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Introduction: The lithospheric thermal structure, which reflects the thermal 
evolution of the lithosphere, serves as a critical scientific basis for the 
development of deep geothermal resources.
Methods: Using geothermal well logging and the tests of rock thermophysical 
properties in the Gaoyang geothermal field, this study preliminarily determined 
the characteristics of the terrestrial heat flow and lithospheric thermal structure 
in the southern Jizhong Depression. Furthermore, this study established a 
conceptual model for the lithospheric thermal structure in the study area and 
estimated the deep geothermal distribution in the area. 
Results: The results indicate that the Gaoyang geothermal field exhibits a 
terrestrial heat flow value of 67.19 mW/m2, Moho temperatures ranging from
697.16 °C to 774.54 °C, Curie point depths varying from 22.38 km to 24.09 km, 
and thermal lithosphere thicknesses ranging from 58.14 km to 75.16 km. The 
results of this study are largely consistent with previous findings, verifying the 
accuracy of the established model. Regional deep-seated faults penetrate the 
lithosphere, creating favorable conditions for deep mantle-derived materials and 
magmas to intrude into the crust.
Discussion: Consequently, heat flow from sags with low thermal conductivity 
converges into uplifts with high thermal conductivity. Deep groundwater 
circulation along these faults enhances heat convection, resulting in heat 
accumulation within fractured carbonate rocks. Furthermore, the overlying 
sandy mudstones with low thermal conductivity act as cap rocks with effective 
thermal insulation. The combined effects of these favorable factors contribute 
to the formation of high-temperature geothermal reservoirs in the southern 
Jizhong Depression.
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Jizhong Depression, Gaoyang geothermal field, terrestrial heat flow, lithospheric 
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Introduction

The lithospheric thermal structure reflects the thermal evolution of the lithosphere in 
a sedimentary basin at various stages, making it a critical indicator for understanding the 
evolutionary processes of the continental lithosphere (Wang et al., 2024; Duan et al., 2023).
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Currently, studies on the lithospheric thermal structure focus 
primarily on terrestrial heat flow, geothermal gradient, the partition 
of crustal and mantle heat flows, thermophysical parameters 
(e.g., radioactive heat production rates and thermal conductivity), 
temperature distributions in various lithospheric layers, and 
lithospheric thickness. Among these, terrestrial heat flow is the 
most intuitive indicator of the present-day thermal state of the 
lithosphere reflected at the surface, providing insights into the 
equilibrium among various dynamic processes within the Earth 
(Roy et al., 1969; Birch et al., 1968; Lachenbruch, 1970; Chen et al., 
2017; Luo et al., 2019). The lithospheric thermal structure involves 
the ratio between the crustal and mantle heat flows and the 
thickness of the thermal lithosphere in a region, reflecting the 
lithospheric temperature distribution and influencing the present-
day activity and temperature conditions of the crust and upper 
mantle (Qiu et al., 2019; Wang, 1996; Baumann and Rybach, 
1992; Wang, 1992). The crustal and mantle heat flows, as well 
as the temperature distribution at depth, can be calculated based 
on the thicknesses and thermophysical parameters of different 
lithospheric layers (Lachenbruch, 1970; Qiu, 1998). This will help 
reveal the tectonic implications of crustal and mantle heat flows 
and offer insights into the genesis and evolution of geothermal
fields.

The Jizhong Depression is rich in geothermal resources. 
Previous researchers have studied the lithospheric thermal structure 
of the Bohai Bay Basin, where the Jizhong Depression is located, 
and found that mantle heat flow contributes to 49%–62% of 
the terrestrial heat flow in the Bohai Bay Basin (Wang, 1996; 
Chen, 1988; Qiu, 1998; Gong et al., 2005; Wang et al., 2015), 
which exceeds the global average (46%). Current studies on the 
lithospheric thermal structure in the Jizhong Depression focus 
primarily on the central depression area (Cui et al., 2020; Wang et al., 
2021). However, there is a lack of fundamental studies on the 
terrestrial heat flow and lithospheric thermal structure in the 
southern Jizhong Depression. This gap restricts both theoretical 
research on the genetic mechanisms and geothermal exploration 
in this region. Hence, this study analyzes the terrestrial heat flow 
value of the Gaoyang geothermal field in the southern Jizhong 
Depression through temperature measurements in geothermal 
wells, tests of rock thermophysical properties, and regional 
geophysical exploration. By combining the regional geothermal 
setting and available deep geothermal borehole data, this study 
reveals the lithospheric thermal structure in the southern Jizhong 
Depression and elucidates the mechanisms of thermal anomalies 
in regional geothermal resources. The findings of this study are 
significant for exploring the geodynamic processes involved in 
the formation and evolution of the Jizhong Depression, laying a 
foundation of geothermal data to inform theoretical frameworks 
and supporting the high-quality exploitation of geothermal
resources. 

Regional geological setting

The Jizhong Depression is located in the Bohai Bay Basin, a 
Meso-Cenozoic basin situated in the eastern portion of the North 
China Craton (Figure 1a). It has experienced multiple stages of 
tectonic activity since the Archean: a regionally stable depositional 

stage from the Meso-to Neoproterozoic and then to the Paleozoic, 
a folding and uplift stage during the Mesozoic, a fault development 
stage during the Paleogene, and a regional depression stage from the 
Neogene to the present. Consequently, this basin contains Archaean 
metamorphic rocks, Meso-to Neoproterozoic Middle Ordovician 
marine carbonate rocks, Permian marine-lacustrine transitional 
clastic rocks interbedded with carbonate rocks, and Paleogene to 
Quaternary marine and fluvial sandy mudstones from bottom to 
top. The Gaoyang geothermal field, located in the southern Jizhong 
Depression, exhibits a banded distribution in the NE direction. It 
comprises two tectonic units: the Gaoyang low uplift and the Lixian 
slope. It borders the Raoyang Depression to the east, the Baoding 
Sag to the west, the Jinxian Sag and Wuji-Gaocheng low uplift to 
the south, and the Baxian Sag to the north (Figure 1b) (Gong, 2003; 
Qi et al., 2003; Zuo et al., 2013; Chen, 1994; Qiu et al., 2004; Wu et al., 
2007; Zhang et al., 2008; Guo et al., 2020).

Artificial seismic and magnetotelluric data reveal a multi-
layered structure of the basement crust of the Jizhong 
Depression. The basement crust consists of a high-velocity, 
low-electrical-conductivity upper crust, a low-velocity, high-
electrical-conductivity middle crust, and a high-velocity and low-
electrical-conductivity lower crust (Figure 2). The high-electrical-
conductivity layer in the crust, located between the middle and 
lower crust, exhibits burial depths ranging from 15 km to 22 km 
and Moho depths from about 30 km to 40 km, approximating 
the average section depth (Liu et al., 1984; Lu et al., 1997;
Sun et al., 2004).

Methodology

Temperature measurements in boreholes

Temperature measurements in boreholes are an important 
method for acquiring data on deep geothermal fluids. This method 
reflects the temperatures of deep rock layers by measuring the 
temperatures of drilling fluids within the boreholes. The state in 
which the temperature of drilling fluids is consistent with that 
of the surrounding rocks is known as thermal equilibrium. The 
quality of temperature data obtained from boreholes depends on the 
relationship between the temperatures of the drilling fluid and the 
surrounding rocks, as well as the time required to achieve thermal 
equilibrium between them. Based on the time intervals between 
drilling completion and temperature measurements in boreholes, 
temperature measurements can be categorized as steady-state, 
quasi-steady-state, and instantaneous. Steady-state measurements 
are acquired after thermal equilibrium has been achieved in the 
boreholes, providing the most reliable data that accurately reflects 
the temperature conditions in the study area. Quasi-steady-state 
measurements are conducted when thermal equilibrium is nearly 
reached. In this case, the obtained temperatures are close to 
the actual formation temperature. Instantaneous measurements 
are performed shortly after drilling is completed. Since thermal 
equilibrium is not reached in this case, the measured temperatures 
do not truly represent the formation temperature (Rao et al., 
2013; Zuo et al., 2013; Duan et al., 2023). The temperatures in 
borehole JZ04 were measured in a quasi-steady state with thermal 
equilibrium nearly achieved after an undisturbed period of 60 h. The 
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FIGURE 1
(a) Location of the Bohai Bay Basin (modified after Liao et al., 2021); (b) Tectonic units in the Jizhong Depression.

FIGURE 2
Profile showing the deep structures in the North China Craton (modified after Liu et al., 1984).

temperatures obtained from borehole JZ04 were thus close to the 
actual formation temperature. The KH-3S integrated computerized 
logging system was used, with a test speed set at 10 m/min. 
This system allowed automatic measurements at a constant speed 
from the bottom upward. The borehole recorded a bottom-hole 
temperature of 135 °C, establishing it as the geothermal well with 
the highest temperature at a depth of 4,000 m among geothermal 
carbonate reservoirs in the Beijing-Tianjin-Hebei region.

Thermal conductivity tests

The thermal conductivity of rocks, which measures the heat 
conduction capacity of rock masses, is an important parameter 
for characterizing variations in geothermal fields and fluid 
distribution in deep strata within sedimentary basins (Zhu, 
1990; Wang et al., 2015; Ma et al., 2019). Because rocks are 
porous and have multiple facies, their thermal conductivity is 
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influenced by various factors such as mineral composition, grain 
size, density, porosity, temperature, and pressure (Zhang and Jiang, 
1984; Brigaud and Vasseur, 1989; Xu, 1992; Yang et al., 1993; 
Cheng et al., 2017; Chen et al., 2020). Previous studies indicate 
that the thermal conductivity of rocks within sedimentary layers is 
inversely proportional to the temperature; in other words, thermal 
conductivity decreases as temperature increases (Anand et al., 
1973). It has been found that the results of thermal conductivity 
tests conducted at 25 °C differ significantly from the formation 
temperature in boreholes. Therefore, the thermal conductivity 
of borehole cores can be corrected based on their measured in 
situ temperatures. Gong et al. (2011) found that for formations 
buried at depths of several kilometers in the Chinese continent, the 
thermal conductivity of rocks can be corrected using the empirical 
thermal conductivity-temperature equations developed by Sass et al. 
(1992). As a result, the measured thermal conductivity of cores from 
borehole JZ04 was corrected using the following equations:

K(0) = K(25){1.007+ 25[0.0037‐0.0074/K(25)]} (1)

K(T) = K(0)/{1.007+T[0.0036‐0.0072/K(0)]} (2)

where T is the in situ temperature of the borehole core, °C; K(0)
and K(25) denote the thermal conductivities of rocks at 0 °C and 
25 °C, respectively, W/(m·K), and K(T) is the corrected thermal 
conductivity of rocks.

In this study, the thermal conductivity of rocks was determined 
using a thin film analyzer based on unsteady heat transfer. The 
analyzer can yield the thermal conductivities of dry rocks under a 
film thickness of 0.2 mm and operating voltages between 1.5 V and 
2.0 V. The sampling depths and test results are presented in Table 1.

Calculation of the terrestrial heat flow 
value

Terrestrial heat flow refers to the heat transferred from the 
Earth’s interior to its surface, which is then radiated into space 
over a specific unit of time and area. This parameter is crucial 
to investigating the thermal conditions within a particular region 
(Birch et al., 1968; Hu and Huang, 2015).

Under one-dimensional (1D) steady-state conditions, regional 
terrestrial heat flow can be determined by multiplying the 
geothermal gradient by the thermal conductivity of rocks.

According to Fourier’s law, the terrestrial heat flow value can be 
calculated using Equation 3.

Q = −k dt
dz

(3)

where Q is the terrestrial heat flow, mW·m−2; k is the thermal 
conductivity of rocks, W/(m·K); dT/dZ is the geothermal gradient, 
°C/km, and the negative sign indicates that the direction of 
terrestrial heat flow conduction is opposite to that of the geothermal 
gradient. For boreholes dominated by heat conduction, terrestrial 
heat flow values can generally be considered constant. The values can 
be calculated based on one or more borehole sections with relatively 
homogeneous lithologies. First, the thermal conductivity of a 
borehole section is determined by testing as many rock samples as 

possible from the selected borehole section. Then, the terrestrial heat 
flow value is obtained by multiplying the thermal conductivity by the 
geothermal gradient calculated from the measured temperatures in 
that section (Wang et al., 2019).

In this study, temperature measurements in boreholes primarily 
involve the Quaternary, Neogene, and bedrock strata. However, 
due to their shallow burial depths, the geothermal gradient of 
the Quaternary strata is more prone to be affected by surface 
factors such as air temperature, atmospheric precipitation, and 
human activities (Duan et al., 2023). Meanwhile, the bedrock 
strata cannot maintain steady-state heat conduction because 
of groundwater convection within the geothermal reservoirs. 
Therefore, the Quaternary and bedrock strata were excluded from 
the calculation of terrestrial heat flow values. 

Tests of radioactive heat production rates 
of rocks

The radioactive heat production rate of rocks (A; unit: μW/m3) 
refers to the heat generated from the decay of radioactive elements 
in rocks per unit of volume and time (Shen et al., 1989; Zhang et al., 
2010; Rybach, 1976; 1986; Bucker and Rybach, 1996; Norden and 
Forster, 2006). Among all natural radioactive elements in rocks, 
only uranium (U), thorium (Th), and potassium (K) are considered 
primary heat-producing elements, owing to their high abundance, 
long half-lives, and significant heat production rates (Norden and 
Forster, 2006; Bucker et al., 2001; Yang, 2016). The radioactive heat 
production rates of rocks in the shallow crust can be determined by 
analyzing sampled borehole cores. Currently, the equation proposed 
by Rybach (1976) is widely used to calculate the radioactive heat 
production rates of rocks, as follows Equation 4:

A = 0.01× ρ× (9.52×Cu + 2.56×CTh + 3.48×Ck) (4)

where A is the radiogenic heat production rate of rocks, μW/m3; ρ is 
the rock density (g/cm3), and Cu, CTh, and Ck are the contents of U 
(µg/g), Th (µg/g), and K (%) in rocks, respectively. The radioactive 
heat production rates of rocks in the deep crust can be obtained 
using two methods. One method involves testing rock samples from 
the surface or boreholes, provided that various rock layers in the 
crust have been identified. The other method is to calculate the 
radioactive heat production rates of rocks in different crustal layers 
using the Vp-A equation (Equation 5) developed by Rybach (1986):

LnAA = 16.5‐2.74Vp (5)

where Vp is the seismic p-wave velocity, and A is the radioactive heat 
production rate of rocks.

In this study, 28 rock samples were collected from borehole JZ04. 
The sampling depths and corresponding calculated radioactive heat 
production rates are shown in Table 1. 

Calculation of lithospheric thermal 
structure

The purpose of research on the lithospheric thermal structure 
is to determine the partition ratio between crustal heat flow (qc) 
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TABLE 1  Test results of thermal conductivity and radioactive heat production rates of core samples from borehole JZ04.

Sample no. Depth m Thermal conductivity
W/(m·K)

Th
μg/g

U
μg/g

K2O
%

Radiogenic heat production 
rate

μW/m3

JZ04-1 1,314.72 1.83 10.1 1.79 1.75 1.19

JZ04-2 1,517.53 1.53 10.4 1.39 2.59 1.15

JZ04-3 1,519.72 1.79 7.62 0.83 2.55 0.78

JZ04-4 1,521.90 1.74 4.24 0.93 2.23 0.67

JZ04-5 1954.08 2.08 11.9 2.31 1.94 1.49

JZ04-6 1954.68 1.77 12.7 2.12 2.17 1.51

JZ04-7 1956.99 1.75 12.4 1.94 2.65 1.48

JZ04-8 1958.99 2.31 8.22 1.58 1.72 1.07

JZ04-9 1963.30 1.55 5.32 1.03 1.87 0.67

JZ04-10 2,513.01 1.62 11.2 1.63 2.58 1.32

JZ04-11 2,514.33 1.74 7.26 1.16 1.67 0.83

JZ04-12 2,517.33 1.82 6.95 0.91 1.82 0.79

JZ04-13 2,520.33 2.11 9.58 1.62 2.23 1.22

JZ04-14 2,521.65 1.88 11.2 2.27 2.36 1.49

JZ04-15 2,765.65 2.28 12.3 1.48 2.21 1.34

JZ04-16 2,769.83 2.01 9.87 1.13 2.29 1.12

JZ04-17 2,774.01 2.57 2.72 0.31 0.839 0.33

JZ04-18 3,196.63 1.82 22.1 2.63 4.56 2.58

JZ04-19 3,197.80 5.69 19.1 2.44 4.83 2.39

JZ04-20 3,198.80 5.1 2.97 0.46 2.85 0.56

JZ04-21 3,199.80 3.92 4.46 0.50 2.17 0.62

JZ04-22 3,200.96 4.12 — — — 0.00

JZ04-23 3,247.28 6.6 — — — 0.00

JZ04-24 3,407.47 5.61 1.20 0.22 0.144 0.16

JZ04-25 3,409.36 5.35 0.82 0.58 0.071 0.22

JZ04-26 3,411.25 5.53 1.22 0.13 0.04 0.13

JZ04-27 3,786.63 5.96 1.08 0.13 0.043 0.12

JZ04-28 3,903.59 5.24 0.97 0.69 0.04 0.25

JZ04-29 4,014.40 4.66 3.74 0.45 0.534 0.44

JZ04-30 4,016.63 5.38 4.76 0.77 1.44 0.70
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FIGURE 3
Model diagram illustrating the calculation of the thickness of the thermal lithosphere.

and mantle heat flow (qm) the two components of terrestrial heat 
flow (qs) based on the thermophysical parameters of rocks (i.e., 
thermal conductivity and radioactive heat production rate) and a 
lithosphere stratification model. Crustal heat flow can be obtained by 
summing the heat produced from the decay of radioactive elements 
within all crustal layers beneath the surface. Therefore, based on 
the thicknesses of various crustal layers below the surface and the 
radioactive heat production rates of rocks in these layers, the heat 
flow produced from the decay of radioactive elements in various 
layers was calculated using the planar method (Rybach, 1976). The 
calculation equation is as follows:

qm = qs − qc =∑AiDi (6)

where qm is the mantle heat flow; qc is the crustal heat flow; qs is 
the terrestrial heat flow of the lithosphere; Di is the thickness of the 
crustal layer, and Ai is the radioactive heat production rate of that 
layer. Concurrently, the partition ratio (qc/ qm) between crustal and 
mantle heat flows can be derived. 

Calculation of temperatures at depth and 
the thickness of the thermal lithosphere

Based on the temporal and spatial variations in thermal 
conductivity and radioactive heat production rates in rocks, 
the temperatures at depth in a sedimentary basin can be 
expressed as follows:

Tz = T0 +
qD
k
− AD2

2k
(7)

where Tz  and T0 are the temperatures at a depth of Z and on 
the top surface of the calculated section, respectively, °C; q is the 
heat flow at the top surface of the calculated section, mW/m2; D
is the thickness of the calculated section, km; k is the thermal 
conductivity of rocks in the calculated section, W/(m·K), and A
is the radioactive heat production rate of rocks in the calculated
section, μW/m3.

The thermal conductivity of shallow strata is typically 
measured using samples and then corrected for temperature 
using Equations 1, 2. In contrast, the thermal conductivities of 
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FIGURE 4
Temperature measurement curves of boreholes JZ04, D34, and BY01.

FIGURE 5
Geothermal gradient-depth profile of borehole JZ04.

the deep upper crust and the layers beneath it are corrected 
using the equation developed by Cermak and Rybach (1982) as
follows:

K = k0/(1+ cT) (8)

where c is the experimentally determined temperature 
coefficient, and k0 is the thermal conductivity of rocks at the top 
surface of the calculated section, W/(m·K). According to previous 
studies (Duan et al., 2023), the value of c is set at 0.001 for the upper 
crust, 0 for the middle crust, and −0.000256 for the lower crust and 
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FIGURE 6
Geothermal gradient-depth profile of borehole D34.

FIGURE 7
Geothermal gradient-depth profile of borehole BY01.

the mantle. The value of k0 is set at 3.0 W/(m·K) for the upper crust, 
2.3 W/(m·K) for the middle crust, and 2.5 W/(m·K) for the lower 
crust and the mantle (Cermak and Rybach, 1982; Gong et al., 2011).

The thermal lithosphere refers to the outermost layer of the 
Earth’s lithosphere, which allows for heat conduction. Beneath 
the thermal lithosphere lies the asthenosphere, where thermal 
convection occurs due to prolonged high temperatures (Morgan, 

1984; White, 1988). It is widely recognized that the thickness 
of the thermal lithosphere can be defined based on changes in 
the petrophysical properties of rocks caused by variations in the 
temperature field (Artemieva and Mooney, 2001; Artemieva et al., 
2017). Rudnick et al. (1998) defined the base of the thermal 
lithosphere as the depth at which the temperature curve intersects 
with the solidus line of dry basalt or the mantle adiabat. This depth 
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FIGURE 8
Scatter plot showing the depth variations of thermal conductivity.

represents the thickness of the thermal lithosphere. Heat conduction 
within the lithosphere follows 1D heat conduction Equations 6, 8. 
In this study, two adiabats were used as the upper and lower limits 
(Equations 9, 10, respectively) of the bottom boundary temperature 
of the thermal lithosphere (Artemieva et al., 2017). The thickness 
of the thermal lithosphere is calculated as the arithmetic mean of 
the depths at which the upper- and lower-limit temperature curves 
intersect (Figure 3).

T1 = 1200+ 0.5Z (9)

T2 = 1300+ 0.4Z (10)

Results and discussion

Distribution of the geothermal field

Influenced by convective effects from water conduction by faults, 
the temperature-depth curves varied significantly across different 
geothermal boreholes in the Gaoyang geothermal field (Figure 4). 
The geothermal gradients in these boreholes were obtained using 
the least squares method (Figures 5–7). In boreholes JZ04, D34, and 
BY01, the geothermal gradients of the shallow sandstone layers were 
determined to be 16.3, 37.1, and 12.5 °C/km, respectively. These 
values are all considerably higher than those of the deeper dolomite 
layers (6.4, 11.1, and 24.1 °C/km, respectively). This discrepancy 

can be attributed to two main factors. First, the sedimentary 
cover, consisting primarily of sandstones, conglomerates, and 
mudstones, has lower thermal conductivity compared to the 
underlying geothermal dolomite reservoir. Second, due to factors 
like groundwater convection within shallow faults, the geothermal 
gradient in the sedimentary cover fluctuates significantly, even 
exhibiting negative values at certain depths. In contrast, the lower 
geothermal reservoir, primarily composed of dolomites, manifests 
high permeability and strong water-bearing properties, enabling 
efficient heat transfer within the rocks. Consequently, temperatures 
in this geothermal reservoir show only slight variations, leading to 
lower geothermal gradients. Additionally, the geothermal gradient 
of borehole JZ04 decreases at depths ranging from 3,000 m to 
3,200 m. The analysis reveals that the cores from these depths 
are composed of Qingbaikouan sandstones, with noticeable red 
iron rust staining observed. The high iron content in this section 
leads to relatively high thermal conductivity and an enhanced heat 
transfer capacity of the sandstones, which result in lower geothermal 
gradients (Song et al., 2023). 

Variations of thermal conductivity

This study tested 30 core samples formed from the Cenozoic to 
the Proterozoic, including Cenozoic sandstones, conglomerates, and 
mudstones, as well as Mesoproterozoic dolomites, conglomeratic 
dolomites, and micritic dolomites. The depth variations in the 
thermal conductivity of rocks (Figure 8) reveal that the thermal 
conductivity of rocks in the study area is more closely associated 
with rock type than with depths. Specifically, dolomites exhibit 
higher thermal conductivity, while sandstones display lower thermal 
conductivity. The thermal conductivity values of rocks in the study 
area range from 1.53 W/(m·K) to 6.6 W/(m·K), with an average of 
3.52 W/(m·K). 

Variations in radioactive heat production 
rates of rocks

Core samples from borehole JZ04 in the Jizhong Depression 
consisted primarily of sandstones, mudstones, and dolomites. 
As shown in Table 1, the radioactive heat production rates of rock 
samples from the study area ranged from μW/m3 0.22–2.58 μW/m3, 
with an average of 0.95 μW/m3. The core samples had U content 
ranging from 0.58 μg/g to 2.63 μg/g (average: 1.19 μg/g), Th content 
from 0.82 μg/g to 22.1 μg/g (average: 7.73 μg/g), and potassium 
oxide (K2O) content from 0.071% to 4.56% (average: 1.86%).

The relationships between the radioactive heat production 
rates of different lithologies and depth (Figure 9a) indicate that 
these rates are primarily associated with rock type but show 
a slight correlation with depth. The radiogenic heat production 
rates increase significantly with the concentrations of Th, U, 
and potassium (K) (Figures 9b‒d). Specifically, they exhibit strong 
positive correlations with Th and U concentrations but only a weak 
correlation with K concentration. This suggests that K contributes 
minimally to the overall radiogenic heat production of rocks. 
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FIGURE 9
(a) Relationships of the radioactive heat production rates of rocks with depth and the abundance of radioactive elements. (b–d) The relationship 
between the radioactive heat production rate of rocks and the abundance of radioactive element Th, U, K.
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TABLE 2  Calculation results of the lithospheric thermal structure in the southern Jizhong Depression.

Structural layer Burial 
depth of 
the 
bottom 
boundary

Vp Interval 
for 

calculation

Ai Di qi Heat flow 
value

(km) (km/s) (km) (μW/m3) (km) (mW/m2) (mW/m2)

Upper crust

Cenozoic 3.2 — 0–3.2 1.17 3.2 3.74 67.19

Mesoproterozoic 4.5 — 3.2–4.5 0.29 1.3 0.38 66.81

Archaean-
Proterozoic 
metamorphic 
crystalline 
basement

10.6 6.1 4.5–10.6 1.17 6.1 7.14 59.68

Middle crust

13.6 13.6 6.3 10.6–13.6 0.86 3 2.58

16.6 16.6 6.3 13.6–16.6 0.86 3 2.58

19.6 19.6 6.3 16.6–19.6 0.86 3 2.58

Lower crust

22.6 22.6 6.5 19.6–22.6 0.31 3 0.93

26.6 26.6 6.5 22.6–26.6 0.31 4 1.24

29.6 29.6 6.5 26.6–29.6 0.31 3 0.93

Moho
32.6 32.6 6.7 29.6–32.6 0.03 3 0.09

34 34 6.7 32.6–34 0.03 1.4 0.04

Terrestrial heat flow value

Figure 4 shows a steadily increasing temperature trend in 
borehole JZ04. This reflects the characteristics of the Gaoyang 
geothermal field, as this borehole penetrates multiple sedimentary 
strata in the study area. Therefore, the terrestrial heat flow 
value in this study was calculated based on data from borehole 
JZ04. A linear fitting of the temperature-depth curves for the 
Paleogene-Neogene strata (depths: 500–2,500 m) using the least 
squares method yielded a correlation coefficient greater than 0.99, 
suggesting a strong linear correlation between the temperature 
and depth and ensuring a reliable calculation of the geothermal 
gradient. The terrestrial heat flow value of the Gaoyang geothermal 
field was calculated using an average thermal conductivity of 
2.317 W/(m·K) for rocks in the Neogene strata (corrected using 
Equations 1, 2) and an average geothermal gradient of 29 °C/km 
for these strata. According to Equation 3, the terrestrial heat flow 
value was determined to be 67.19 mW/m2, which is roughly 
consistent with the result of Cui et al. (2020) and exceeds the 
average value (42.5 mW/m2) of the Jizhong Depression (Chen, 
1988). The relatively high terrestrial heat flow value in the study 
area is attributed primarily to the close correspondence between 
changes in the lithospheric thickness during the destruction of the 
North China Craton and the Meso-Cenozoic lithospheric thermal 
structure of the Bohai Bay Basin. Specifically, significant lithospheric 
thinning caused by the destruction of the North China Craton 

facilitated the conduction of mantle-derived heat to shallower 
depths and created favorable conditions for the upward transfer 
of deep heat sources (Wang et al., 2017). Additionally, NNE-NE-
trending deep-seated strike-slip faults in the Bohai Bay Basin serve 
as effective pathways for the upwelling of crustal materials (Qi 
and Yang, 2010). Thick sediments, dominated by sandy mudstones 
with low thermal conductivity, were deposited in the crust of the 
Jizhong Depression. Together with dolomites with high thermal 
conductivity in the bedrock, these sediments form a thermal 
refraction effect, leading to heat flow accumulation in uplifted 
parts (Rao et al., 2013). Consequently, the Gaoyang low uplift 
zone exhibits a high terrestrial heat flow value (Qiu et al., 2009;
Gong et al., 2011). 

Lithospheric thermal structure

Using results from deep geophysical exploration (Structural 
model for seismic velocities in the crust and upper mantle in 
North China (v2.0), http://www.craton.cn/data) and data from 
boreholes JZ04 (depth: 4,000 m) and D34 (depth: 4,500 m) in 
the study area, this study established a crustal structure model 
of the southern Jizhong Depression. The boundaries of the upper, 
middle, and lower crust in the Jizhong Depression were determined 
based on seismic velocities, which measured 6.1 km/s, 6.3 km/s, 
and 6.5 km/s, respectively. In the model, strata at depths within 
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FIGURE 10
Conceptual model for the lithospheric thermal structure in the southern Jizhong Depression.

4.5 km were determined using actual borehole data from the 
study area. In contrast, the deeper crustal layers were determined 
based on seismic velocities and previous studies, with the depths 
of the upper, middle, and lower crust determined at 10.6 km, 
19.6 km, and 29.6 km, respectively. The thermal conductivities 
and radioactive heat production rates of rocks in the study area 
were measured data from borehole JZ04. In contrast, the thermal 
conductivities of various layers from the Mesoproterozoic Jixianian 
strata to the Moho were derived from the thermal conductivity 
column of rocks in the Jizhong Depression (unpublished 
data by the authors), and their radiogenic heat production 
rates were calculated using the Vp-A equation (Equation 5). 
Finally, the lithospheric thermal structure in the study area 
was calculated using Equation 6, with the results presented in
Table 2.

Table 2 shows that the crustal heat flow (qc) and mantle heat 
flow (qm) in the southern Jizhong Depression are 18.49 and 
48.70 mW/m2, respectively, with a qc/ qm ratio of 0.38. This suggests 
a hot mantle and a cold crust, the thermal mantle constitutes the 
deep heat source, the cold crust is the heat transport channel, and 
the huge temperature difference between the two interfaces drives 
the heat transfer. aligning with previous analysis of the lithospheric 
thermal structure in the Jizhong Depression (Wang, 1996; Qiu et al., 
2015; Cui et al., 2020). The mantle heat flow accounts for 62% of 
the terrestrial heat flow, indicating that deep heat sources play a 
significant role in controlling the lithospheric thermal structure in 

the study area. Based on the crustal layer division and the heat 
flow calculation results of various layers, this study established 
a conceptual model for the radioactive heat production rates 
and lithospheric thermal structure in the study area (Figure 10). 
According to this model, the radioactive heat production rates in the 
upper, middle, and lower crust of the southern Jizhong Depression 
are 10.09 mW/m2, 6.09 mW/m2, and 2.23 mW/m2, respectively, 
accounting for 54%, 34%, and 12% of the total crustal heat flow. 
Therefore, the radioactive heat production in the upper and middle 
crust contributes significantly to the crustal heat flow in the study
area.

Earth’s temperatures at depth

Table 3 presents the distribution of calculated temperatures 
at depth in the study area, with the crustal structure above 
the Moho divided into five layers. For strata above the 
Jixianian strata, the temperatures were determined based on 
temperature measurements in boreholes. For strata beyond the 
reach of deep drilling, subsurface temperatures were calculated 
using Equation 7 after correcting thermal conductivities with
Equation 2.

Based on the calculated temperatures at depth (Table 3) and 
the results of Rudnick et al. (1998), the lithospheric thickness in 
the southern Jizhong Depression was estimated to range from 
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58.14 km to 75.16 km. The demagnetization effect of subsurface 
materials occurs at a specific temperature known as the Curie 
point (Hemant et al., 2007). Calculated temperatures at depth 
shown in Table 3 reveal that the Curie point depths in the study 
area range from 22.38 km to 24.09 km, which substantially align 
with the results of previous studies (Cui et al., 2020; Wang et al., 
2021). The analysis shows that the Jizhong Depression, located 
to the west of the Bohai Bay and adjacent to the Taihangshan 
uplift to the west, experienced multistage tectonic activity from 
the Mesozoic to the Cenozoic. As a result, the WN-directed 
compressive stress in the eastern continent transitioned into a 
WN-directed extensional stress field. From the Eocene to the 
Oligocene, the Bohai Bay Basin underwent an extensional process 
again, leading to lithospheric re-thinning (Qiu et al., 2015). 
Previous studies show that Moho temperatures are approximately 
420 °C, 660 °C, and over 1,000 °C, respectively in Australia and 
the tectonically stable and active regions in the eastern United 
States (Hyndman et al., 1968; Lachenbruch, 1970). In comparison, 
the Moho temperature in the study area was calculated to be 
607.11 °C, which falls between the values typical of tectonically 
stable and active regions. The lithospheric thinning caused 
by tectonic activity in the study area makes deep heat flow 
more prone to transfer into the shallow crust. Furthermore, 
since the Neogene and Quaternary periods, the presence of 
considerably thick cap rocks with low thermal conductivity has 
provided effective thermal insulation. These conditions together 
contribute to the geothermal anomalies observed in the study
area. 

Mechanisms behind geothermal anomalies

Heat-controlling effect of geological structures
This study calculates a lithospheric thickness range of 

58.14–75.16 km and Curie interface depths of 22.38–24.09 km, 
indicating shallow burial depths of bedrock geothermal reservoirs 
in the Gaoyang Uplift. These findings are consistent with Lei et al. 
(2024)’s results derived from inversion and analysis of three 
magnetotelluric profiles (Figure 11). Furthermore, the inversion 
reveals multiple fault systems within the study area. Consequently, 
the shallow bedrock burial depths coupled with deep-seated 
faults establish favorable conduits for upward heat transfer from 
mantle sources. 

Favorable geothermal reservoirs and the thermal 
insulation of cap rocks

The geothermal reservoirs at the bottom of the Jizhong 
Depression consist of Jixianian dolomite geothermal aquifers with 
well-developed fractures. This, combined with the radioactive 
heat generation of the crust, enhances the heat productivity 
of the reservoirs. Additionally, the overlying significantly thick 
Cenozoic sandy mudstones with low thermal conductivity 
provide effective thermal insulation as cap rocks. The combined 
effects of these favorable factors contribute to the formation 
of high-temperature, high-productivity geothermal reservoirs 
in the Gaoyang geothermal field within the southern Jizhong
Depression.
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FIGURE 11
Depth map of basement top and Base (modified after Lei et al., 2024)

Conclusion

Based on tests of Earth’s temperatures at depth and the 
analysis of thermophysical properties of rocks in the Gaoyang 
geothermal field within the southern Jizhong Depression, this 
study investigated the terrestrial heat flow and lithospheric thermal 
structure in the southern part of the depression. Accordingly, the 
distribution of temperatures at depth and the thickness of the 
thermal lithosphere in the region were calculated. The findings 
lead to the following conclusions:

1. In the southern Jizhong Depression, rocks exhibit radioactive 
heat production rates ranging from 0.12 μW/m3 to 
2.58 μW/m3, with sandstones showing higher values (average: 
1.17 μW/m3) than dolomites (average: 0.29 μW/m3). The rocks 
have thermal conductivities ranging from 1.53 W/(m·K) to 
6.61 W/(m·K), with dolomites showing higher values (average: 
5.54 W/(m·K)) than sandstones (average: 2.49 W/(m·K)).

2. The crustal heat flow (qc) and mantle heat flow (qm) in 
the southern Jizhong Depression are 18.49 mW/m2 and 
48.70 mW/m2, respectively, resulting in a qc/ qm ratio of 0.38. 
This suggests a hot mantle beneath a relatively cold crust. 

Therefore, the terrestrial heat flow in the study area is primarily 
derived from the mantle, while radioactive heat production 
contributes to a lesser extent.

3. The southern Jizhong Depression exhibits Moho temperatures 
ranging from 697.16 °C to 774.54 °C, suggesting a tectonically 
stable region. Furthermore, its lithospheric thicknesses range 
from 58.14 km to 75.16 km, while Curie point depths vary 
from 22.38 km to 24.09 km. These results closely align with 
previous studies, confirming the validity of the lithospheric 
layer division and the parameter selection in this study. In 
addition, this consistency verifies the accuracy of the model 
of the regional lithospheric thermal structure developed in 
this study.

4. The deep-seated faults in the region cut through the 
lithosphere, facilitating the upward intrusion of deep mantle-
derived materials and deep magmas into the crust. As a 
result, heat flow from sags with low thermal conductivity 
converges into uplifted zones with high thermal conductivity. 
Deep groundwater circulation along the fault zones further 
enhances heat convection, resulting in heat accumulation 
within fractured carbonate rocks. Furthermore, the overlying 
significantly thick sandy mudstones serve as cap rocks
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with effective thermal insulation. The combined effects of 
these favorable factors contribute to the formation of high-
temperature geothermal reservoirs in the southern Jizhong 
Depression.
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