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Thermophysical properties of rock and soil are important parameters that affect the
efficiency of shallow geothermal energy utilization. This paper analyzes the
thermophysical parameters (specific heat capacity and thermal conductivity) and their
influencing factors based on 6467 sample data in 24 provincial capitals, China. The
statistical distributions of thermophysical properties are analyzed based on histogram
plots. Linear regression analysis is conducted to investigate the correlation between
thermophysical properties and lithology (classified as metamorphic rocks, igneous rocks,
chemical sedimentary rocks, clastic sedimentary rocks, and loose sediments in this
study)), density, and water content. The results show that the thermophysical
properties are influenced predominantly by lithology. The measured values of
thermophysical properties generally show normal distribution characteristics. The
specific heat capacity of loose sediments is relatively high, the thermal conductivity of
other four types are relatively high. The specific heat capacity is negatively correlated with
density, positively correlated with water content, whereas thermal conductivity is positively
correlated with density, and negatively correlated with water content. The findings
obtained in this study provide evidence and guidelines for the investigation, evaluation,
and development of shallow geothermal resources.

Keywords: thermophysical properties, shallow geothermal energy, influencing factors, density, water content

INTRODUCTION

Shallow geothermal energy is renewable and clean energy, which is characterized by being
environmentally friendly, economical and applicable, widely distributed, convenient to use, and
has great potential (Wang et al., 2012; Ran et al.,, 2014). For decades, the utilization of shallow
geothermal energy has developed rapidly with the innovation of ground source heat pump
technology. Since the United States established the first ground source heat pump system in the
1940s, universities in China began to study heat pump technology in the 1960s. Since the 1970s, the
demonstration projects of shallow geothermal energy have been successively established in
Switzerland, Netherlands and other countries. In the 1990s, the application of ground source
heat pump systems was gradually progressed in China. At the beginning of the 21*' century, ground
source heat pump technology has developed rapidly. The annual growth rate of ground-source heat
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pump market in China exceeds 30% since 2004, which is much
higher than the world’s average growth rate of 20-22% in the
same period. It has now ranked second in the world (Zheng et al.,
2010). According to the WGC 2020, geothermal (ground-source)
heat pumps have the largest geothermal use worldwide,
accounting for 71.6% of the installed capacity and 59.2% of
the annual energy use. The number of countries with
installations is 54, and over twice the number of units
reported in 2010. The leaders in installed units (MWt) are
China, United States, Sweden, Germany and Finland
accounting for 77.4% of these units. Wang et al. (2017)
conducted a new evaluation of the potential of shallow
geothermal energy resources in China and the results showed
that the shallow geothermal energy resources in 336 important
cities could be extracted in an amount equivalent to 700 million t
of standard coal per year. According to the survey, the actual
heating and cooling area by shallow geothermal energy reached
1.6 billion m? in 2020 (Lund and Toth, 2020).

The capability of storing and conducting heat of the rock and
soil depends on their thermal conductivity, specific heat capacity,
and thermal diffusivity, which are collectively referred to as
thermophysical parameters. Clauser and Huenges (1995)
studied the thermal conductivity characteristics of different
rocks. Their results showed that porosity is an important
factor affecting the thermal conductivity of igneous and
sedimentary rocks. Thermophysical parameters are also a key
factor affecting the engineering design of ground source heat
pumps (Lin et al., 2012). Many studies have carried out related
topics (e.g., Middleton, 1994; Hartmann et al., 2008; Fuchs and
Forster, 2014; Cheng and Yu, 2017; McDaniel et al, 2018;
Naranjo-Mendoza et al,, 2018; Ohta et al., 2018; Song et al,
2018; Miranda et al.,, 2021; Zeng et al., 2022). Midttemme et al.
(1998) studied the thermal conductivity and its influencing
factors of claystone and mudstone. The results showed that
there is a correlation between grain size and thermal
conductivity. Goto and Matsubayashi (2009) investigated the
relation of the thermophysical properties to the porosity and
mineral composition of clay and sandy sediments in the Juan de
Fuca Ridge and built models that fitted with the observed data.
Popov et al. (2011) analyzed the thermophysical property
measurements on cores from the scientific drilling well
Yaxcopoil-1 in Mexico and established correlations between
the thermal conductivity and elastic wave velocities measured
in the laboratory. Jorand et al. (2015) analyzed statistically the
petrophysical properties of rocks of the northeastern Rhenish
Massif and the Lower Rhine Embayment in Germany and found
that the mineralogical compositions and water-filled pore volume
control the thermophysical properties of rocks. Song et al. (2019)
studied the characteristics and influencing factors of
thermophysical properties of different rocks in the main strata
in Guizhou Province, China. They found that the thermophysical
properties of rocks are related to factors such as mineral
composition, structure, and water content.

Such contributions are greatly helpful to understanding the
characteristics of thermophysical parameters of rock and soil.
However, the rock samples used in the related analysis are
relatively small distributed in limited areas. Furthermore, the

Thermophysical Properties and Influencing Factors

TABLE 1 | The number of rock and soil samples for provincial capital cities.

City Number City Number City Number
Jinan 384 Nanjing 588 Hefei 222
Taiyuan 148 Nanning 90 Kunming 265
Xi'an 106 Shanghai 733 Nanchang 136
Lhasa 20 Wuhan 390 Yinchuan 169
Xining 88 Changsha 575 Changchun 126
Haikou 157 Chongaing 185 Guangzhou 1072
Chengdu 6 Harbin 136 Hangzhou 408
Fuzhou 228 Lanzhou 82 Wulumuaqi 1563

thermophysical parameters in most studies focus on thermal
conductivity. Currently, few studies have focused on the
distribution of thermophysical properties and their influencing
factors nationwide in China. This study collected 6467 data from
the survey and evaluation of shallow geothermal energy in 24
provincial capitals in China. The rock heat capacity and thermal
conductivity are analyzed statistically. Their influencing factors
are also analyzed and their correlation with rock type, rock
density, and water content is investigate. The results provide a
basis for the investigation, evaluation, development, and
utilization of shallow geothermal energy.

SAMPLES AND EXPERIMENTAL METHODS

In 2014-2019, the shallow geothermal energy exploration and
evaluation work had been completed in 31 provincial capital
cities in China including Beijing, Tianjin, and Shanghai. To
investigate the overall distribution characteristics of rock
thermophysical parameters and their influencing factors in
provincial capital cities, the sample data are checked and
filtered, which are distributed in 24 provincial capital cities
in China. It is mainly collected in strata of Carboniferous,
Permian, Jurassic, Neogene, and Quaternary. The sampling
depth is basically within 200 m. There are a total of 6467
samples. The number of rock samples for different cities is
listed in Table 1.

The thermophysical properties are tested in the laboratory.
The method of testing is followed by the Geotechnical Test
Method Standard, GB_T50123-1999, China (GB/T 50123-
1999; Ministry of Construction of the People’s Republic of
China, 1999). Samples were obtained from the different
formations using a borehole sampler. After collecting rock and
soil samples from the boreholes and sending them to the
laboratory, and use special testing equipment to conduct
thermophysical properties of rocks are tested by specific
equipment and the testing results can thus be obtained
directly. The microscopic characteristics of soil sample grains
are observed by the optical stereo microscope method
(magnification 30 -100). The rock density is measured by the
volume ring gauge method (electronic balance 0.01 g, volume
ring gauge, etc.). The specific gravity of rocks is measured by the
standard pycnometer method plus vacuum pumping. The water
content is evaluated by the standard drying method (electronic
balance 0.1 mg, standard drying oven) 105°C, etc.). The thermal
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TABLE 2 | Lithology classification and number of samples.
Lithology

Metamorphic rock Phyliite
Slate
Gneiss
Quartzite
Skarn
Clastic sedimentary rock Shale
Mudstone
Sandstone
Conglomerate
Limestone
Dolomites
Granite
Diorite
Gabbro
Andesite
Basalt
Loose sediment Clay

Mud

Silt

Sand

Pebble

Shell layer

Chemical sedimentary rock

Igneous rock

conductivity, specific heat, thermal diffusivity are measured by
the unsteady heat transfer method, in line with ASTM D5334-00
standard.

RESULTS AND DISCUSSION

The thermophysical properties of rock and soil are related to the
origin and geological time when they formed, and the geological
environment where they are located. These aspects are generally
intuitively reflected in their lithology, mineral composition,
texture, structure, density, porosity, water content, saturation,
pressure, temperature, degree of weathering, etc (Kim et al., 2002;
Hartmann et al., 2005; Muhieddine et al., 2012; Jorand et al., 2015;
Oktay et al., 2015; Fuchs, 2018; Pimienta et al., 2018). Therefore,
the thermophysical characteristics can be further investigated
regarding these related factors.

The classification and the number of samples are shown in
Table 2. The loose sediments and clastic sedimentary rocks
accounted for most of samples, roughly 83% of the total
number of samples. A small portion of residual slope soil
and fill soil is classified as silt. Nearly 92% of the
metamorphic rocks are slate and gneiss. Limestone accounts
for a higher proportion of chemical sedimentary rocks, nearly
88%. For igneous rocks, granite accounts for the highest
proportion of 69%.

The histograms of thermophysical parameters, including
thermal conductivity and specific heat of rock and soil for
various rock types are shown in Figure 1, showing a relatively
centered distribution in general. The specific heat capacity for
loose sediments is higher than those of metamorphic and igneous
rocks. Metamorphic rocks, chemical sedimentary rocks, and
igneous rocks have a higher thermal conductivity than clastic

Thermophysical Properties and Influencing Factors

The number of samples Overall

12 220 6467
110
92

45 1929
745
1012
127
599 682
83
141 204
34
20

1793 3432
82

504

1002
25
26

sedimentary rocks and loose sediments. As can be seen from
Table 2, the values of the thermophysical parameters of these
groups of rocks are strongly influenced by those of the prevalent
lithotype, such as of the slate and gneiss among the metamorphic,
rocks, sandstone and mudstone among the clastic sedimentary
rocks, sandstone and mudstone among the clastic sedimentary
rocks, limestone among the chemical sedimentary rocks, granite
among the igneous rocks, clay and sand among the loose
sediments. (Figure 1).

The Impact of Lithology on Thermophysical

Properties

Lithology is a general concept, which is a comprehensive
manifestation of rock’s mineral composition, texture, physical
and chemical properties. Rock lithology is comprehensively
affected by their minerals, and the thermophysical parameters
of different minerals vary (Wang et al., 1979; Han et al., 2017;
Tiwari et al., 2021). The physical properties vary with the rock
and soil types. For samples from 24 provincial capitals in China,
based on the basic type of metamorphic rocks, sedimentary rocks,
igneous rocks, and loose sediments, samples are further classified
according to their lithology (Table 2). Further statistical analysis
of the thermophysical parameters for different rocks types is
conducted as shown in Figure 2, which gives clues for the
influences of rock lithology on their thermophysical
parameters. The median specific heat capacity of different
types ranges roughly from 0.5 to 1.5 KJ/(kg.K), and the
median thermal conductivity is from 1 to 4 W/(m.K) (Figures
2A,B). In this study, most selected measure data are the average
values for the specified rock type in a certain study area, the
anisotropic effects are diminished in data processing. The object
of this study is to investigate the relative magnificent of heat
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conductivity and capacity of different type of rocks and their
influence factors. Hence, the anisotropic effect are omitted.
Rocks, including igneous rocks, sedimentary rocks, and
metamorphic rocks, have a higher thermal conductivity than
loose sediments being characterized by lower porosity
(Figure 2B). For metamorphic rocks, the thermal conductivity
for phyllite is highest, with a median value of 3.9 W/(m.K), while
it is the lowest for skarn, with a median value of 1.1 W/(m.K). The
variation of rock thermal conductivity is small for slate, with a
median value of 2.39 W/(m.K). The median thermal conductivity
of sedimentary rocks ranges from 1.8 to 2.8 W/(m.K). The
chemical sedimentary rocks (limestone and dolomite) have a
higher thermal conductivity than clastic sedimentary rocks
(sandstone, mudstone, etc.). Sandstone and mudstone are the

most widely distributed rock samples for clastic sedimentary
rocks. The median thermal conductivity of sandstone is
1.86 W/(m.K) and mudstone is 1.79 W/(m.K). For igneous
rocks, the rock thermal conductivity for granite is highest of
2.4 W/(m.K), the gabbro is lowest of 1.8 W/(m.K). The rock
thermal conductivity for andesite has a larger variation range of
2-3 W/(m.K) than other igneous rocks. The median thermal
conductivity of loose sediments is 1-2.1 W/(m.K), in which
gravel is higher, sand and silt are in the middle, mud and clay
are lower, shell layer is the lowest, and the thermal conductivity
of gravel has a larger variation. The thermal conductivity of
loose sediments generally shows an increasing trend with grain
size, which result is consistent with the result of Midttomme
et al. (1998).
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FIGURE 2| Boxplots of heat capacity (A) and thermal conductivity (B) of rock and soil samples, having different lithology. (Boxes represent the quartile, red lines the
median, whiskers-maximum data range, black circles the outliers.).

The variations of specific heat capacity with rock types are
opposite to those of thermal conductivity, looser sediments have
higher specific heat capacities and rocks, including igneous rocks,
sedimentary rocks, and metamorphic rocks (Figure 2A). Clay,
mud, and silt have the highest specific heat capacity, which is
about 1.35K]J/(kg.K). Sand, pebbles, and shells have a relatively
low specific heat capacity of about 1.18 KJ/(kg.K). The median
value of clastic sedimentary rocks is relatively stable, ranging from
0.8 to 1.1 KJ/(kg:K), and the specific heat capacity of mudstone is
relatively low. However, there are certain abnormal values in
sandstone and mudstone, with the lowest of 0.2 KJ/(kg.K) and the
highest of 3.5 KJ/(kg.K).

For igneous rocks, gabbro’s specific heat capacity is the
lowest of 0.46K]/(kg.K), and the granite’s specific heat capacity
varied greatly from 0.7 to 1.2 KJ/(kg.K), followed by the diorite

ranges from 0.5 to 0.7 KJ/(kg-K). The specific heat capacity of
limestone is higher than that of dolomite, about 1 KJ/(kg.K),
and the variation range of dolomite is relatively larger (has a
bigger box in the plot) than that of limestone with
0.35-0.75KJ/(kg.K). The specific heat capacity of
metamorphic rocks has a large variation ranging from 0.3
to 1.4 KJ/(kg-K), which is the lowest for skarn, and the highest
for gneiss. The specific heat capacity of phyllite varies greatly
from 0.7 to 1.35 KJ/(kg-K).

In general the finer the particles of the loose sediment, the
greater the porosity. Most samples are collected below the
hydrostatic surface, so it can be assumed saturated with water
whose thermal conductivity is lower and specific heat capacity is
higher than most minerals. The comparisons of thermophysical
parameters for different rocks show that the denser the rock-soil
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FIGURE 3 | Histograms of density (A) and its regression analysis with respect to heat capacity (B) and thermal conductivity (C) of rock and soil samples.

structure, the greater the thermal conductivity; the looser, the
smaller the thermal conductivity, which indicating the combined
effects of porosity and water content. The specific heat capacity is
opposite, as it is generally larger for Quaternary loose layer than
that for bedrock, and it is generally larger for clay than that for
sandy soil and pebble layer.

The specific heat capacity of each soil body in the
Quaternary loose overburden is quite different. Because the
clay has a high porosity and water content, its specific heat
capacity is relatively higher than that of the gravel and pebbles.
It shows that silt and clay have a great ability to absorb or
release heat. The thermal conductivity of pebble and sandy soil
is better than that of silt and clay (Figure 2). These
characteristics indicate that the heat absorption effect of the
rock is better than that of the loose sediments, and the soil layer
has a better heat storage capability than the rock layer due to
the larger water content. Coarse-grained rock and soil have a
better heat-releasing effect, but poor heat storage capability.
On the contrary, fine-grained sediment has a better heat
storage effect, but a poor heat-releasing effect. From the

perspective of the development and utilization of shallow
geothermal energy resources, the rock and soil are required
to have good heat release performance for improving the
efficiency of conducting heat.

The Impact of Density on Thermophysical

Properties

Density is the basic physical property of rock and soil, which are
composed of solid, liquid, and gas phases with a decreasing trend
in density. Experience data shows that among the three-phase
composition, the thermal conductivity of solid is the largest,
followed by that of liquid, and that of gas is the smallest.
Histograms of density for different rocks types are shown in
Figure 3, column A. The density of metamorphic rocks, chemical
sedimentary rocks, and igneous rocks are relatively higher than
those of clastic sedimentary rocks and loose sediments. Whereas
few samples of metamorphic rocks, chemical sedimentary rocks,
and igneous rocks (row 1, 3, and 4) have low measured densities
due to weathering. As a large number of rock samples for clastic
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TABLE 3 | Regression analysis results for thermophysical properties and density.

Specific heat capacity

Thermophysical Properties and Influencing Factors

Thermal conductivity

Lithology
Slope
Metamorphic rock Slate -0.02
Gneiss -0.39
Overall -0.61
Clastic sedimentary rock Mudstone -0.31
Sandstone -0.31
Overall -0.26
Chemical sedimentary rock Limestone -0.31
Overall -0.32
Igneous rock Granite -0.18
Diorite -0.75
Overall -0.34
Loose sediment Clay -0.58
Silt -0.37
Sand -0.43
Overall -0.61

sedimentary rocks and loose sediments, they show highly
centered distributions.

By correlating the thermophysical properties, thermal
conductivity and specific heat capacity, and density of all rock
types, it shows that the thermal conductivity is positively related
to rock density (black dashed lines in Figure 3, Column 3) but the
specific heat capacity is negative to rock density (black dashed
lines in Figure 3, Column 2). These results are in line with the
previous studies (e.g., Hartmann et al., 2005; Oktay et al., 2015).
The rock type is further classified according to its lithology. The
regression analysis was conducted and the fitted parameters are
shown in Table 3. The correlation between thermophysical
properties and density for each rock type keep similar (colored
dashed lines in Figure 3, Columns 2 and 3). For a given type of
rock and soil, the thermal conductivity is positively correlated
with the density. It is inversely proportional to the density
(Figure 3, colored dashed line).

For metamorphic rocks, the specific heat capacity and thermal
conductivity of slate vary slightly with density (a small slope), and
the variation of gneiss is relatively large (a big slope). The changes
of thermophysical properties with density are relatively similar
for clastic sedimentary rocks. Compared with the specific heat
capacity, the thermal conductivity has a strong correlation with
density (a relatively high R?). The density of chemical
sedimentary rocks concentrates between 2.6 and 2.8 g/m3, and
the weathered rocks with low density may slightly change the
slopes. For igneous rocks, the specific heat of diorite varied
obviously with density (the slope and R* are large), and the
thermal conductivity of granite changes apparently with density.
Similar to clastic sedimentary rocks, the thermophysical
parameters of different loose sediments varied similarly with
the density changes. The thermophysical parameters of clay
(including specific heat and thermal conductivity) show a
strong correlation with density.

For a specific rock type, higher density usually implies lower
porosity if their mineralogy are identical, hence their thermal
conductivity has an increasing trend with the density. Since the
thermal conductivity is closely related to the grain configurations,

Intercept R? Slope Intercept R?
0.82 0.01 0.69 0.57 0.38
2.26 0.41 1.03 0.51 0.61
2.57 0.28 0.60 1.18 0.11
1.63 0.04 1.69 -1.92 0.49
1.74 0.05 1.06 -0.53 0.17
1.58 0.03 1.47 -1.43 0.34
1.75 0.04 1.15 -0.03 0.08
1.74 0.08 117 -0.12 0.08
1.42 0.06 1.00 0.19 0.46
2.65 0.39 0.51 0.61 0.10
1.73 0.15 0.58 0.96 0.11
2.22 0.12 0.68 0.47 0.20
1.86 0.05 0.20 1.28 0.01
1.83 0.06 0.62 0.92 0.07
2.21 0.14 0.76 0.47 0.15

the closely compacted mineral grains i.e., low porosity, increase
the capability of conducting heat and thus a high thermal
conductivity. The main effect of density on the difference in
thermophysical properties lies in the “degree of compactness”.
For a given saturated soil, if the mineral composition and texture
are basically the same, the difference in density results from the
difference in the structure, porosity, water content, and other
factors. Accordingly, the varied density may reflect the
characteristics of porosity and water content to some extent
and thus result in a change in thermophysical properties.

The Impact of Water Content on

Thermophysical Properties

The water content is calculated as the percentage of the mass of
free water in the total mass of the rock and soil (Li et al., 2007;
Jorand et al., 2011; Kim and Oh, 2019). The water content of
metamorphic rocks, chemical sedimentary rocks, and igneous
rocks are small in general, less than 10% overall, and mostly
concentrated between 0 and 5%, except for a few weathered rocks
with high water content. The water content of clastic sedimentary
rocks ranges roughly from 0 to 30%. As the water content
increases, the number of samples gradually decreases. The
water content of loose rocks concentrates around 20% and
shows a nearly normal distribution (Figure 4).

For metamorphic rocks, the correlation between
thermophysical parameters and water content for slate is not
obvious compared to gneiss, which is similar to the previous
results. For clastic sedimentary rocks, compared to sandstone,
thermophysical parameters have a strong correlation with water
content (a high R* in Table 4), and there are many mudstone
samples with low specific heat capacity and low thermal
conductivity. The thermophysical parameters of chemical
sedimentary rocks have relatively low correlations with water
content and exhibit a small change (small slopes as listed in
Table 4).

Analysis of all the rock sample data shows that the specific heat
capacity is directly proportional to water content (Figure 4 and
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FIGURE 4 | Histograms of water content (A) and its regression analysis with respect to heat capacity (B) and thermal conductivity (C) of rock and soil samples.

clastic sedimentary rock

0 1 2 3 4
v
ol s shale
A
p EE—
¢ [EE———— mudstone
£

i
r
A [ s
B _
C

sandtone

D h
| ——

1
¥ -
G
C

h conglomerate
F —
W/(m+K) ®Thermalconductivity =Heatcapacity KJi(kg-*K)

Qa T o w 0

chemical sedimentary rock loose sediment
0 1 2 4 0 1 2 3 4
— A “
_ limeston B =_
c I
D | elay
dolomite L
F b
! v g
Wi(m *K) ®Thermal conductivity =Heatcapacity KJ/(kg*K) i
¢ I
1gneous roc i
0 ! 2 4§ . sit
e ¢ [
F granite A [
= 5 E——
diorite &
c sand
R E————
W/(m *K) & Thermal conductivity uHeatcapacity KJ/(kg+K) . r
G [
W/(m +K) @ Thermal conductivity uHeatcapacity Kl/(kg*K)

FIGURE 5 | Relationship between the thermal and physical parameters of each lithology in different regions.

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 864548


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhu et al.

Thermophysical Properties and Influencing Factors

TABLE 4 | Regression analysis results for thermophysical properties and water contents.

Specific heat capacity

Thermal conductivity

Lithology
Slope
Metamorphic rock Slate 0.00
Gneiss 0.02
Overall 0.02
Clastic sedimentary rock Mudstone 0.02
Sandstone 0.01
Overall 0.01
Chemical sedimentary rock Limestone 0.02
Overall 0.01
Igneous rock Granite 0.01
Diorite 0.03
Overall 0.01
Loose sediment Clay 0.01
Silt 0.01
Sand 0.01
Overall 0.01

Table 4), which is consistent with the results of Kim and Oh
(2019). For igneous rocks, the water content greatly influences the
thermal conductivity of granite and specific heat capacity of
diorite. For loose sediments, the thermal conductivity and
specific heat capacity of clay are greatly influenced by water
content, while slit and sand are relatively unaffected by water
content. As the particle size of the different sediments decreases,
their thermal conductivity decreases and their thermal energy
storage capacity increases.

The specific heat capacity mainly depends on the content of
water and air. Since the specific heat capacity of water is much
larger than that of air, the greater the water content in the rock
and soil, the greater its specific heat capacity and vice versa. The
data above indicates that specific heat capacity is positively
correlated with water content, consistent with other studies.

In addition, some studies show that thermal conductivity is
directly proportional to water content (Kim and Oh, 2019).
Nevertheless, the analysis in this study shows that the thermal
conductivity is negatively correlated with the water content
(Figure 4; Table 4). The main reason may lie in that the
relationship between thermophysical parameters and water
content is not a simple linear relationship, and their correlation is
also restricted by other factors such as lithology, density, etc. For
example, considering silt and clay with large porosity, their density
tends to be small, and yield a high water content. Their small contact
area between the soil skeleton, and thus more pore water involved in
transferring the heat, which results in a small thermal conductivity
and a large specific heat capacity. Since the soils have different degree
of cementation, the effect of porosity on the thermal properties is
more complex, which is reflected in the different statistical patterns
of these properties of sand and bedrock.

Other Influencing Factors

In terms of spatial distribution, except for structural factors, the
distribution of thermophysical parameters could also be
influenced by geological formation conditions and
hydrogeological conditions. Tectonic faults affect heat transfer
for crystalline rocks, due to the complexity and lack of

Intercept R? Slope Intercept R?
0.76 0.00 -0.02 2.49 0.31
1.25 0.30 -0.05 3.19 0.56
0.95 0.10 -0.04 2.85 0.23
0.77 0.07 -0.07 2.35 0.25
0.97 0.02 -0.03 2.05 0.06
0.90 0.03 -0.05 2.22 0.15
0.92 0.04 -0.05 3.05 0.07
0.88 0.08 -0.05 3.04 0.07
0.96 0.04 -0.05 2.85 0.48
0.60 0.29 -0.03 2.01 0.17
0.83 0.06 -0.05 2.57 0.23
1.03 0.09 -0.01 1.90 0.16
1.09 0.07 0.00 1.62 0.00
0.96 0.07 0.00 1.89 0.00
0.99 0.12 -0.01 1.92 0.08

commonality of these mechanisms, this aspect is not discussed
in this paper.

Because the thermal conductivity of rocks is generally greater
than that of loose sediments, the thicker and the larger the
underlying bedrock, the higher thermal conductivity and the
lower the specific heat capacity for the area. On the contrary, if the
greater the thickness and area of loose sediments, e.g., silt and
clay, the lower the thermal conductivity and the higher the
specific heat capacity.

From the viewpoint of geomorphology, the high thermal
conductivity area tends to be distributed in the mountains and
the area where the bedrock is shallowly buried. By contrast, the
thermal conductivity of the plain area is generally lower than that
of the mountainous area (This part will be discussed further in the
next section). Furthermore, the granite, dolomite, limestone, and
shale areas in the bedrock area are also larger than the sandstone
and mudstone areas. In the plain area, the thermal conductivity is
slightly higher in river terraces and alluvial fans (where the
lithology of strata is mainly coarse sand and gravel sand) than
in the wind and slope deposition areas (where the lithology of
strata is mainly clay and silty clay). The distribution
characteristics of high and low specific heat capacity are
roughly opposite to that of the thermal conductivity.

Hydrogeological conditions and temperature region are closely
related to the thermophysical parameters of rock and soil. Different
temperature regions have different climates and different weathering
processes in the surface layer, affecting parameters such as lithology,
grain size and water content of the loose sediments, influencing the
thermophysical parameters in turn. The distribution of thermal
conductivity of samples collected in most cities is correlated with
the hydraulic characteristics. For instance, the high thermal
conductivity area in Hohhot distributes in the pre-mountain
plain area near the mountain, where is in well hydraulic
conditions with coarse grains in strata; the thermal conductivity
is low in the Daheihe plain area where is in poor hydraulic
conditions with fine grains in strata. For the same rock formation
in the urban area of Jinan, the better the groundwater runoff
conditions, the stronger the water richness, and the greater the
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TABLE 5 | Temperature region analysis results for thermophysical properties.

Temperature Region City Water
region content (%)
cold temperate Songliao Plain haerbin 23.47
zone

Mesothermal Inner Mongolia, Shaanxi-Gansu taiyuan 21.34

Loess Plateau

Subtropical Tropical coastal plain area fuzhou 29.31
cold temperate Songliao Plain haerbin 24.04
zone

Subtropical Tropical coastal plain area fuzhou 26.07

thermal conductivity. The high-value thermal conductivity is
distributed in the south of Haikou City where is the groundwater
recharge area, and the low-value is in the northern coastal plain,
where is the groundwater discharge area. The distribution of specific
heat capacity is opposite to that of the thermal conductivity. This
reflects the influence of hydrogeological conditions on
thermophysical parameters. Accordingly, the main factor that
affects the thermophysical parameters is the hydrodynamic
conditions. Areas with good hydrodynamic conditions generally
have the characteristics of large water volume and rapid flow rate,
which has a positive effect on heat transfer, whereas, in areas with
poor hydrodynamic conditions, the groundwater moves slow and
thermal transfer tend to small.

Data from the clay and sand of Harbin, Taiyuan and Fuzhou,
from the cold temperate, mesothermal and subtropical zones, are
listed in Table 5. There are small differences in water content and
density regularity of clay, without meaningful trend. The thermal
conductivity of the samples elevate with increase of regional
temperature and the specific heat capacity shows a roughly
decreasing trend. For sand in areas with high regional
temperatures, the samples had higher water content, density
and thermal conductivity and lower specific heat capacity.
Overall, among samples with small differences in water
content and density, the thermal conductivity of the rock/soil
is positively correlated with the regional temperature and
precipitation, while the specific heat capacity is the opposite.

Regional Characteristics

The thermal conductivity of clay in the Huang-Huai-hai Plain is
small, but the median value tends to be the same in other regions,
except for very large and very small values, which were mainly
caused by the change of water content. The mean thermal
conductivity of clay is 1.48 W/mK. In sand and clay, the
thermal conductivity reflects regional differences. It is lower in
the Songliao Plain, higher in the hilly mountains of eastern and
central China, and the mean values in the Huang- Huai-hai Plain
and the Loess Plateau of Inner Mongolia and Shaanxi-Gansu are
relatively close to each other, with the median mean values
ranging from 1.60 to 2.00 W/mK from the clay to the sands.
The variability of regional thermal conductivity in bedrock is
more evident, with distributions between 1.46 and 3.00 W/mK.
The density, porosity and permeability of rocks in different
regions, the nature and content of fluids in the pores of rocks,

Thermophysical Properties and Influencing Factors

Density Specific heat Thermal conductivity Litho-logy
(g/cm®) capacity W/(me°C)
KJ/(kg°C)

1.86 1.34 1.42 clay

2.01 1.41 1.56 clay

1.85 1.06 1.84 clay

1.72 1.20 1.40 sand

1.92 1.00 1.88 sand

as well as the differences in temperature and pressure, all have an
effect on the thermal conductivity (Table 6).

The regional variation of specific heat capacity is not clear. In
the clay, slit, sand and shale in Quaternary, Neoproterozoic and
Paleoproterozoic strata, the specific heat capacity in the karst hills
of southwest China is generally lower than that in other areas of
the earth, and that in the hills of east and central China is slightly
higher than that in other areas. The median values range from
0.88 to 1.48 kJ/kgK. Among the rocks, the median specific heat
capacity is concentrated around 1.00 kJ/kgK. The specific heat
capacity of mudstone in the Songliao Plain is high, with a median
value of 1.30 kJ/kgK, and the specific heat capacity of shale in
southeast and south China marine climate is higher, with a
median value of 1.27 kJ/kgK.

The thermal conductivity and heat capacity of the clastic
sedimentary rock in plains, plateaus, mountains and hills are
approximately similar. About the mudstone, the lowest thermal
conductivity is found in the loess plateau, maybe due to the low
water content. The thermal conductivity of sandstone in Tropical
coastal plain area is 1.7 times of those in Songliao Plain, while the
specific heat capacity is only 1/2. Similar features are found of the
conglomerate, the formation of sedimentary strata containing smaller
particles is more favorable in the Songliao Plain than in the coastal areas.

For the chemical sedimentary rock, the characteristics of the
thermal and physical parameters tend to be consistent and do not
correlate significantly with their locations.

For the igneous rocks, data are only available in Huang-Huai-
Hai Plain, East China - Central China Hilly Mountainous Region
and Tropical coastal plain area. The thermal conductivity of the
granite in Tropical coastal plain area is 3.14, the highest value
among those of the region.

Loose sediment is very heterogeneous, including clay, silt and
sand widely distribute in seven different areas. For clay, only the
thermal conductivity and specific heat capacity of Northwest
Interior Basin are significantly lower than those of other areas,
while the other six areas are basically the same. For silt, the
thermal conductivity and specific heat capacity of Southwest karst
hills are significantly lower than those of East China-Central
China Hilly Mountainous Region and Tropical coastal plain area,
and the thermal conductivity of sand shows a trend of gradually
decreasing from mountain-plateau-plain (Figure 5).

Generally speaking, from the hilly areas to the middle of the basin
or plain, as the altitude decreases, the lithology gradually changes
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TABLE 6 | Statistical results of thermal and physical parameters of each lithology in different regions.

Code name Region

East china—central china hilly mountainous region
Tropical coastal plain area

Songliao Plain

Huang-huai-hai plain

East china-central china hilly mountainous region
Inner mongolia, shaanxi-gansu loess plateau
Tropical coastal plain area

Southwest karst hills

Songliao Plain

Huang-Huai-Hai Plain

East china—central china hilly mountainous region
Northwest interior basin

Inner mongolia, shaanxi-gansu loess plateau
Tropical coastal plain area

Southwest Kkarst hills

East china-central china hilly mountainous region
Tropical coastal plain area

Huang-huai-hai plain

East china-central china hilly mountainous region
Southwest Kkarst hills

Huang-Huai-Hai Plain

Southwest Kkarst hills

East china—-central china hilly mountainous region
Tropical coastal plain area

Huang-huai-hai plain

East china-central china hilly mountainous region
Huang-huai-hai plain

East china—-central china hilly mountainous region
Songliao plain

Huang-huai-hai plain

East china—-central china hilly mountainous region
Northwest interior basin

Inner Mongolia, Shaanxi-Gansu Loess Plateau
Tropical coastal plain area

Southwest Kkarst hills

East China - Central China Hilly Mountainous Region
Tropical coastal plain area

Southwest karst hills

Songliao Plain

Huang-huai-hai plain

East china—-central china hilly mountainous region
Inner mongolia, shaanxi-gansu loess plateau
Tropical coastal plain area

Southwest karst hills

Tropical coastal plain area

rock

TOTMOTPTOTOOTMIOOT>OTOTTONTOOTTOOTMMOO®PO IMTMOTX>TO

from sand, pebbles and gravels to silt and clay interlayers. The
lithology change is accompanied by a gradual decrease of the thermal
conductivity and increase of heat capacity, according to the gradual
grain size decrease and porosity increase of the rock/soil’s.

CONCLUSION

In this study, the thermophysical properties of 6467 rock and soil
samples collected from 24 provincial capitals in China are analyzed
and correlated with the lithology, density, water content. The
thermal conductivity of the bedrock is generally greater than that
of the Quaternary loose sediments. Dolomite, shale, and granite have

Igneous rock

Clastic sedimentary rock

Chemical sedimentary

Loose sediment

Lithology Mean thermal Mean heat capacity
conductivity
Shale 2.39 0.97
1.63 1.27
Mudstone 1.48 1.30
1.99 0.98
1.97 0.98
1.46
1.76 1.06
1.79 0.87
sandstone 1.55 1.98
2.03 0.97
1.73 1.03
1.81 1.07
1.63
2.77 1.08
2.06 1.08
Conglomerate 1.85 0.87
2.24 1.03
Limestone 2.70 0.90
2.55 0.98
2.90 0.97
Dolomites 2.63 1.00
2.52 1.07
Granite 2.44 0.67
3.14 1.20
Diorite 1.95
2.28 1.50
Gabbro 1.93
Andesite 1.54 0.91
Clay 1.39 1.28
1.55 1.41
1.51 1.51
1.10 1.06
1.53 1.42
1.33 1.38
1.36 1.21
silt 1.24 1.68
1.41 1.80
0.89 1.03
sand 1.43 1.19
1.82 1.13
2.09 1.22
1.93 1.30
1.79 1.12
1.47 0.96
Shell layer 1.18 1.19

a higher thermal conductivity than gabbro, sandstone, and
mudstone for the bedrock. For the loose sediments, the thermal
conductivity of pebble and gravel is larger than that of the clay and
silt, which shows a decreasing trend with the grain sizes. For the
specific heat capacity, which is opposite to the thermal conductivity,
it is generally lower in the bedrock than that in the Quaternary loose
sediments. Density and water content affect thermophysical
parameters, thermal conductivity increases with density and
decrease with water content, while specific heat capacity decreases
with density and increase with water content.

To summarize, during the development and utilization of shallow
geothermal energy, it is necessary to consider the local conditions
such as geological formation, hydrogeological settings to
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representatively collect measurement samples to determine
thermophysical properties, in order to assess the applicable
resource amount, optimize ground source heat pumps systems to
maximize the utilization of shallow geothermal energy. The finding
of this study provides data basis and variation analysis for the
resource assessments and modeling, provides insights for the site
selections of shallow geothermal energy development and utilization.
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