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The occurrence condition of geothermal resources in Jizhong depression is good for development, but the thermal genetic
mechanism of thermal reservoir has been lack of systematic and theoretical research, which leads to large number of failure
cases in the process of geothermal well location. In this paper, the thermal genetic mechanism of thermal reservoir in Jizhong
depression is explored in the aspects of heat source, heat source channel, and thermophysical structure by means of core
thermophysical property test, magnetotelluric sounding, and natural seismic P wave velocity imaging. According to the study,
the heat of deep carbonate reservoir in Jizhong depression mainly comes from the deep mantle. Heat from the mantle enters
deep thermal reservoir in the form of thermal conduction and thermal convection which flows through deep faults such as
Niudong-Hexiwu fault. Cenozoic sandstone and mudstone caprock whose thermal conductivities are low is more than 1000
meters, which is favorable for heat storage. In comparison, the thermal conductivity of deep carbonate thermal reservoir is
much higher than that of sandstone and mudstone. Therefore, differences in thermal conductivity and thermal convection
from deep faults are the reasons why the heat reservoir temperature in the uplift area is higher than that in the subdepression
area at the same depth.

1. Introduction

Geothermal energy is a renewable clean energy with large
reserves, wide distribution, and easy utilization. So, it is a com-
petitive new energy [1]. The distributions of geothermal
resources in China, which are mostly distributed in large sed-
imentary basins and mountains with good geothermal dis-
play, are obviously regular and regional. Among them, there
are good geothermal resources [2], relatively high exploration
and development, andmature technologies in Jizhong depres-
sion [3]. It is one of the regions with better geothermal
resource development and utilization in China [4, 5].

Some achievements have been made in the geothermal
research in Jizhong depression. Chen Moxiang studied the

longitudinal and plane distribution characteristics of geo-
thermal gradient in Niutuozhen uplift area of Jizhong
depression according to the measured temperature of bore-
holes [6]. Some researchers discussed the distributions of
heat flow and paleo-geothermal evolution history of Ceno-
zoic strata in Raoyang sag and Langgu sag of Jizhong depres-
sion based on the systematic temperature data and rock
thermal conductivity data [7]. Some researchers studied the
distributions of geothermal gradient or terrestrial heat flow
in Jizhong depression and believed that the plane distribu-
tion was related to the relief of basement topography [8,
9]. In terms of deep structure, the massive lithospheric thin-
ning, crustal deformation, earthquake, and magmatic activ-
ity caused by the destruction of the North China Craton
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also created good conditions for the deep heat to enter the
shallow strata and form geothermal resources [10]. Some
of the major faults cut through the aluminum silicate layer
and penetrated deep into the magnesium silicate layer or
the upper mantle. And they played an important role in con-
trolling the upward conduction of deep heat and the forma-
tion of geothermal resources [11].

This paper conducts thermal property tests on core sam-
ples and analyzes the characteristics of radiogenic heat rate
and thermal conductivity of the main lithologies in the study
area. And genesis mechanism of geothermal resource is dis-
cussed combining magnetotellurics and seismic tomogra-
phy. The results can not only provide theoretical support
and scientific basis for the evaluation and rational develop-
ment of geothermal resource in Jizhong depression but also
enrich the theoretical understanding of the genesis mecha-
nism of geothermal resource in sedimentary basin in China.

2. Regional Geological Setting

2.1. Regional Structure Characteristics. Jizhong depression
located in the north of North China Plain is a depression
in the west of Bohai Bay basin, bordering on Yanshan fold
belt in the north, Xingheng Uplift in the south, Taihang
Mountain uplift in the west, and Cangxian uplift in the east,
with an overall NE-SW trend. It can be divided into 12 sags,
such as Raoyang sag, Baxian sag, and Langgu sag, and 6
uplifts (Figure 1). It is composed of continental sedimentary
rocks of Eocene to Pliocene with mixture of volcanic rocks,
with few outcrops, and covered by the Quaternary system.
The main body of the unit is a basin that has been continu-
ously faulted since the Eocene.

There are three kinds of faults in Jizhong depression:
NNE, NE, and SW. NNE trending faults are the most devel-
oped ones in this area, which are large in scale, long in exten-
sion, steeper in dip angle, and are arranged in right-side. The
fault activity was still strong in Cenozoic, which controlled
Oligocene sedimentation. The NE faults are consistent with
the axial direction of the basement fold, and most of them
are distributed in the axial part of the fold with a gentle
dip angle. The SW fault is small in scale. The main faults
can be seen in Figure 1. The thermal fields in Jizhong depres-
sion are controlled by these faults, which are widely distrib-
uted in the whole region [12].

2.2. Regional Geological Characteristics. From Proterozoic to
the end of Triassic, Jizhong depression it developed a set of
relatively stable carbonate rock and clastic rock deposits,
which transferred from marine facies to paralic facies and
then to continental facies with stable deposition and wide
distribution [13]. Tectonic movement and magmatic activity
are relatively gentle, mainly oscillatory movement. During
the Jurassic period and its later period, a series of continental
clastic rocks were formed, with strong tectonic and mag-
matic activities and mainly faulted deposits.

Jizhong depression is a Mesozoic-Cenozoic sedimentary
depression developed on the basement of North China
paleo-platform, which is characterized by the development
of Paleogene and Neogene.

Archaean: forming the base of the North China
platform.

Proterozoic: a set of marine strata deposited on the base
of the North China platform after the Luliang Movement.
From the bottom up, the strata include the Changchengian
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Figure 1: Structure and geology of sectional Jizhong depression. (F1: Taihang Mountain piedmont fault, F2: Xianxian fault, F3: Hengshui
fault, F4: Daxing fault, F5: Niudong-Hexiwu fault).
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system, Jixianian system, and Qingbaikouian system, which
aremainly carbonate rocks interlaced with sandstones, shales,
and chert bands and masses. Among them, Wumishan For-
mation is the most developed stratum, with the maximum
drilling thickness of 2200m in the study area [14].

Lower Paleozoic: it is a set of marine sediments in the
stable subsidence period of the region after the Neoprotero-
zoic. There are the Cambrian strata and Ordovician strata in
the area, and the lithology is mainly carbonate rock, which is
widely distributed in the area.

Upper Paleozoic: Triassic strata are lack in the study area,
and the Carboniferous-Permian strata are mainly developed.

Cenozoic: during the late Mesozoic Yanshan movement,
a series of NEE trending faults were produced, which acted
together with the early EW trending faults to cut and sepa-
rate the blocks, and established the structural pattern of
north-south zoning and east-west zoning in Jizhong depres-
sion. Since the Paleogene, the fault activity has become more
intense, resulting in the vertical differentiation of the bed-
rock blocks. The uplifted side of the block was subjected to
strong denudation, while the descending side received rapid
accumulation. Early Paleogene ultimately overlapped on the
bedrock, forming an obvious angular unconformability. The
thickness of the Quaternary system is 260~490m. The gen-
eral trend is that the buried hill area in the northwest is thin,
and the depression area in the southeast is gradually thicker.

3. Research Methods and Test Results

3.1. Core Thermophysical Property Test. The rock density, U
element content, Th element content, K element content,
and thermal conductivity of 50 samples collected from bore-
hole named JZ02 (Figure 1) were tested. The test principle of
rock density is Archimedes principle, and the test method is
apparent density method. The instrument is XF-220SD
high-precision digital solid-liquid denser, with an accuracy
of 0.0001 g/cm3. The radioactive elements were determined
by tetra-acid digestion, and the contents of U and Th were
detected by ICP-MS with an error ± 5% confined and a
detection limit of 0.01 ppm. K content was detected by
ICP-OES, the error was within ±5%, and the detection limit
was wt.0.001%. The thermal conductivity was tested by
improved method of transient planar heat source with the
instrument named TCi Thermal Conductivity Analyzer pro-
duced by C-Therm firm in Canada. The test accuracy and
repeatability were better than 5% and 1%. The density test
needs sample to be in blocks without broken, and the ther-
mal conductivity test needs the core section to be smooth.
Because of the requirements for the test of samples, 44 sam-
ples of density and 39 samples of thermal conductivity were
tested (Table 1).

Heat generation rate of rock can be calculated according
to the measured density and the content of U, Th, and K:

A μW ·m−3� �
= 10−5 × ρ kg · m−3� �

× 9:52CU ppm½ � + 2:56 × CTh ppm½ � + 3:48 × CK %½ �ð Þ,
ð1Þ

where A is heat generation rate of rocks (μW·m3), CU and
CTh are the content of U and Th in rocks (ppm), CK is the
K content (wt%), ρ is the density of rocks (kg·m-3).

3.2. Magnetotelluric Sounding. The five-component instru-
ment namedV8-6R/RUX-3E produced by Phoenix Company
in Canada was used for magnetotelluric data acquisition, with
the frequency range of 320~0.0005Hz, 40 effective fre-
quencies and the detection depth of 6000~10000m. The
profile, whose length was about 58 km, passed through
several geological tectonic units [15]. And its point dis-
tance was 400~1000m. A total of 61 measuring points
were recorded; the profile was about 120 km. In order to
meet the periodic length of impedance phase data, the
recording time of all measuring points was more than 12
hours, and the data was collected at night. The 2D magne-
totelluric processing, inversion interpretation, and imaging
software system (MTSoft 2D 2.4) were used for data pre-
processing. And NLCG inversion was performed [16].

According to the magnetotelluric result (Figure 2), elec-
trical structure in Jizhong depression is obviously heteroge-
neous, and there are three main electrical layers in the
longitudinal direction: the surface layer shows low resistivity,
which is inferred to be the Quaternary layer; the middle layer
also shows low resistivity (lower than the surface resistivity),
which is inferred to be the interbedded sandstone and mud-
stone of Neogene and Paleogene; the deep layer shows high
resistivity, which is inferred to be limestone or carbonate of
Mesozoic or Paleozoic. According to the topographic relief
of high resistivity in the profile, the shallow buried area with
high resistivity is raised area, while the deep buried area with
high resistivity is sag area.

3.3. Analysis of Crustal P Wave Velocity Structure. The
crustal velocity structure represents the physical properties
of deep crust. Seismic tomography technology has been
widely used in the acquisition of the velocity structure of
the earth’s interior and has achieved lots of results [17].
Probe for crustal velocity structure of North China has been
carried out since the 1980s, using body wave travel time
tomography of natural seismic [18] and surface wave
tomography [19], and artificial seismic exploration technol-
ogy [20, 21], obtained a large number of results, providing a
scientific reference for analysis of the relationship between
deep structure and deep heat storage in the study area.

Different seismological methods mentioned above have
different sensitivities and resolutions to geological structures
[22]. Artificial seismic sounding characterized by high detec-
tion accuracy is the primary method for detecting the fine
structure of crust and mantle [23]. After collecting and sort-
ing 42 wide-angle reflection/refraction profiles of 2D artifi-
cial seismic in the study area and adjacent areas since 1976
[24], the velocity structure and interface structure of the pro-
file were gridded. A fine 3D P wave velocity structure named
HBCrust1.0 (Figure 3) of the crust in the central and eastern
North China Craton was constructed using Kriging interpo-
lation method. For the velocity structure, the depth and
velocity of the interface are meshed according to the grid
spacing of 5.0 km in transverse direction and 2.0 km in depth

3Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/7223019/5745521/7223019.pdf
by guest
on 16 December 2022



T
a
bl
e
1:

T
he
rm

op
hy
si
ca
l
pa
ra
m
et
er

st
at
is
ti
cs

of
bo
re
ho

le
lit
ho

lo
gy
.

Sa
m
pl
e
nu

m
be
r

Li
th
ol
og
y

D
ep
th

(m
)

D
en
si
ty

(k
g·
m

-3
)

U
(μ
g/
g)

T
h
(μ
g/
g)

K
(μ
g/
g)

H
ea
t
ge
ne
ra
ti
on

(μ
W
·m

3 )
T
he
rm

al
co
nd

uc
ti
on

(W
/m

K
)

JZ
02
-1

Sa
nd

in
te
rb
ed
de
d
cl
ay

20
0.
00
-2
01
.3
0

/
1.
82

11
.9
2

1.
74

/
1.
87
9

JZ
02
-2

M
ud

cl
am

ps
gr
av
el

41
5.
26
-4
16
.2
6

2.
10
68

0.
90

6.
76

1.
80

0.
67
73

2.
13
8

JZ
02
-3

B
as
al
t

63
9.
41
-6
42
.1
1

2.
69
59

0.
11

0.
91

0.
17

0.
10
61

1.
98
6

JZ
02
-4

M
ud

st
on

e
86
0.
40
-8
62
.4
0

2.
24
59

1.
36

8.
24

2.
03

0.
92
47

2.
25
0

JZ
02
-5
-1

M
ud

st
on

e
10
80
.2
8-
10
83
.8
0

/
1.
44

8.
62

1.
68

/
2.
45
6

JZ
02
-5
-2

M
ud

st
on

e
10
80
.2
8-
10
83
.8
0

/
0.
93

5.
63

2.
22

/
/

JZ
02
-6

Sa
nd

st
on

e
12
51
.0
0-
12
52
.2
0

2.
23
01

1.
25

7.
11

1.
90

0.
81
78

2.
33
7

JZ
02
-7
-1

M
ud

st
on

e
14
50
.0
0-
14
54
.0
0

2.
19
34

1.
57

8.
55

2.
15

0.
97
28

2.
03
6

JZ
02
-7
-2

Sa
nd

st
on

e
14
50
.0
0-
14
54
.0
0

/
8.
15

7.
83

1.
69

/
2.
29
0

JZ
02
-8

Sa
nd

st
on

e
16
48
.0
0-
16
52
.5
0

2.
71
8

0.
61

0.
53

0.
05
8

0.
19
99

/

JZ
02
-9

Sa
nd

st
on

e
17
23
.3
2-
17
26
.3
2

2.
74
05

0.
67

0.
41

0.
02
9

0.
20
57

3.
59
2

JZ
02
-1
0

D
ol
om

it
e

17
98
.5
0-
17
99
.0
0

2.
83
38

0.
30

0.
53

0.
09
5

0.
12
85

/

JZ
02
-1
1

D
ol
om

it
e

18
08
.5
9-
18
09
.9
9

2.
86
99

0.
56

0.
65

0.
12

0.
21
24

4.
25
9

JZ
02
-1
2

D
ol
om

it
e

19
11
.7
4-
19
19
.7
4

2.
81
35

0.
71

2.
83

0.
80

0.
47
21

5.
41
3

JZ
02
-1
3

D
ol
om

it
e

19
61
.3
7-
19
62
.3
7

2.
85
63

0.
20

0.
59

0.
12

0.
10
99

4.
78
2

JZ
02
-1
4

D
ol
om

it
e

20
64
.4
4-
20
67
.9
4

2.
70
1

1.
64

8.
22

2.
92

1.
26
33

4.
71
3

JZ
02
-1
5

M
ud

st
on

e
20
93
.0
2-
20
99
.0
2

2.
54
81

1.
57

13
.0
7

7.
26

1.
87
79

1.
59
8

JZ
02
-1
6

G
ne
is
s

21
77
.1
6-
21
78
.8
6

2.
64
19

1.
85

20
.4
5

4.
75

2.
28
55

3.
46
1

JZ
02
-1
7

G
ne
is
s

22
54
.1
5-
22
58
.1
5

2.
71
14

0.
38

16
.7
3

3.
80

1.
61
77

/

JZ
02
-1
8

G
ne
is
s

22
58
.1
5-
22
63
.1
5

2.
69
64

0.
20

1.
43

4.
29

0.
55
26

2.
50
0

JZ
02
-1
9

G
ne
is
s

23
67
.8
5-
23
71
45

2.
72
74

0.
13

1.
43

4.
13

0.
52
57

2.
09
7

JZ
02
-2
0

G
ne
is
s

24
52
-2
45
6.
4

2.
81
22

0.
29

2.
96

1.
85

0.
47
24

2.
48
8

JZ
02
-2
0-
1

G
ne
is
s

24
52
-2
45
6.
4

2.
81
22

0.
44

2.
64

1.
81

0.
48
40

/

T
im

e
2-
1

Sa
nd

in
te
rb
ed
de
d
cl
ay

20
0.
00
-2
01
.3
0

2.
47
83

0.
70

3.
45

1.
63

0.
52
54

2.
26
3

T
im

e3
-1

B
as
al
t

63
9.
41
-6
42
.1
1

2.
72
15

0.
13

0.
82

0.
16

0.
10
60

/

T
im

e4
-1

M
ud

st
on

e
86
0.
40
-8
62
.4
0

2.
13
78

1.
73

8.
69

2.
37

1.
00
32

2.
11
9

T
im

e5
-1

M
ud

st
on

e
10
80
.2
8-
10
83
.8
0

2.
58
86

1.
28

7.
80

1.
84

0.
99
75

/

T
im

e5
-2

Sa
nd

st
on

e
10
80
.2
8-
10
83
.8
0

/
1.
09

6.
68

2.
56

/
/

T
im

e6
-1

Sa
nd

st
on

e
12
51
.0
0-
12
52
.2
0

2.
26
17

1.
76

8.
13

1.
86

0.
99
65

2.
26
7

T
im

e7
-1

M
ud

st
on

e
14
50
.0
0-
14
54
.0
0

2.
59
06

1.
80

7.
35

2.
02

1.
11
46

2.
17
1

T
im

e7
-2

Sa
nd

st
on

e
14
50
.0
0-
14
54
.0
0

2.
12
75

1.
07

6.
13

1.
93

0.
69
26

2.
14
9

T
im

e8
-1

Sa
nd

st
on

e
16
48
.0
0-
16
52
.5
0

2.
62
21

0.
34

0.
33

0.
03
6

0.
10
99

2.
91
3

T
im

e9
-1

Sa
nd

st
on

e
17
23
.3
2-
17
26
.3
2

2.
72
03

0.
88

0.
32

0.
02
2

0.
25
27

/

T
im

e1
1-
1

D
ol
om

it
e

18
08
.5
9-
18
09
.9
9

2.
81
20

1.
08

3.
96

1.
49

0.
71
91

5.
04
5

T
im

e1
2-
2

D
ol
om

it
e

19
11
.7
4-
19
19
.7
4

2.
78
36

0.
52

1.
94

0.
49

0.
32
36

2.
70
1

4 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/7223019/5745521/7223019.pdf
by guest
on 16 December 2022



T
a
bl
e
1:
C
on

ti
nu

ed
.

Sa
m
pl
e
nu

m
be
r

Li
th
ol
og
y

D
ep
th

(m
)

D
en
si
ty

(k
g·
m

-3
)

U
(μ
g/
g)

T
h
(μ
g/
g)

K
(μ
g/
g)

H
ea
t
ge
ne
ra
ti
on

(μ
W
·m

3 )
T
he
rm

al
co
nd

uc
ti
on

(W
/m

K
)

T
im

e1
2-
3

D
ol
om

it
e

19
11
.7
4-
19
19
.7
4

2.
78
92

0.
38

1.
70

0.
47

0.
26
91

4.
62
7

T
im

e1
3-
1

D
ol
om

it
e

19
61
.3
7-
19
62
.3
7

2.
77
52

0.
10

0.
36

0.
04
8

0.
05
66

5.
14
6

T
im

e1
4-
1

D
ol
om

it
e

20
64
.4
4-
20
67
.9
4

2.
70
60

2.
10

8.
97

3.
45

1.
48
61

4.
61
5

T
im

e1
5-
1

M
ud

st
on

e
20
93
.0
2-
20
99
.0
2

2.
59
63

1.
03

9.
86

9.
22

1.
74
40

/

T
im

e1
5-
3

M
ud

st
on

e
20
93
.0
2-
20
99
.0
2

2.
57
93

1.
57

11
.3
9

8.
56

1.
90
57

1.
44
6

T
im

e1
5-
4

G
ne
is
s

21
77
.1
6-
21
78
.8
6

/
1.
57

11
.8
9

8.
66

/
/

T
im

e1
6-
1

G
ne
is
s

22
54
.1
5-
22
58
.5

2.
71
18

0.
53

9.
04

3.
86

1.
12
89

2.
38
6

T
im

e1
7-
1

G
ne
is
s

22
59
.1
5-
22
63
.1
5

2.
65
66

0.
25

39
.9
2

3.
82

3.
13
11

2.
50
2

T
im

e1
8-
1

G
ne
is
s

23
67
.8
5-
23
71
.4
5

2.
65
34

0.
20

2.
53

3.
97

0.
59
02

3.
03
6

T
im

e2
0-
2

G
ne
is
s

24
52
.0
0-
24
56
.4
0

2.
74
76

0.
37

1.
83

2.
98

0.
51
07

2.
32
7

T
im

e1
6

G
ne
is
s

/
2.
71
38

2.
00

53
.8
8

4.
48

4.
68
27

3.
24
2

T
im

e1
7

D
ol
om

it
e

/
2.
68
78

0.
49

13
.3
7

3.
89

1.
41
00

2.
80
4

T
im

e1
8

G
ne
is
s

/
2.
63
59

0.
59

0.
84

4.
47

0.
61
41

2.
79
5

T
im

e1
9

G
ne
is
s

/
2.
75
74

0.
21

0.
67

3.
03

0.
39
26

2.
37
7

T
im

e2
0

G
ne
is
s

/
2.
74
27

1.
09

1.
22

3.
04

0.
66
13

2.
35
6

5Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/7223019/5745521/7223019.pdf
by guest
on 16 December 2022



direction (the grid spacing of more than 10 km in depth
direction is 1.0 km). The model can distinguish velocity
anomalies greater than 0.05 km/s, and the accuracy of Moho
depth is about ±1.0 km. Figure 3 shows the velocity distribu-
tions of HBCrust1.0 at five different depths from 2km in the
shallow crust to 26 km in the lower crust, as well as the depth
of Moho.

The velocities at 2 km and 5 km show the velocity struc-
ture of sedimentary cover in the study area. The thickness
and velocity structure of sedimentary cover in the eastern
and central parts of the study area are obviously different.
The eastern depression basin is mainly composed of Ceno-
zoic and Mesozoic deposits, and the sedimentary cover
velocity is 2.0~5.0 km/s. The interphase distribution of high
and low velocity areas corresponded well with the depres-
sions and uplift of the geological structure. The depression
area and the uplift area are distributed in NNE-NE direction,
with obvious east-west division and differences between
north and south, reflecting the tectonic characteristics of
North China Basin caused by the NW tensile stress field
since Cenozoic.

The velocities at 10 km and 20 km reflect the velocity
structure of the middle and upper crust. It shows that the
velocity structure has great lateral variation, but does not
correspond to the geological structure as well as the sedi-
mentary cover. The existence of low-velocity layer is an
important geological phenomenon of this layer. The depth
of 26 km is located in the lower crust, where the lateral veloc-
ity structure has great changes, and the P wave velocity gen-
erally ranges from 6.3 to 6.6 km/s. The distribution of high
and low velocity is relatively scattered in North China Plain.
Figure 3(f) shows the depths of Moho interface in the study
area. It shows that the depth of Moho interface in North
China basin is 31-32 km. The depth variation of Moho
interface shows that Taihang Mountain fault is the bound-
ary, and the Moho interface obviously sinks gradually from
east to west.

4. Analysis and Discussion

The research on the genesis of geothermal resources mainly
includes four aspects: heat source, heat source channel, heat
reservoir, and caprock. At present, the heat sources of geo-
thermal research in China are more recognized as radioac-
tive heat generation [25], magmatic capsule [26], fault
communication [27], and other heat sources. In the follow-
ing, mechanism of thermal storage in Jizhong depression
will be discussed in four aspects: heat source, heat source
channel, caprock, and reservoir.

4.1. Radioactive Heat Generation. The study of radioactive
heat generation rate of rocks is one of the main elements
of the study of the genesis of geothermal systems [28]. Here,
radioactive heat generation rate of different lithologic strata
is statistically calculated. The results of the heat generation
rate of borehole rock are listed in Table 2. Figure 4 shows
the radiogenic rates at different depths. The results are
shown as follows:

(1) Sandstone and dolomitic limestone have relatively
low radioactive heat generation rates, with an aver-
age of 0.43μW/m3 and 0.48μW/m3, which are con-
sistent with the results of previous studies that there
were low content of heat generation elements for
sandstone and dolomitic limestone [25, 29]

(2) The radioactive heat generation rate of gneiss is rel-
atively high with an average of 1.20μW/m3, which
is lower than the average of 2.30μW/m3 of gneiss
in other parts of China [30]. The maximum value
reached 4.68μW/m3 at the depth of 2100m

There are two parts of heat flow in the sedimentary basin
[31]: one part is crustal heat flow, which comes from radio-
active decay in crust such as U, Th, and K; the other part is
mantle heat flow that comes from the deep mantle.
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Figure 2: 2D inversion section and geological interpretation of magnetotelluric soundings.
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Lithospheric thermal structure refers to the distribution ratio
of heat flow between crust and mantle and its fabric relation-
ship in a region. In this paper, a back-stripping method is
used to calculate heat flow in sedimentary basin based on
surface heat flow, heat generation rate, and crustal thickness
[32]. The calculation formula is as follows:

qm = qs − qc = qs−〠AiDi: ð2Þ

In this formula, qc, qm, and qs are heat flow of crust,
mantle and surface (mW/m2), Ai is the heat generation rate
of layer i (μW/m3), and Di is the thickness of layer i.
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Lithologic structure in the crust is complex. In order to
estimate thermal model of study area, reasonable assump-
tions and simplifications can be put forward in the calcula-
tion (Table 3), as follows:

(1) If two lithologic depth range is not continuous and
unable to determine boundary range in depth, taking
the distance between them half as boundary depth,
in turn, has carried on the generalized to formation
lithology in the calculation process

(2) After ignoring the extremely high value of heat gen-
eration rate, the background value of heat generation
rate was calculated to be 0.75μW/m3, and the strata
calculated in crust were divided into upper crust,
middle crust, and lower crust [33]

(3) The value of heat flow in the study area is 79.1-
90mW/m2 [34]

According to the statistical results in Table 3, the crustal
heat flow is about 20.45mW/m2; the heat flow value of the
surface is about 79.1-90mW/m2; the mantle heat flow is
about 8.7-69.6mW/m2. And the crustal heat flow contribu-
tion rate is 22.72-29.85%. It can be seen that the contribution
rate of heat flow generated by crustal heat generation is less
than 30%, and most of the heat source comes from the deep
mantle. We call the study area is a “cold crust and hot
mantle” lithospheric thermal structure.

4.2. Magma Capsule. Magma in crust is the important heat
source for shallow heat reservoirs [26]. In this paper,
whether magma is existent is studied indirectly by means
of seismic wave velocity. Figure 5 shows vertical sections of
P wave velocity along the NE-trending BB′ profile (positions
of profiles are seen in Figure 3(f)). The BB′ section passes
through Taihang Mount uplift area and Jizhong depression
from the northwest to the southeast. The profile shows that
the overall lateral variation of crustal velocity changes
greatly. Taking Taihang mountain fault as the boundary,
the deepest part of the Moho interface of Taihang mountain
reaches 42 km, while the depth of the North China Plain is
about 32~35 km, showing a state of uplift as a whole, in
which the study area named Jizhong depression is located.

In the profile, there is an obvious low-velocity body dis-
tribution at the depth of 10 to 15 km in Jizhong depression,
and its P wave velocity is 5.0~6.0 km/s, while the P wave
velocity at the same depth is generally 6.0~6.3 km/s in the
transverse section. There are some disputes about the genesis
of the low velocity and high conductivity layer in crust of the
North China Plain. The main viewpoints are as follows: (1)
water-bearing fluid hypothesis [35]; (2) magma melting
hypothesis [36]; (3) Shear zone hypothesis [37]. In addition,
there is also a view that the low-velocity and high-
conductivity layer is caused by the superposition of multiple
action [38, 39]. For the magma melting hypothesis, the exis-
tence of low velocity and high conductivity layer is equiva-
lent to the existence of heat source, which provides heat
for the shallow heat reservoir. In a word, the Moho interface
of the North China Plain is uplifting on the whole, and the
low velocity layer of the middle and lower crust may be
the encroachment of the mantle magma on the bottom of
the crust.

In the profile, it shows that there is no low-velocity
anomaly from the low-velocity body down to the mantle,
indicating that there is no low-velocity magma body from
the deep. The low-velocity body is located in the upper part
of the middle crust, where Taihang Mountain piedmont
fault is transformed into a low-angle ductile shear zone.
There are also some near-horizontal reflective layers, which
are the horizontal demolition zone and ductile shear zone
formed during the fracture trap extension. And semibrittle
deformation makes the structure of the rock composition
nonuniform, the lattice oriented, and many microfractures
[40]. These have been confirmed in ultradeep drilling [41].
Therefore, the low velocity layer in the upper middle crust
of the Jizhong depression is due to the influence of the duc-
tile shear zone formed by the Taihang Mountain piedmont

Table 2: Statistics of heat generation rate of rock.

Lithology
Sample
quantity

Heat generation rate
(μW/m3)

Average value
(μW/m3)

Mudstone 9 0.68-1.86 1.25

Sandstone 9 0.11-1.00 0.43

Dolomite 9 0.06-1.49 0.48

Gneiss 14 0.39-4.68 1.20
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Figure 4: Statistical graph of heat generation rate of rock in depths.
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fault, and there is no additional heat source such as magma
capsule.

4.3. Heat Source Channel. There are two ways to transfer
heat from the deep mantle to the crustal surface: one is to
transfer heat through various rock strata by means of heat
conduction; the other is to transfer the heat by means of
thermal convection through deep faults with fluid as the car-
rier. The craton destruction in North China resulted in a
huge thinning of the lithosphere in this area [42] that pro-
vided a good condition for the deep thermal energy entering
the shallow strata [34]. According to the results of P wave
velocity, regional crustal thickness is 32~35 km in Jizhong
depression [43].

There are some secondary tectonic units in Jizhong
depression, which is the secondary tectonic unit of North
China basin. The fluid in the fault is convective due to the
thermal potential difference, which brings the heat flow from
the deep to the shallow. The mantle-derived helium found in
the water of geothermal well indicates the intrusion of
mantle-derived materials along the fault [44, 45]. The phe-
nomenon of abnormally high soil radon content was also
measured at the fault site in 2019 [43], which proved the
existence of geothermal fluid convection to shallow strata
indirectly.

Based on interpretations of magnetotelluric soundings
(Figure 2), Niudong-Hexiwu fault that controls Niutuozhen
uplift are detected. The main active period is often later than

the second-order fault in the depression [46]. Other faults of
magnetotelluric interpretation belong to small- and
medium-sized faults with caprock properties, which occur
in the Neogene. Deep geophysical survey result shows that
Niudong-Hexiwu fault cuts the Moho surface that provides
channels for geothermal fluids to enter the shallow layers,
accompanied by thermal convection [47]. On February 12,
2018, the magnitude 4.3 earthquake occurred almost on
the Niudong-Hexiwu fault, and the focal mechanism solu-
tion showed that seismogenic structure of the earthquake
was the Niudong-Hexiwu fault, with right-lateral normal
fault and focal depth 20 km [48]. This makes the Niudong-
Hexiwu fault become an important channel of deep heat
source in the region.

4.4. Heat Reservoir and Caprock. According to the electrical
characteristics of MT profile, the changes of low-high or
low-high-low-high in the profile are due to the differences
in resistivity values of different lithologic strata, and the
dense isoline region of resistivity symbolize the lithologic
interface. Base on the logging data statistics of 7 Wells in Jiz-
hong depression [49], the resistivity of Quaternary (Q) is
about 20Ω·m; the resistivities of sand and mudstone of Neo-
gene (N) and Paleogene (E) are 3~9Ω·m; the resistivities of
Ordovician (O), Cambrian (є), and Qingbaikou (Qn) are
200~300Ω·m; the resistivity of carbonate rocks of Protero-
zoic Jixian (Jx) is about 1000Ω·m. It can be seen that, among
the strata at a certain depth in Jizhong depression, the

Table 3: Crustal heat flow value.

Stratigraphic age Depth (m) Thickness (m) Heat generation rate (μW/m3) Heat flow value (mW/m2)

Cenozoic 200.00 1562.41 0.122 190.6

Proterozoic 1762.41 318.07 0.044 14.0

Archaean 2080.48 375.92 0.75 281.94

Upper crust∗ / 9000 1.24 11160

Middle crust∗ / 7000 0.86 6020

Lower crust∗ / 7000 0.31 2170

Note: representative data of “∗” comes from Chang Jian (2016) [33].
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resistivity of Jixian is the highest, followed by the Ordovi-
cian, Cambrian, and Qingbaikou, and the lowest is the Neo-
gene and Paleogene. The carbonate rocks of Proterozoic
Jixian are high resistivity layers that can be used as regional
marker layers. Combined with the borehole data of JZ02, the
geological structure profile (Figure 2) of Jizhong depression
was compiled, which divided into five substructural units
that include Daxing uplift, Langgu sag, Niutuozhen Uplift,
Baxian depression, and Wen’an slope. Two secondary faults,
named Xiadian fault and Niudong-Hexiwu fault, and a
number of minor faults are identified. Xiadian fault and
Niudong-Hexiwu fault control the two secondary structural
units of Daxing uplift and Niutuozhen Uplift, respectively.
It is the type of high convex for Daxing uplift [50]. The
depth of the top of high resistivity carbonate rocks in the
section is 1000~1800m, and the thickness is about 1200m,
while the depth of the top of high resistance carbonate rock
in Niutuozhen uplift is 1200~2700m. The burial depth of
the top of high resistance carbonate rocks in Langgu sag is
greater than 5000m. For Baxian sag, it is more than 6000m.

The thermal conductivity of borehole cores is statistically
analyzed (Table 4), and the results of 37 pieces are as follows:

(1) The average thermal conductivities of mudstone,
sandstone, dolomite, and gneiss samples are
2.84W/mK, ranging from 1.45 to 5.41W/mK

(2) The thermal conductivity of mudstone is low, aver-
aging 2.01W/mK, between 1.45 and 2.45W/mK;
the second is sandstone, with an average thermal
conductivity of 2.048W/mK, between 1.99 and
3.59W/mK; the average thermal conductivity of car-
bonate rocks (Dolomite) is 4.53W/mK, between 2.70
and 5.41W/mK

It can be seen that mudstone and sandstone with low
thermal conductivity have poor ability of heat conduction.
The Jixian carbonate rock of Proterozoic has a thermal con-
ductivity far higher than that of other lithologic rocks, which
is conducive to heat conduction in the carbonate reservoir.
Figure 6 shows the thermal conductivity of strata at different
depths. There are extremely thick mudstones and sand-
stones of Cenozoic interbedding in the study area, which
can play a very good role in thermal insulation as the
caprock. From the lithologic structure, the heat reservoir
with high thermal conductivity and the cap layer with large
thickness and low thermal conductivity are conducive to
heat conduction and storage. In addition, in recent years,
deep carbonate exploration in Jizhong depression found that

there are thick cracks at the top of carbonate rocks, in which
geothermal fluid has convection phenomenon [51], which is
more conducive to the heat transmission in heat reservoir.

5. Conclusion

(1) From the perspective of heat source, the contribution
of heat flow produced by radioactive heat generation
in the crust is less than 30%. The layer with low
velocity and high conductivity are caused by faults
rather than magma capsule. Therefore, most of the
heat source of geothermal reservoir comes from the
mantle

(2) From the perspective of heat source channel,
Niudong-Hexiwu fault is the regional deep fault that
provide channel for deep heat convection to shallow
stratums

(3) From the perspective of caprock and reservoir struc-
ture, geothermal exploitation is mostly located in the
uplift area at the present stage, and the thermal reser-
voir with high thermal conductivity and the caprock
with large thickness and low thermal conductivity
are beneficial to the conduction and storage of heat.
In addition, it was found that there are thick fissures
at the top of carbonate rocks in recent years, in which

Table 4: Statistics of thermal conductivity of rock in JZ02.

Lithology
Sample
quantity

Value range
(W/mK)

Average value
(W/mK)

Mudstone 9 1.45-2.45 2.01

Sandstone 8 1.99-3.59 2.48

Dolomite 8 2.70-5.41 4.53

Gneiss 12 2.10-3.24 2.58
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Figure 6: Scatter plot of thermal conductivity of rock for depths in
JZ02.
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the geothermal fluid has convection phenomenon,
which is more conducive to the spread of heat in the
thermal reservoir

(4) In general, the main heat source in Jizhong depres-
sion comes from the mantle, which is transferred to
the shallow stratum through heat conduction and
heat convection. In the uplift area, due to the thick
caprock with low thermal conductivity and the ther-
mal reservoir with high thermal conductivity, it is
beneficial to the accumulation of heat in the thermal
reservoir
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