permeable normal
water, the geothermal water floats up while the normal water
permeates down (Figure 13). Under the effect of gully cutting,
when there are water-conducted structures, geothermal water
quickly rises along the water-conducted structure and overflows
to the surface, forming hydrothermal geothermal resources.

6 Conclusion

This study analyzes the source, transport, and storage of
geothermal resources to explain geothermal genesis. In the
Wugongshan area, the thermophysical parameters of 85 surface
and boreholes rock samples covering the strata and magmatic rocks
were tested and analyzed. A geothermal resource genesis model was
built by combining field investigations, hydrochemical isotope, and
rock thermal property analysis. The following conclusions have been
made.

(1) The analytical results of the hydrochemical isotope indicate that
the geothermal water in the Wugongshan area originated from
precipitation and is recycled as water vapor.

(2) The results of the thermophysical tests indicate that the average
radiogenic heat generation rate of lithologic rocks in different
ages is 0.24–5.49 μW/m3. The average thermal conductivity of
rocks in the area ranges from 2.504 to 4.390 W/mK, the average
specific heat of rocks in the study area ranges from 1.318 to
4.829 MJ/m3K, and the average thermal diffusivity ranges from
1.115 to 1.611 × 10-6 m2/s.

(3) The radiogenic heat generation rate is Jurassic granite, Silurian
granite, Cambrian metamorphic rocks, siliceous quartzite, and
quartz veins in order from the highest to the lowest. The average
radioactive heat generation rate of Jurassic granite is 5.49 μW/
m3, which is higher than the global average of the radioactive
heat generation rate of granite, indicating that the radioactive
elements of Jurassic granite have a certain contribution to the
heat flow.

(4) The genesis mechanism of geothermal water in the
Wugongshan area is “heat generation of deep crust +
thermal conduction of siliceous quartzite + heat transfer of
shallow granite + heat accumulation of structures.”
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FIGURE 13
Genetic model map of geothermal resources in the Wugongshan area (modified from Shu et al., 1998; Li et al., 2019).
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