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The Yanshan area is rich in geothermal resources. However, limited research has been
done on the geothermal resources of intermountain basins in the area, which restrict the
exploration and development of geothermal resources. In this study, the Yanheying Basin,
a typical intermountain basin located in the eastern foothills of Yanshan Mountain, is
selected to perform a comprehensive analysis regarding heat flow and lithospheric thermal
structure, to have a better understanding of the geothermal background and resource
utilization potential of the area. The methods of deep borehole temperature logging, and
rock sampling and testing were applied. With geological and geophysical data collected in
the surrounding basins, the thermophysical parameters of rock formations, terrestrial heat
flow and temperature distribution on a crustal-scale around the basin were analyzed.
Results show that the ratio of crust heat flow to that of the mantle in the Yanheying Basin is
0.68, which falls in the range of that of the North China Plain (0.6-0.8), showing an obvious
result of lithospheric thinning. The results also show that both crust and mantle heat flows
in the Yanheying Basin are far lower than those of the North China Plain. it indicates that the
crust of the Yanheying Basin and the entire Yanshan area has experienced a low degree of
damage. That provides a piece of good thermodynamic evidence for the spatial variation of
North China Craton destruction. The depth of the Curie surface in the study area is
estimated to be about 24 km, which is consistent with the results of aeromagnetic data
analysis. It confirms the results of lithospheric thermal structure and deep temperature
distribution in the Yanheying Basin. The Yanheying Basin has certain potential for
geothermal resources utilization in the depth of 2-6 km, where probably exist several
carbonate thermal reservoirs with medium-temperature geothermal water. The above
results can provide new insights into the geothermal research and exploration of
intermountain basins in the Yanshan area.

Keywords: terrestrial heat flow, lithospheric thermal structure, thermal conductivity, radioactive heat production,
intermountain basin, Yanshan mountain
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INTRODUCTION

In the research of geothermal resources, it is of practical
significance to study terrestrial heat flow and lithospheric
thermal structure (Jiang et al., 2019). Terrestrial heat flow is a
surficial manifestation of the Earth’s internal thermal dynamic
process (Davies and Davies, 2010). It (qo) is a combination of
crust heat flow (q.) and mantle heat flow (q,,,) (Birch et al., 1968).
Briefly, the lithospheric thermal structure includes the
distribution of heat flow and temperature at different depths
of the lithosphere. It represents the deep thermal state of the
region and forms the basis for researches of the formation
mechanism of regional geothermal resources (Lachenbruch
et al.,, 1970).

The Yanshan area is located in the northern part of the
Beijing-Tianjin-Hebei region and has been a green ecological
shelter in the north of Beijing City. The research and utilization of
geothermal resources is of great theoretical and practical
significance in this area. However, existing geothermal studies
there have mainly focused on hot springs (Liu, 2006; Zhang, 2012;
Shen, 2017). Limited studies have been conducted to address the
deep thermal status of intermountain basins in the Yanshan area.
Furthermore, there are only 21 terrestrial heat flow data (Jiang
et al., 2016 and references therein; Sun et al., 2019; Liu et al., 2020)
within the Yanshan area and all of them are located in the central
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and western parts (Figure 1). The eastern part of the Yanshan
area is still a blank area of heat flow measurement. As a result,
subsequent research om the lithospheric thermal structure, deep
temperature distribution, and utilization of this area are also
limited.

Therefore, to fill the blank area of terrestrial heat flow
measurement in the Yanshan area and to improve the
research degree of geothermal resources in intermountain
basins, the Yanheying Basin is selected as a typical area in this
paper to analyze thermophysical parameters of shallow and deep
strata, the terrestrial heat flow and temperature distribution of the
crust around it. The reasons are as follows: First is the location
advantage. The Yanheying Basin is located at the Eastern Foot of
Yanshan Mountain, which is rich in geothermal resources but
lacks basic geothermal research, especially in the intermountain
basins. Secondly, the stratigraphic distribution in this basin is the
same as that of Zhangjiakou Basin, Chengde Basin in the central
and west, respectively, with the lithospheric structure close to the
average of the Yanshan area (Jia et al.,, 2009; Liu et al., 2020).
Thirdly, its geothermal condition is well represented. Hot springs
are developed around the basin and carbonate geothermal
reservoirs are developed inside the basin, which is consistent
with the general characteristics of geothermal resources
distribution of intermountain basins in the Yanshan area (Liu,
2006; Zhang, 2012; Shen, 2017).
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FIGURE 1 | Terrestrial heat flow observations and surface geothermal manifestations in the Yanshan area
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FIGURE 2 | Simplified geothermal geology of the Yanheying Basin (the location of the study area is defined in Figure 1).

GEOLOGICAL SETTING

Geologically, the Yanshan area is located in the northeastern part
of the North China Craton (Figure 1), adjacent to the North
China Plain to the south and the Taihang Mountains to the
southwest. Since the Mesozoic era, the Yanshan structural belt
has undergone multiple stages of tectonic activities, leading to the
formation of intermountain basins (Liu et al., 2013), such as
Yanheying Basin, Qianxi Basin, Zunhua Basin, Kuanchegn Basin,
Chengde Basin, Yanqing Basin, Huailai Basin, Yangyuan-Yuxian
Basin, Zhangjiakou Basin from east to west in the Yanshan area
(Figure 1). Although these basins are sparsely located, they can
still be correlated due to similar sedimentary facies (Liu et al,
2004). Firstly, these intermountain basins mainly comprise a
series of sedimentary strata from the Archaean, through the
Proterozoic to Cambrian (Cope et al., 2007; Liu et al, 2013).
Among the strata, the sedimentary rocks of Gaoyuzhuang
Formation of the Changcheng System, Wumishan Formation
of the Jixian System, and the Changping Formation of the

Cambrian have been identified as good geothermal reservoirs,
where the geothermal resources are accumulated via rock thermal
conduction (Wang et al., 2019). Secondly, affected by the tectonic
uplift and subsidence in the Yanshan area, the strata between the
Late Middle Cambrian and the Late Permian, as well as the
Neogene and Paleogene are missing across the basins, replaced by
a wide presence of well-developed and thick-layered Cretaceous
sedimentary rocks and Jurassic volcanic rocks underlain by
Yanshanian granites of various thicknesses. Additionlly, the
shallow layers such as the Minghuazhen Formation and the
Guantao Formation are not developed in these basins,
showing a completely different character from that of the
North China Plain (Liu et al, 2004; Zhang, 2018). The
Yanheying Basin selected in this paper accords with the
general stratigraphic characteristics of intermountain basins
described above.

As shown in Figure 2, the Yanheying Basin, extending from
Taiying in Funing County to Yanheying in Lulong County and
spatially appearing as an irregular oval shape, is a Mesozoic
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FIGURE 3| Distribution of P-wave velocity in the geological transect from Cangzhou to Harqin Zuoyi (modified from Shao et al., 1989; the location of the section line

continental volcanic-sedimentary basin to the east of the Yanshan
Mountain, with an aerial size of 230 km*. The surface of the basin
is covered by the Quaternary deposits, underlain by Cretaceous
sedimentary rocks and Jurassic volcanic rocks. Below the volcanic
rocks are the strata of the Cambrian, the Qingbaikou System, the
Jixian System, and the Changcheng System of the Proterozoic
(Zhang, 2018), respectively. At the bottom, the crystalline
basement is composed of the Luanxian System and the Lulong
rock suite of the Archean, forming the top layer of the region’s
upper crust.

The Yanheying Basin is located southeast of the Yanshan area
(Figure 1). Its north and northeast are bounded by the Lengkou
fault (F19 in Figure2) and its western boundary is controlled by
the Qinglonghe fault (F9 in Figure2), while in the south the basin
is angularly unconfirmed with the metamorphic basement of the
Neoarchean (Figure 2).

In terms of geothermal conditions, there is a hot spring issuing
at the junction of Fault F9 and the Leidianzi tensile basement
Fault F21 (Figure 2). It outcrops in the vicinity of the Cuizhuang
area, the southwestern margin of the basin, with a surface
temperature of 36.5°C. Similar hot springs with a surface
temperature of 30-60°C are also exposed in the Zhangjiakou
Basin, the Huailai Basin, the Zunhua Basin, the Qianxi Basin, and
so on, showing relatively consistent characteristics in the Yanshan
area (Liu, 2006; Zhang, 2012; Shen, 2017). The borehole Y1 and
Y2 are located in the basin, with a bottom hole temperature of
43.0°C and 26.4°C, respectively (Figure 2).

Figure 3 shows the result of seismic exploration along the
Hargin Zuoyi - Cangzhou cross-section that transects the
northern side of the Yanheying Basin (Figure 1) (Shao et al,

1989). The P-wave velocity (Vp) in the section provides
important information about the stratification of the crust for
analyzing the lithospheric thermal structure.

METHODOLOGY

Terrestrial Heat Flow Measurement

The terrestrial heat flow value can be attributed to the product of
two parameters, ie., geothermal gradient and rock thermal
conductivity.

Geothermal Gradient

In this study, we used the well temperature probe ANTS-3S, with
a working range of 0-150°C and an accuracy of 0.01°C, to measure
the well temperature at depth. The measurement was performed
in accordance with the national guideline titled Coal Geophysical
Logging Specification (DZ/T0080-2010). During this process, the
temperatures were repeatedly logged untill their difference at a
well depth section was less than 0.5°C in 24 h, to ensure that the
recorded well temperature was in a steady-state or a quasi-steady
heat flow state (He et al., 2008). After that, the influence of
groundwater on the temperature and lithological data was
analyzed, the well sections with a relative straight-line feature
of temperature against depth were selected to calculate the well
thermal gradient AT/Ah.

Thermal Conductivity
The thermal conductivity automatic scanner TCS (Thermal
Conductivity Scanning), with a working range of 0.2-25 W/m

Frontiers in Earth Science | www.frontiersin.org

November 2021 | Volume 9 | Article 758605


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

Liu et al.

K and an accuracy of +3%, was applied in this study, to perform
the rock conductivity analysis. The thermal conductivity of the
rock decrease with increasing temperature (Anand et al., 1973). In
the current research, the thermal conductivity test was done at a
temperature of 25°C. As the lab temperature was different from
that of the well, the thermal conductivity of borehole cores was
corrected according to the in situ temperature of the borehole
(Liu et al., 2017), by employing the empirical formula developed
by Sass et al. (1992), which has been proved to be suitable for
calibrating the conductivity within a depth of several kilometers
in the continental areas (He et al., 2008).

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))) )

Where T is the in situ temperature of the core in borehole (°C), K
(0) and K (25) are the thermal conductivity values of the rock at 0
and 25°C (W/m K), respectively.

Pressure, porosity, and water saturation are also key factors in
thermal conductivity (Pribnow et al., 1996). The effect of pressure
is insignificant within a buried depth of 1-2 km (Abdulagatova
et al., 2009). The effects of porosity and water saturation depend
on the degree of porosity. Some researchers suggest that only
when the porosity is greater than 6% does its effect have practical
significance for thermal conductivity (Yang et al., 1993). The
effects on mudstone and metamorphic rocks in some areas are
ignored because of their low porosity (He et al., 2008; Zhang et al.,
2020). In general, for rocks with a porosity of more than 5%,
water saturation correction for the thermal conductivity can be
made using equations raised by Abdulagatova (2009) and Guo
et al. (2017).

For the strata under the basin basement, the following formula
is frequently used for correction (Cermak et al., 1982; Artemieva
et al., 2001).

K =Ko/ (1 +cT) (3)

Where, ¢ is the temperature coefficient determined by the
experiment and K, is the initial value of the thermal
conductivity at the top of each structural layer, which is given
by experimental or empirical parameters of different cases. Here,
according to previous studies, the ¢ values are 0.001, 0 for the
middle crust and —0.00025 for the lower crust and mantle,
respectively, while the K, values are 2.3 and 2.5W/m K for
the middle and lower crusts, and the mantle, respectively
(Cermak et al., 1982; Gong et al., 2011).

Lithospheric Thermal Structure

Demarcation of the Lithosphere

As discussed in the Geological Setting, the bottom of the
Yanheying Basin in the study region is the Archaean
crystalline basement and above the basement are sedimentary
and intrusive rocks, while the space below that boundary is the
upper crust and then downwards are the middle crust, lower crust
and upper mantle, respectively. In general, the lithology and
thickness of the sedimentary and intrusive rocks can be identified
via core drilling and the bedrock exposed on the surface. The data
of the structural layers below the crystalline basement can only be
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obtained through geophysical methods, of which the artificial
seismic exploration can reflect the structure above the upper
mantle briefly (Figure 3). According to a previous study of the
interfaces determined by compressional wave (P wave) velocity
(Vp), the structure of the lithosphere can be demarcated (Fullea
et al,, 2014).

There are two ways to obtain the lithospheric structure of the
Yanheying Basin. The first one is to query from the Vp profile
map like Figure 3. Data from that are more accurate but lack the
validation of data from surrounding areas. For the area with no
artificial seismic exploration done, the regional structure of the
lithosphere can be obtained from the model Crustl.0 developed
by Laske et al. (2013). This model facilitates the collection of
global artificial seismic data and the establishment of a global
lithospheric structure model with a resolution of 1° x 1°. In
addition, the model can provide parameters such as the depth
of the upper, middle, and lower crust interfaces in various regions
of the world, the density of each structural layer and Vp. The
resulting data is a better representation of the whole area but has a
lower resolution.

In this study, the crustal structure was demarcated using the
average data derived from the application of the above two
methods. For the strata above the upper crust, the geothermal
structure was demarcated through the interpretation of deep
borehole core-logging data and typical geological profiles in
the vicinity of the study area.

Crust—Mantle Heat Flow Distribution

The crustal heat flow q. is referred to as cumulative heat
resulting from the decay of radioactive elements in all layers
of the Earth crust in the study region. Taking the thickness of
each layer and associated radioactive heat production rate into
account, the layer-stripping method is used to calculate the
heat flow generated in all layers, which can be represented by
the Eqs 4, 5.

qi = D; - A; (4)
4= a ()

Where D; is the thickness of the structural layer i, A; is its heat
production rate, g; is the heat flow generated in the layer and g, is
the crust heat flow. Furthermore, the mantle heat flow value can
be calculated as g, = go—q..

The radioactive heat production rate of the rock is determined
by measuring the concentrations of radioactive elements such as
uranium (as U), thorium (as Th) and potassium (as K) in the
rocks. At present, Eq. 6 proposed by Rybach (1976) is widely used
to calculate the rate.

A =0.01p(9.52Cy + 2.56Cry, + 3.48Cx) (©6)

In this formula, A (W/m”) is the radioactive heat production
rate, p is the rock density (g/cm3), Cu, Crn, and Cg are the
concentrations of U (ug/g), Th (ug/g) and K (%), respectively. The
contents of U and Th are analyzed by the ICP-MS method with an
uncertainty of +1-+10%, and the weight percentage of K can be
determined by the XRF method with an analytical uncertainty
of +1~+2%.
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For deep rock formations in the crust, there have been so far
two commonly used methods for calculating the heat production
rate. One is the geophysical method proposed by Lachenbruch
(1970) and Rybach (1984) who separately established the
relationship between Vp and A. However, due to the lack of
theoretical basis of the empirical method and limited satisfactory
application effects in many cases, an increasing number of
researchers have questioned the mothod (Kern and
Siegesmund, 1989; Zhao, 1995). Another method is to identify
the lithologies in the crustal layers based on existing geological
information and to test the representative rocks of each layer via
outcrop or borehole sampling. The advantage of this method is
that it effectively gains the heat production data of deep crustal
rock formations to the greatest extent. However, it is extremely
difficult to obtain the rock samples from the deep portions of the
crust, because deep rock sampling requires a lot of effort toward
deep drilling or deep rock inclusion detection (Liu et al., 2001). In
this study, we used the second approach to assessing the heat
production rate. Through rock sampling and data collection in
the study area and even over the entire Yanshan area, relevant
data associated with deep rock formations were acquired (Tables
2, 4), which enabled us to analyze regional lithospheric thermal
structure more accurately.

Deep Geothermal Distribution
The temperature of the shallow strata can be accessed by well
logging, while in the deep portion of the crust, it can only be
explored by applying indirect methods. The linear relationship
between temperature and depth in Y1 and Y2 (Figure 4) shows
that the ground temperature rising in Yanheying Basin is mainly
attributed to deep heat conduction. Thus, the temperature of deep
strata can be calculated using the one-dimensional steady-state
heat conduction formula as follows (Lachenbruch et al., 1970).

gD AD?

T,=T,+1°2
z=lo* 97"k

@)

Where Tz is the temperature (°C) at the depth z (m), Ty and q are
the temperature (°C) and heat flow (mW/m?) at the top of the
layer, respectively, D is the thickness of the layer (km), k the
thermal conductivity of rock (W/m K) in the layer calculated, and
A heat production rate of the rock (pW/m3).

RESULTS AND DISCUSSION

Terrestrial Heat Flow Measurement

The temperature logs done in the boreholes Y1 and Y2 installed in
the Yanheying Basin show a good trend of heat conduction and
temperature increase at a depth below the Quaternary deposits
(Figure 4), which is suitable for calculating the terrestrial heat
flow of the study area.

The logging depth is 1,580 m with a maximum temperature of
43.0°C in the borehole Y1 and the geothermal gradient from 200
to 1,500 m deep is 17.9°C/km with a fit goodness of 0.997. The
lithologies in this depth range are sandstone, mudstone and
conglomerate of the Cretaceous. Their average rock thermal
conductivity is 2.50 W/m K estimated from 15 samples. The

Lithospheric Thermal Structure of Yanheying

logging depth of the borehole Y2 is 788 m with a maximum
temperature of 26.4°C. The temperature gradient in 300-700 m
below the surface is 15.1°C/km, and the fitting goodness with the
temperature against depth is 0.999. The lithology in this depth
range is dominated by Jurassic volcanic rock with an average rock
thermal conductivity of 2.34 W/m K (5 samples). Giving that the
average porosity of sandstone, mudstone, conglomerate, and
volcanic rock samples mentioned above are 1.4, 2.8, 3.6, and
2.3% respectively, with an average value of 2.8%. The effect of
water saturation is about 0.7% according to our estimates from
the Abdulagatova (2009) and Guo et al. (2017) equations, which
is far less than the test accuracy of +3%. Thus, only temperature
correction is made for the heat flow measurement. The calibrated
thermal conductivity is shown in Table 1.

Based on the above data, the calibrated terrestrial heat flow of
the Y1 is 44.57 mW/m” and that of the Y2 is 35.33 mW/m?, with
an average of 39.95 mW/m®. The quality of the two data fulfills
the criteria for Category A (Jiang et al., 2016). It can be seen that
the average terrestrial heat flow in Yanheying Basin is much lower
than the average value of 62.5mW/m’ in continental China
(Jiang et al, 2019) and that of the North China Plain
(63.6 mW/m?) (Gong et al, 2011) but is close to the value of
the Zhangjiakou Basin (45 mW/m”) and Chengde Basin
(40.4 mW/m?®) (Jiang et al, 2016; Sun et al, 2019). As the
more frequent and intense the tectonic motion, the greater the
terrestrial heat flow value is (Liu et al., 2016; Zhang et al., 2016).
The low value of geothermal background in the study area and
Yanshan area proves that the crust within the Yanshan area is
relatively stable. The Yanshan area experienced a low degree of
damage in the North China Craton destruction (Zhang et al,
2016). It also suggests that hot springs in the Yanshan area are
mainly controlled by fault systems. The effect of terrestrial heat
flow is non-significant.

Lithospheric Thermal Structure

The strata exposed in Y1 and Y2 (Figure 4) show that the
thicknesses of the Cretaceous and Jurassic strata in Yanheying
Basin are about 1.2 and 0.5km, respectively. As these two
boreholes do not penetrate in the strata below the Jurassic, the
thicknesses of the rock formations below the Jurassic were hence
determined by analyzing the typical geological cross-section that
transects the Luanxian area in the vicinity of the study area
(Zhang et al., 2017). As a result, the Changcheng System is about
1.2km and the Jixian System 1.4km in thickness. The
Qingbaikou and the Cambrian strata are respectively 0.2 and
0.8 km thick. Thus, the total thickness of the sedimentary layers in
the basin is around 5.3 km, underlain by the basement consists of
crystalline rock. Previous studies show that the top of the upper
crust crystalline rock, i.e. G interface in this area is 6.5 km deep,
while the Vp = 6.1 km/s velocity interface (Figure 3) as the top of
the upper crust is 4.2 km deep in this area. The depth of this
interface can hence be averaged from the two depth values, which
is 5.35 km below the surface.

Figure 3 shows the interfaces of P wave velocity of 6.2, 6.4, and
8.05 km/s, standing for bottoms of the upper crust, middle crust
and the Moho surface, respectively, with depths of 14.2, 22.4 and
30.7 km (Sun et al,, 1991). Simultaneously, depths of the above
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TABLE 1 | Calculated result of terrestrial heat flow in the Yanheying Basin.

Borehole Coordinate Geothermal Measured
gradient ("C/km) depth (m)
Y1 119.10°E, 17.9 200-1,500
40.05°N
Y2 119.01°E, 151 300-700
40.02°N

Calibrated average
thermal conductivity

2.49

2.34

Sample
number

16

Calibrated terrestrial heat Data

flow (MW /m?) quality
44.57 A
35.33 A
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TABLE 2 | Radioactive heat production rates in the Yanheying Basin and surrounding pre-Cenozoic strata.

Stratum Lithology Number of Radioactive heat Average heat Sampling Data source
code samples production rate range production rate location
(WW/m?) (WW/m?)
K Sandy conglomerate, mudstone, 14 0.83-1.77 1.33 Borehole Y2 Current study
sandstone
J Coarse andesite, tuff, basalt 9 0.68-1.53 1.14 Borehole Y1 Current study
€ Dolomite, shale 10 0.2-2.69 1.1 Yanheying and  Current study and
Beijing Lei et al. (2020)
Qn Sandstone, conglomerate, shale 4 1.91-2.02 2.01 Beijing Lei et al. (2020)
Jx Dolomite, shale 23 0.2-0.86 0.58 Beijing Lei et al. (2020)
Ch Dolomite, limestone, quartz 8 0.12-1.92 0.67 Yanheying Current study
sandstone
uc Archean granodiorite and gneiss 8 0.15-1.24 0.66 Yanheying Current study
MC Zunhua group of Archean: 6 0.15-0.63 0.41 Zunhua Current study
amphibolitic schist, granodioritic
gneiss
LC Granulite 10 0.1-0.45 0.24 Damaping Liu et al. (2020)
TABLE 3 | Calculation result of lithospheric thermal structure in the Yanheying Basin.
Code of the structural layer The average depth of layer bottom Di Ai Qi Heat flow at bottom of each layer
(km) (km) (MW/m?3) (mMW/m?) (mMW/m?)
— 0 — — — 39.95
K 1.2 1.2 1.33 1.60 38.35
J 1.7 0.5 1.14 0.57 37.78
€ 2.5 0.8 1.1 0.89 36.90
Qn 2.7 0.2 2.01 0.40 36.49
Jx 41 1.4 0.58 0.74 35.75
Ch 5.3 1.2 0.67 0.80 34.95
uc 12.3 7.05 0.66 4.65 30.30
MC 21.6 9.30 0.41 3.81 26.49
LC 31.0 9.34 0.24 2.24 24.25

interfaces are 10.5, 20.9, and 31.3 km, respectively, by referring to
Crustl.0 (Laske et al.,, 2013). Taking their average values into
account, the depths are respectively 12.3, 21.6, and 31.0 km
(Table 4).

Lithologically, the upper crust is formed by granodiorite and
gneiss, which are exposed around the Yanheying Basin border
(Figure 2) and the northern part of Chengde City. The middle
crust is largely composed of amphibolitic schists and granodioritic
gneisses, which are similar in lithology to the Zunhua Group of the
Archaean; they widely expose in Luanxian and Zunhua. The lower
crust is formed by intermediate-acid and basic granulite, the deep-
derived xenoliths of which are exposed in Shangmaping,
Zhangjiakou (Figure 1). Rock sampling and data collection of A
and K focused on these regions, mainly on the study area (Liu et al,,
2001; Lei et al., 2018). Radioactive heat production rates of different
layers and data sources are shown in Table 2.

The analytical results with data derived from rock sample
testing and data collection collectively show that the heat
production rate (A) in the Yanheying Basin gradually
decreases from shallow to the deep portion of the crust, which
is consistent with the general trend of lithospheric heat
production (Xu et al., 2018). The average value of the layers’

heat production rate below the Qn formation is less than 1 uW/
m?, which is similar to the results of previous studies conducted in
North China (Zang et al., 2002; Wu et al., 2005).

Based on the above data and Eqs 4, 5, the lithospheric crust-
mantle heat flow distribution in the study area is hence calculated
with results listed in Table 3, from which the mantle heat flow g,,,
is about 24.3 mW/m? and the ratio of crustal heat flow to that of
the mantle q./q,, is 0.65. Moreover, the results indicate a hot-
mantle- cold-crust type of heat flow in the study area and in the
Yanshan area (Liu et al., 2020), which conforms to results from
the studies of the thermal structure in the North Craton done by
Wang et al. (1996) and Qiu et al. (1998), indicating that terrestrial
heat flow is mainly composed of mantle heat flow in these regions.
That phenomenon provides good thermodynamic evidence for
overall lithospheric thinning in the North China Craton
destruction.

Based on Table 3, a conceptual model is established for the
crustal heat production rate and lithospheric thermal structure in
the study area (Figure 5). The heat flow values of each layer can
be directly identified from the figure. Among them, the mantle
heat flow is 24.3 mW/m?, which is lower than the global average
of 48.0 mW/m’ and the North China Plain average value of
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TABLE 4 | Thermal conductivity of the Yanheying Basin and surrounding pre-Cenozoic strata.

Stratum Lithology Number of Thermal conductivity Average value Sampling Data source

code samples range (W/m-K) (W/m-K) location

K Sandy conglomerate, 16 1.96-3.01 2.45 Yanheying Current study
mudstone, sandstone

J Coarse-grained andesite, tuff, 6 1.96-2.99 2.41 Yanheying Current study
basalt

€ Dolomite, shale 43 1.84-4.71 2.95 Yanheying and Current study and Lei

Beijing et al. (2020)

Qn Sandstone, conglomerate, 30 1.93-5.84 3.34 Beijing Lei et al. (2020)
shale

Jx Dolomite, shale 50 1.563-6.33 5.06 Beijing Lei et al. (2020)

Ch Dolomite, limestone, quartz 8 2.36-6.03 4.44 Yanheying Current study
sandstone

Basement and UC  Archean granodiorite and 15 1.80-3.46 2.28 Yanheying Current study
gneiss

Heat flow distribution
(mW/m’)

£
z Middle crust
]
20—
254
Lower crust
30 Moho surface
35-

FIGURE 5 | Conceptual model of lithospheric thermal structure in the Yanheying Basin.

30.0 mW/m” (Chi and Yan, 1998). The low mantle heat flow and ~ degree of damage in the North China Craton destruction. It
terrestrial heat flow of the study area indicate that compared with ~ also provides good thermodynamic evidence for the spatial
the North China Plain, the Yanshan area experienced a low  variation of that tectonic motion.
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TABLE 5 | Deep temperature distribution in the Yanheying Basin.

Thermal Depth Thickness Initial thermal Calibrated
layer (km) (km) conductivity KO thermal
conductivity K

(W/m-K)

— O — — —

K 1.2 1.2 2.45 2.43

J 1.7 0.5 2.41 2.38

€ 2.5 0.8 2.95 2.85

Qn 2.7 0.2 3.34 3.19

Jx 41 1.4 5.06 4.65

Ch 5.3 1.2 4.44 4.03

uc 12.3 7.0 2.28 2.11

MC 21.6 9.3 2.3 2.30

LC 31.0 9.3 25 2.55

Deep Temperature Distribution

Based on the lithospheric thermal structure in the Yanheying
Basin, the deep temperature distribution of the area can be
assessed. In this study, the starting point for the calculation
was set at the constant temperature zone with a temperature
of 15°C and a depth of 20 m (Zhang et al., 2013). The thermal
conductivity of the layers above the middle crust is shown in
Table 4, as the samples of these formations can be obtained via
borehole sampling or surface sampling. Below the upper crust,
the thermal conductivity cannot be directly measured. These
thermal conductivity values are set and calibrated by Eq. 4.

As shown in Table 5, the rock formations above the Moho
surface are divided into 9 layers for calculating the temperature
distribution at depth. In the 0-31 km deep range, the temperature
distribution and geothermal gradient of the Yanheying Basin
were calculated through an iterative calculation by using Eq. 7.
The results show that the temperature at the Moho surface is
about 393°C, and the geothermal gradient gently decreases from
15.9°C/km to 9.8°C/km by depth generally. The geothermal
gradient of the Jx and Ch formations is the lowest at 7.6°C/
km, while their thermal conductivity is highest.

The Curie point of rocks containing iron minerals is the
temperature at which highly magnetic minerals are converted
to paramagnetic minerals (Ramotoroko et al., 2021). The depth of
the Curie point in a certain region is the Curie isothermal surface
or Curie surface. The demagnetized temperature of ilmenite and
pyrrhotite is 300-350°C, and; that of magnetite is 585°C. For the
minerals containing cobalt, nickel and iron, their demagnetized
temperature is 760-800°C (Yang, 2015). Thus, the depth of the
Curie isothermal surface can provide an effective clue to the study
of the deep thermal state as well as material composition in the
lithosphere (Trifonova et al., 2009; Bansal et al., 2013).

Based on the continental Curie surface map of China with data
derived from aeromagnetic data (Xiong et al., 2016), the depth of
the Curie surface around the Yanheying Basin is 22-25 km. In our
research, the Curie surface depth is estimated to be 21.6-26.6 km
with a temperature of 300-350°C. This consistency verifies the
lithospheric thermal structure and deep temperature distribution
in the Yanheying Basin. It also suggests that the lower crust of the
Yanheying Basin is composed of rocks containing ilmenite and
pyrrhotite.

Lithospheric Thermal Structure of Yanheying

Average heat Surficial heat Ground Geothermal
production rater A flow q temperature gradient dT/dH
(MW/m3) (mW/m?) T (°C) ("C/km)

- 39.95 15.0 -

— 38.4 34.3 16.1
1.14 37.8 42.3 16.0
1.1 36.9 52.8 13.1
2.01 36.5 55.1 11.5
0.53 35.8 66.0 7.8
0.67 34.9 76.5 8.8
0.66 30.3 185.3 15.4
0.41 26.5 300.1 12.3
0.24 24.2 392.9 9.9

CONCLUSION

In this paper, a comprehensive analysis of heat flow and
lithospheric thermal structure was performed, with the case
study area in the Yanheying Basin, to have a better
understanding of the geothermal background and resource
utilization potential of the typical intermountain basin in the
eastern foothills of Yanshan Mountain. According to these
analyses, some conclusions are drawn as follows:

1) The Yanheying Basin is a typical intermountain basin in the
Yanshan area, North China due to the uniqueness of its
location,  lithospheric  structure, thermal reservoirs
distribution and research degree of geothermal background.
The average terrestrial heat flow here is close to that of the
Zhangjiakou Basin and the Chengde Basin but far lower than
that of the China Mainland and the North China Plain. It
indicates a relatively low value of geothermal background in the
whole Yanshan area. It can be inferred that hot springs around
the basins are mainly controlled by geological structures such as
faulting systems. In addition, the ratio of q./qy, in the study area
is 0.65. It indicates a hot-mantle-cold-crust type of lithospheric
thermal structure, which is consistent with that in the North
China Plain. The mantle heat is the main source of terrestrial
heat flow in this These results provide good
thermodynamic evidence for lithospheric thinning in the
North China Craton and the crust of the Yanshan area.

The distribution of temperatures below the surface was
analyzed using the one-dimensional steady-state equation.
The temperature at the Moho surface is approximately
400°C, located at the low limit of the global Moho
temperature. The low temperature at the deeper portion is
attributed to the less thickness (31 km) of the lithosphere and
low heat production (less than 1.4 pW/m3) of rocks. The
depth of the Curie interface is estimated at 21.6-26.6 km,
which is close to the analyzed result on the basis of
aeromagnetic data. The consistency verified the regional
lithospheric ~ thermal structure and thermophysical
parameters in our paper.

The calculation results show that the rock temperature in the
Yanheying Basin is about 40-70°C at a depth of 2-6 km, where

area.

2)

3)
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the rock formations such as €, Qn, Jx, and Ch distribute.
As karst fissures in these strata are well developed, the
groundwater in the karst aquifers is heated, leading to the
presence of several thermal reservoirs formed by dolomite
and limestone with mid-temperature
geothermal resources. These geothermal reservoirs have
a potential for geothermal resources utilization in the
future.
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