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Abstract: With the increasing demand for energy and the growing concern for atmospheric pollution
in Beijing, China, the exploitation and utilization of geothermal resources are becoming more desirable.
The study combined three-dimensional geological modeling with geothermal field analysis to make
clear the potential and distribution of geothermal resources in the northwest of the Beijing plain,
which could provide a scientific basis for rational utilization in the study area. Based on the analysis
of the geological data and geothermal conditions, we created a 3D geological model of the study
area, and then added isothermal surfaces into the model and analyzed the heat flow to enhance
the understanding of the present geothermal field. After that, the volumes of different temperature
intervals of heat reservoirs were calculated accurately and automatically by the integration of the
model and the isothermal surfaces. Finally, the geothermal reserves were calculated by the improved
volumetric method, and the distribution of resources was analyzed comprehensively. The results
showed that, in the study area, the heat flow values ranged from 49 to 99 mW m−2, and the average
elevations of 25 ◦C, 40 ◦C, and 60 ◦C isothermal surfaces were at −415 m, −1282 m, and −2613 m,
respectively. The geothermal reserves were 5.42 × 1019 J and the volume of the heat reservoir was
4.88 × 1011 m3. The geothermal resources of the study area had good potential and could support
local green development.

Keywords: 3D geological modeling; geothermal resources; volumetric method; geothermal
field; Beijing

1. Introduction

Geothermal energy is an efficient, environmentally friendly, and cheap renewable energy source [1].
Located in the northern part of the North China Plain, Beijing is underlain by relatively abundant
geothermal resources [2,3]. With the increasing demand for energy and the growing concern for
atmospheric pollution in Beijing, the development and utilization of geothermal energy are becoming
more desirable [4]. Located in the northwest of the Beijing plain, the study area suffers from a lack of
research on geothermal geology, and the potential and distribution of geothermal resources need to be
clarified for rational development and utilization.
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Common methods for calculating geothermal reserves include the volumetric “heat in place”
method (volumetric method), analytical method, and numerical modeling [5]. In the volumetric
method, the accuracy of the calculation of reserves is related to parameters such as the heat capacity,
rock porosity, volume and temperature of the reservoir. Scholars have combined the volumetric
method with other technical methods to improve the accuracy of geothermal potential assessment or
provide the associated estimation uncertainty. Tian et al. combined the volumetric method with a
microtremor survey, which calculated the heat capacity by using the specific thickness of the layers
for each junior unit [6]. Pocasangre et al. presented a Python-based stochastic library for evaluating
geothermal power potential using the volumetric method [7].

The combination of the volumetric method and 3D geological modeling can be used to calculate
the volume of a reservoir accurately and automatically and assign values to parameters of each unit
respectively to achieve an accurate calculation of geothermal reserves [8]. Moreover, 3D geological
modeling is helpful to analyze the geothermal geological conditions and realize the visualization
of geological structures, especially for regions in which complex geological settings are expected.
Guglielmetti et al. carried out the combined use of 3D geological modeling and gravity surveys for
geothermal prospection in the western Alps, which could allow a better characterization of geological
structures involved in geothermal fluid circulation [9]. Fuchs et al. presented a 3D geothermal model
and analyzed the deep basin temperature and heat-flow field in Denmark [10]. Fulignati et al. built
a geological model that helps in visualizing and understanding the geology and geothermal system
of the Mount Amiata, which was used as the basis of a 3D numerical model of the reservoir [11].
This study adopted the ROCKModel software independently developed by our research team, which
could provide a computing model for numerical simulation [12].

The integration of 3D geological modeling and geothermal field analysis could help to analyze the
potential and distribution of geothermal resources. By this integration, the study visualized the local
geological structures and isothermal surfaces and then calculated the volumes of different temperature
intervals of heat reservoirs accurately. Afterwards, the geothermal reserves were calculated by the
improved volumetric method. Based on geothermal field analysis, the distribution of resources was
analyzed comprehensively.

2. Description of the Study Area

The study area is located in the northwest of Beijing plain, with Xishan mountains in the west and
Yanshan mountains in the north, and the terrain slopes from northwest to southeast. The range of the
study area (Figure 1) was mainly delimited according to the planning area of Changping New Town,
including the Changping New Town and the eastern part of Nankou Town with the same geological
structure unit, with a total area of 260 km2. The Changping New Town is one of the 11 new cities that
Beijing strives to develop, which needs the support of geothermal energy. According to the “Geologic
exploration standard of geothermal resources”, the elevation range of the assessment of geothermal
resources was above −4000 m in this study [13].

The geotectonic location of the study area belongs to the eastern margin of the Yanshanian platform
fold belt in the north of the China–North Korea Paraplatform [14]. Fault F3 (Nankou fault) belongs to
the Nankou–Sunhe fractured zone, which is a Quaternary active fault. The F3 is a normal-dip-slip
fault, with the strike northwest and the dip southwest [15]. Fault F2 (Yingbishan fault) is cut by F3
in the middle, with the strike northeast and the dip southeast. The strata on different sides of F2
have a big gap and differences (Figure 1, 140 geological section). Fault F4 (Shahe fault) is a normal
fault with a length of 16 km, with the strike northeast and the dip northwest. Cut by F4, Fault F6
(Zhenggezhuang fault) is a normal fault with a length of 13 km, with the strike northwest and the dip
northeast. There are Yanshanian granitic intrusions in the Yangfang and the east of Baishan Town,
respectively [16]. The Yanshanian monzonitic intrusion is developed in Huata in the west [17]. These
intrusions not only squeeze the space of the heat reservoir but also affect the recharge, runoff, and
discharge of groundwater [18].
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Figure 1. Bedrock and tectonic map of the study area (modified after Lei [14], 2017). Red lines indicate
faults; F1: Nankou piedmont fault; F2: Yingbishan fault; F3: Nankou fault; F4: Shahe fault; F5:
Xiaotangshan fault; and F6: Zhenggezhuang fault.

The geothermal resources of Beijing are relatively rich, and ten geothermal fields including
Shuangqiao, Xiaotangshan, and Tianzhu have been identified [19,20]. In the study area, the geothermal
water is featured by low mineralization and weak alkaline water. The concentrations of fluoride and
H2SiO3 reach the standard of the mineral water, which can be used for domestic heating, medical
treatment, agricultural greenhouses, etc. [21] The geothermal geological conditions can be analyzed
through four aspects of "source, channel, reservoir and caprock" [22,23]. The geothermal resources of
the study area mainly belong to the conductive type of sedimentary basin, and the heat source is deep
normal heating conduction. The main sources of geothermal water are the lateral runoff recharge from
the Xishan and Yanshan mountains [24].

In the Fault F3 fractured zone, the thermal convection activity is strong. The width of the zone is
about 500–800 m, which is an important channel of heat flow in the region [14]. The fault cuts through a
series of strata and structures, which causes the obvious displacement of the heat reservoir and caprock
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in the hanging wall and footwall [25]. With different distances or sides of the F3, the volume and
temperature of groundwater are quite different. For example, in the northeast of the F3, the temperature
of the ZK6 (Figure 2) closer to the fault is much higher than the ZK7 whose strata and depth are the
same as ZK6.
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The primary geothermal reservoir is the Wumishan formation of the Jixian system in the
Mesoproterozoic Erathem, which accounts for a large proportion of the total thickness of the
Jixian system. The lithology of Wumishan formation is mainly dolomite, and its distribution is
extensive [26]. The formation belongs to the bedrock fracture-type geothermal reservoir, which has
good water abundance, and the average specific discharge of geothermal wells around the F3 is
150.15 m3 d−1

·m−1 [14]. As the burial depth gets deeper, the permeability of the heat reservoir becomes
smaller [27]. In the ZK5 of Xueshancun, the hydraulic conductivity of the heat reservoir buried in
800 m is 1.00 m d−1, whereas that of 800–1500 m is 0.08 m d−1 [18].

The caprock is a necessary condition for forming geothermal fields [28]. In the study area, the main
caprocks include the Cenozoic Erathem Quaternary system (Q), Mesozoic Erathem Cretaceous
system (K), Jurassic system (J), Paleozoic Erathem Ordovician system (O), Cambrian system (Є),
and Neoproterozoic Erathem Qingbaikou system (Qn). The geothermal gradient of the Quaternary
loose sediments is large, which is the most important capping layer in the study area. Divided by
Fault F3, the thickness of Quaternary sediments in the hanging wall is about 500 m more than that of
the footwall. In the Machikou sag of the hanging wall, there are two subsidence centers of Quaternary
sediments, Habatun, and Jiangtun, with thicknesses of more than 900 m.
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3. Data and Methods

3.1. 3D Geological Modeling Data

The 3D geological modeling data were mainly drawn by using the results of comprehensive
geophysical surveys such as gravity, magnetic method, electrical sounding, and microtremor survey.
Through the area gravity survey work in the study area, the framework of the fault structure was divided,
and the uplift and sag of the bedrock were identified. Carrying out the area magnetic prospecting work
in the study area, the distribution range of each intrusive body was studied. The study carried out
radon measurement and arranged seven comprehensive sections with a total length of 17 km (Figure 2)
for controllable source audio frequency magnetotelluric sounding (CSAMT), which determined the
location of faults, the condition of deep strata, etc. The study laid out 20 microtremor points (Figure 2)
to make clear the burial depth of the heat reservoir and assemblage characteristics of caprocks.

Based on the geophysical survey of the above paragraph with an accuracy of 1:25,000 to 1:50,000,
combined with the secondary development of previous data, this research deduced the detailed
inferences and interpretations of strata, structures, and rock masses for the entire region. Then,
we obtained the geological sections, 1:50,000 bedrock and tectonic map, and the burial depth map of
the geothermal reservoir roof. These geological data could meet the needs of 3D geological modeling.
The strikes of geological sections were classified in two directions: seven geological sections in the
northwest (100–220) and nine geological sections in the north (AA’–II’; Figure 2). Borehole data
included deep geothermal boreholes and bedrock boreholes for other uses.

3.2. Present Geothermal Field Data

Thermal conductivity and geothermal gradient are two important parameters for the present
geothermal field analysis [29]. The thermal conductivity of rock represented the capacity of
heat conduction, which was the basic data for obtaining heat flow values. The test samples of
thermal conductivity included 16 cores from boreholes ZK1, ZK3, ZK4, and ZK5, and 548 outcrops
of the Pre-Cenozoic from the standard strata in the surrounding mountains [30]. Among the
thickness-weighted average thermal conductivity of the strata, the Jixian system had the highest value
of 5.06 W·mK−1, while the Cretaceous system had the lowest value of 2.05 W mK−1. The thermal
conductivities of the Jurassic, Permian, and Carboniferous strata were 2–4 W·mK−1. The dolomite of
the Wumishan formation in the Jixian system had the highest thermal conductivity in the whole region,
with an average of 5.11 W·mK−1. The thermal conductivities of caprocks were relatively low, such as
shale, sandstone, mudstone, and volcanic rocks.

The calculation of present geothermal gradients in the study area was mainly based on the
measurement data of the steady-state continuous temperature and hole bottom temperature of the
23 wells (Table A1) [31]. For boreholes with steady-state continuous temperature data, the geothermal
gradients of different strata were obtained by the linear regression of temperature-depth data of
temperature-logging in a specific depth range of borehole. For boreholes without steady-state
temperature measurement data, the hole bottom temperature data were used to estimate the geothermal
gradients. In the study area, the depth of the constant temperature zone was 30 m, and the temperature
was 13.5 ◦C. The average geothermal gradients of strata were calculated (Table A1), and the Quaternary
sediment was as high as 3.38 ◦C hm−1; other strata were less than 2 ◦C·hm−1. Quaternary strata
were the good thermal caprock in the area, which had a good effect of heat insulation. Jixian and
Ordovician-Cambrian were aquifers with underground run off, and the geothermal gradients were
relatively low. The geothermal gradients of the intrusive body in Yangfang, Huata, and Gecun were
1.97 ◦C·hm−1, and the value of the Baishandong granite body was 1.1 ◦C·hm−1.

3.3. 3D Modeling of Geological Structure and Isothermal Surfaces

3D geological modeling has many functions, including the visualization of 3D scenes, the accurate
calculation of reserves and the correctness checking of original data [8]. The ROCKModel adopted
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in this 3D geological modeling was the software independently developed by the research group of
Nengxiong Xu, and its overall framework is shown in Figure 3. The software includes three parts:
original data transforming tools, solid modeling tools, and auxiliary tools. The ROCKModel can build
and visualize models for complex geological objects and provide geometric models for numerical
simulation [32].
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This 3D geological modeling built a normal columnar geological body that ranged from the
ground surface of the study area vertically to −4000 m. To facilitate the modeling and improve the
accuracy of geothermal reserves, the study area was divided into six geological bodies by the faults,
namely Parts I–VI (Figure 2). The geological modeling included four main processes, as listed below.

1. Create a set of initial interfaces. The projection of the interface on the horizontal plane was
divided into triangle meshes, and the meshes were interpolated to obtain the initial surface. Then,
we arranged the encryption points on the initial surface and performed 3D surface subdivision
and Kriging interpolation to generate various interfaces with complex shapes. The set of initial
interfaces included the ground surface, fault planes, and stratigraphic interfaces. Figure 4 shows
a screenshot of the upper interface of the magmatic intrusions created in ROCKModel.

2. Create the wire frame of the model. By the intersection searching module, the intersection
wires between two interfaces were obtained. We combined the boundary of the interfaces to
generate the initial wire frame, and then found the intersection between any two boundaries in
the initial wire frame. We inserted each intersection as a unique object into the corresponding
boundary. After that, we dispersed the boundary to generate the set of simple arcs and created
the wire frame of a model composed of simple arcs, thereby forming a boundary contour of all
the original interfaces.
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3. Interface modification and reconstruction. According to the intersection of the interfaces,
we modified the boundary contours of the original interfaces and deleted the extra parts.
The modified boundary contours were used as a constraint, and all interfaces were reconstructed
and interpolated.

4. Block searching and attribute classification. By the function of the block searching module,
we found 43 closed blocks. All the original interfaces had been converted into actual seamless
interfaces. According to the attributes, the blocks were classified. Finally, the 3D geological model
was completed [32].
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To enhance the understanding of the geothermal field, the 25 ◦C, 40 ◦C, and 60 ◦C isothermal
surfaces were added into the 3D geological structure model. According to the "Geologic exploration
standard of geothermal resources" of China, these three temperatures are the dividing values of
low-temperature geothermal resources, and the different temperature intervals had a corresponding
utilization [13]. In the ROCKModel system, a program was written to achieve the following functions:
according to the geothermal gradient of strata and the thickness of the strata model, the z values of the
25 ◦C, 40 ◦C, and 60 ◦C temperature nodes on the vertical Z-axes drawn from the nodes of the strata
interface were calculated in the model. Then, the obtained nodes of the same temperature were used
to create the isothermal interfaces in the ROCKModel by the mapping modeling method.

3.4. Improved Volumetric Method

The volumetric method was developed by the United States Geological Survey (USGS) in the
1970s [33]. This method is widely used and is simultaneously suitable for pore-type and fracture-type
geothermal reservoirs. The method is frequently used for the early-stage exploration of geothermal
resources [34]. The volumetric method can estimate the geothermal potential in the area, which
calculates the volume of geothermal fluid and the reserves of geothermal resources.
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Taking into account the degree of available data, geothermal conditions and the early stage of
geothermal exploration, the volumetric method was used to calculate the geothermal resources. In the
volumetric method, the volume of the geothermal reservoir was the product of its area and average
thickness. On account of the reservoir not having a regular shape, the value of average thickness would
exist errors. By the integration of 3D geological modeling and isothermal surfaces, the study calculated
the volumes of different temperature intervals of the heat reservoir accurately and automatically and
assigned values to parameters of different parts to achieve an accurate calculation of geothermal
reserves. In the ROCKModel, a program was written to achieve a function that added up the volume
of tetrahedron units of the geothermal reservoirs with the center of gravity under the 25 ◦C and 40 ◦C
isothermal surfaces, thereby obtaining the volume of the geothermal reservoir whose temperature was
higher than 25 ◦C and 40 ◦C in each part. By the existing data, testing data, and relevant specifications,
the calculation parameters of each part were obtained, and then we calculated the reserves of geothermal
resources by the improved volumetric method [13].

QL = Vϕ + VSS (h − H) (1)

QE = αQL (2)

Q = VρrCr (1 − ϕ) (t1 − t0) + QLρwCw(t1 − t0), (3)

QR = ηQ (4)

where QL is the volume of geothermal fluid in the geothermal reservoir, in m3; V is the volume of
the geothermal reservoir, in m3; ϕ is the rock porosity of the geothermal reservoir, which refers to
the results of pumping test of thermal wells in various places of the study area and the empirical
value of the urban geothermal field, and the values of Part I, II, III, and the other parts are 0.6%,
0.55%, 0.45%, and 0.5%, respectively; SS is the specific storativity, whose value is 1 × 10−7

·m−1; h is the
average hydraulic head of confined water, in m; H is the average elevation of geothermal reservoir
roof, in m; QE is the volume of exploitable geothermal fluid, in m3; α is the exploitable coefficient,
whose value is 0.25%; Q refers to the reserves of geothermal resources, in J; ρr is the rock density of the
geothermal reservoir, according to the latest rock density test data, the value 2.81 × 103 kg·m−3; Cr is
the specific heat capacity of the geothermal reservoir rocks, with a value of 920 J·kg−1.◦C−1; t1 is the
temperature of the geothermal reservoir, in ◦C; t0 is the local average annual temperature, whose value
is 14 ◦C; ρw is the geothermal water density, with a value of 980.49 kg·m−3; Cw is the specific heat
capacity of geothermal water, with a value of 4186.9 J·kg−1

·
◦C−1; QR refers to the recoverable reserves

of geothermal resources, in J; and η is the recovery rate, the value of which is 15%.

4. Results and Discussion

4.1. Integration of 3D Geological Model and Isothermal Surfaces

The three-dimensional geological model—the number of vertices of which was about
1.22 million—could be displayed by software such as the ROCKModel and 3ds Max. The integration
of the 3D geological model and isothermal surfaces showed the strata, faults, and isothermal surfaces
of the research area visually and stereoscopically. Furthermore, the integration was used for the
calculation of geothermal resources. Figure 5 shows the geological model of the study area presented
in 3ds Max. After the geological model was created, the original geological sections were compared
with the sections, which were taken at the corresponding positions in the model. For example,
the 140M model section presented in Figure 5 was compared with the 140 geological section in Figure 1.
The comparison results showed that the strata, intrusive bodies, and faults of the model sections were
consistent with the original geological sections.

Figure 6 shows the modeling results of the geothermal reservoir and isothermal surfaces. Divided
by the Fault F2 and F3, the geothermal conditions of four regions had large differences, and in the
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adjacent Part IV, V, and VI, the geothermal geological conditions were similar. Therefore, the study
area was divided into four regions for analysis, namely Part I, II, III, and the other parts. Figure 6a
shows Parts I and II, located on the northeast side of Fault F3, and (b) is Part III and the other
parts located on the southwest side. The model gave a clear intuitional and stereoscopic view of
the shape and distribution of the geothermal reservoir and fluctuations of the isothermal surfaces.
Figure 6 shows that, in two walls of the Fault F2, the heat reservoirs exhibited large differences and
displacements. The burial depths of the heat reservoirs increased from northwest to southeast in Part I
and III, while the changes of burial depths are relatively smaller in Part II and the other parts.
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4.2. Present Geothermal Field Analysis

Based on the available data of temperature measurement from boreholes and the measurements
of thermal conductivity on rock samples, this article analyzed the characteristics of regional terrestrial
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heat flow and created isothermal surfaces in the 3D geological model. Isothermal surface analysis could
directly obtain the elevations of geothermal resources at a certain temperature, which was helpful for
the corresponding utilization of different temperature intervals. By the temperature node data of the
isothermal surface, the study obtained the average elevations of the 25 ◦C, 40 ◦C, and 60 ◦C surfaces in
each part. In the study area, the average elevations of 25 ◦C, 40 ◦C, and 60 ◦C isothermal surfaces were
at −415 m, −1282 m, and −2613 m, respectively.

The elevations of 25 ◦C isothermal surfaces of Parts I and II were −513 m and −679 m, respectively,
while the average heights of isothermal surfaces in Part III and the other parts were −400 to −300 m.
Divided by Fault F3, it was up to 300 m for the difference of the average elevations of 25 ◦C isothermal
surfaces between the hanging wall (Part I and II) and the footwall (Part III and the other parts; Figure 7a).
The reason for this was that, between two walls of F3, the thickness of the Quaternary sedimentary
caprocks had a difference of more than 500 m, and the geothermal gradient of the Quaternary caprock
was much higher than other strata.

The presence of intrusive bodies in the area affected the fluctuations of isothermal surfaces.
In Parts II and III, the geothermal gradient values of the intrusive bodies had large differences, resulting
in the minimum and maximum elevations of 40 ◦C and 60 ◦C isothermal surfaces in the study area.
In Huata and Xinzhuang of Part III, because of intrusive rocks, the burial depths of 40 ◦C and 60 ◦C
isothermal surfaces are shallow (Figure 7b,c), while in Baishandong of Part II, the intrusive body caused
the burial depths of 40 ◦C and 60 ◦C isothermal surfaces to be deeper. The average elevation of 40 ◦C
isothermal surface of Part II was −1707 m, while the other parts were −1500 to −1000 m. Due to the sag
of the basement in the Shangniantou area of Part III, the burial depths of 40 ◦C and 60 ◦C isothermal
surfaces were shallower. In the study area, the morphology of isothermal surfaces was mainly related
to the fault structures, basement form, lithology, and thickness of the important caprock.

The measurement of terrestrial heat flow was determined by the geothermal gradient and thermal
conductivity of rock. The value of heat flow was equivalent to the product of these two parameters.
In the study area, the heat flow values ranged from 49 to 99 mW m−2, which increased from northwest
to southeast overall (Figure 8). The northwest of the study area was the piedmont area, whose heat
flow values were about 50 mW m−2. In the middle of the study area, there was a relatively high
heat flow area, Xueshancun, whose values were greater than 65 mW m−2. In the southeast, the heat
flow values were generally greater than 70 mW m−2. There were two high heat flow anomalous
areas, Zhenggezhuang and Guanniufang area, with values up to 90 mW m−2. In the study area,
the distribution of heat flow was related to the faults, lithology, and relief of bedrock.
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4.3. Resources Calculation Results

In this study, the isothermal surfaces were created in the 3D geological model, and the volumes of
the heat reservoir above 25 ◦C and 40 ◦C in each part were calculated. The volume proportions of
different temperature intervals of the heat reservoir in the different parts are listed in Table 1. The total
volume of the geothermal reservoir was 4.88 × 1011 m3, which accounted for 46.9% of the total volume
of the study area. The volume of the geothermal reservoir above 25 ◦C was 4.74 × 1011 m3, which
accounted for 97.2% of the volume of the geothermal reservoir. The temperatures of the geothermal
reservoir in the study area were mainly within 25–90 ◦C, namely low-temperature geothermal resources.
The 25–40 ◦C, 40–60 ◦C, and above 60 ◦C intervals accounted for about 17.6%, 37.9%, and 41.7% of the
heat reservoir volume, and the average elevation of 60 ◦C isothermal surfaces was −2613 m. Therefore,
the resources around 60 ◦C were relatively abundant and could be easily developed and utilized.

Table 1. Volume proportions of different temperature intervals of heat reservoir in the different parts.

Temperature Interval Part I Part II Part III The Other Parts Whole

Total volume
(1010 m3) 8.65 9.28 15.08 15.75 48.76

15–25 ◦C 9.0% 6.4% 0.0% 0.0% 2.8%
25–40 ◦C 26.2% 34.4% 7.0% 13.0% 17.6%
40–60 ◦C 33.3% 39.3% 34.9% 42.6% 37.9%
≥ 60 ◦C 31.4% 19.9% 58.2% 44.4% 41.7%

In this study, the improved volumetric method was used to calculate the reserves of geothermal
resources in each part (Table 2). The total volume of geothermal fluid in the study area was 2.42 × 109 m3,
and the volume of exploitable fluid was 6.04 × 106 m3. The total geothermal reserves were 5.42 × 1019 J.
The recoverable geothermal reserves were 8.14 × 1018 J, which was equivalent to the thermal value
of standard coal of 2.78 × 108 t (each kilogram of standard coal was equal to 29,301 kJ). The results
showed that the geothermal resources in the study area had good potential, which could provide
support for the green development of Changping New Town by rational exploitation and utilization.
In the process of exploitation, the reinjection technique should be used and groundwater dynamic
monitoring needed to be reinforced.

Table 2. Calculations of geothermal reserves in the different parts.

Region

Volume of
Geothermal

Fluid
(108 m3)

Volume of
Exploitable

Fluid
(106 m3)

Exploitable
Reserves of

Fluid
(1014 J)

Reserves of
Geothermal
Resources

(1018 J)

Recoverable
Geothermal

Reserves
(1018 J)

Whole 24.18 6.04 10.65 54.23 8.14
Part I 4.73 1.18 1.31 5.54 0.83
Part II 4.78 1.19 1.69 7.75 1.16
Part III 6.79 1.70 4.13 23.18 3.48

The others 7.88 1.97 3.52 17.76 2.66

4.4. Geothermal Resources Distribution

In the study area, the distribution of geothermal resources was related to many factors such as the
geothermal reservoir, water abundance, faults, intrusive bodies, caprock, and characteristics of the
geothermal field. The thermal convection activity of the Fault F3 was intense. Between the hanging
wall and the footwall of the Fault F3, the vertical drop of the thickness of the Quaternary sediment was
greater than 500 m, which was the most important capping layer in the study area. Between the two
walls of Fault F2, the fault displacements of the heat reservoir and caprock are large, and the burial
depths of heat reservoirs had a big gap (Figure 9). The intrusive bodies affected the space of the heat
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reservoir. The following is a detailed and comprehensive analysis for the sites whose geothermal
conditions are relatively good in the different parts, and the sites are marked on Figure 9.Water 2020, 12, x FOR PEER REVIEW 14 of 17 
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Figure 9. Map of the burial depth of the heat reservoir roof.

In Part I, the Quaternary sediment caprock was relatively thin, and the geothermal water
abundance was medium. For example, the discharge of ZK6 was 1226 m3 d−1. The burial depth of
the heat reservoir gradually increased from northwest to southeast, which affected the difficulty of
development and utilization. For a large proportion of Part I, the value of terrestrial heat flow was less
than 60 mW·m−2. However, in the Xueshancun, close to Fault F3, the value of terrestrial heat flow was
up to 70 mW·m−2, and the burial depth of heat reservoir was about 500 m. In this part, the geothermal
conditions of Xueshancun were relatively good.

In Part II, the Quaternary sediment was relatively thin, and the heat flow gradually increased
from northwest to southeast. The intrusive body in Baishandong affected the geothermal geological
conditions in this part. In the other regions of Part II, the burial depth of the geothermal reservoir was
mostly less than 1500 m, with a thickness of about 2000 m. In the east, the zone near Guanniufang
exhibited a high heat flow, with values up to 90 mW·m−2.

Part III was greatly affected by the intrusive bodies. Compared with the other parts, it was
relatively small in terms of the volume proportion of the heat reservoir. The water abundance of the
geothermal reservoir was ordinary. For example, the discharge of ZK4 in this part was 1503.68 m3 d−1.
In the Shangniantou area of the Machikou sag, the geothermal resources were relatively good. The heat
flow values of Shangniantou were generally greater than 60 mW·m−2. This zone was close to Fault F3,
and the burial depth of the geothermal reservoir was less than 2000 m. In the zone, the thickness of
Quaternary sediment was about 800 m, which had a good effect of heat insulation.

In the other parts, the geothermal heat flow gradually increased from northwest to southeast.
In the Zhenggezhuang zone, the geothermal conditions were relatively good. There were some
geothermal wells those burials depths reached 2000–2500 m and temperatures were about 70 ◦C
in the zone. In addition, the discharges of those geothermal wells were close to 2000 m3

·d−1
·m−1.

The geothermal reservoir in the zone had a strong water supply capacity: the specific discharge was
more than 100 m3

·d−1
·m−1. The heat flow value was generally greater than 80 mW·m−2. The burial

depth of the geothermal reservoir was about 1500 m, and its thickness approximately 2000 m.
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5. Conclusions

By the integration of 3D geological modeling and geothermal field analysis, this study not only
visualized the local geological structures and isothermal surfaces but also calculated the volumes of
different temperature intervals of heat reservoir accurately and automatically. Then, the geothermal
reserves were calculated by the improved volumetric method, and the distributions of resources were
analyzed comprehensively. In this study, the following conclusions could be made.

1. The average elevations of 25 ◦C, 40 ◦C, and 60 ◦C isothermal surfaces were −415 m, −1282 m,
and −2613 m, respectively. The total heat reservoir volume in the study area was 4.88 × 1011 m3.
The temperature intervals of 25–40 ◦C, 40–60 ◦C, above 60 ◦C accounted for about 17.6%,
37.9%, and 41.7% of the total heat reservoir volume. The study area mainly belonged to the
low-temperature geothermal resources, and the resources of about 60 ◦C were relatively abundant
and easy to be developed and utilized.

2. In the study area, the heat flow values ranged from 49 to 99 mW m−2, which increased from
northwest to southeast overall. By the comprehensive analysis, in Parts I, II, III, and other parts,
the sites whose geothermal conditions were relatively good were Xueshancun, Guanniufang,
Shangniantou, and Zhenggezhuang, respectively.

3. The total volume of geothermal fluid was 2.42 × 109 m3, and the volume of exploitable fluid was
6.04 × 106 m3. The total reserves of the geothermal resources were 5.42 × 1019 J. The recoverable
geothermal reserves were 8.14 × 1018 J, which was equivalent to the thermal value of standard
coal of 2.78 × 108 t. The geothermal resources in the study area had good potential, which could
provide support for the green development of Changping New Town by rational exploitation
and utilization.
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Appendix A

Table A1. Geothermal gradients of strata (◦C·hm−1).

Borehole
Number

Borehole Depth
(m)

Hole Bottom
Temperature (◦C) Q K-J O-Є Qn Jx Ch

ZK1 1001.7 28.5 1.21 - - - - -
ZK2 2208.6 48.5 2.71 - - - 1.06 -
ZK3 1354.7 35.3 3.01 - - - - -
ZK4 1501 35.1 1.95 - - - - -
ZK5 1502 28.2 - - - - 0.92 -
ZK6 1966.8 44.8 1.73 - - - 0.95 2.67
ZK7 3315 49.7 - - - - 1.05 1.28
ZK9 3800 64.4 - 1.23 0.9 1.07 1.45 -

ZK10 3801.1 56.7 - 1.01 0.78 1.09 1.34 -
ZK11 3779 54.5 - 1.33 1.06 1.47 1.06 -
ZK12 3650.4 57.5 - 0.9 0.52 1.49 1.42 -
ZK13 3616.1 56 - 1.1 0.67 0.73 1.43 -
ZK14 2538.4 46 - - - - 1 -



Water 2020, 12, 638 15 of 16

Table A1. Cont.

Borehole
Number

Borehole Depth
(m)

Hole Bottom
Temperature (◦C) Q K-J O-Є Qn Jx Ch

ZK15 2850 58 2.45 - - 1.44 1.27 -
ZK16 3001.5 63.3 2.79 1.52 - 1.57 1.4 -
ZK17 2839.8 61.6 3.19 - 1.13 1.23 0.98 -
ZK23 1618.9 45.5 3.02 - - - 1.94 -
ZK25 2480.2 60 5 - 2.08 2.26 1.29 -
ZK26 1603.8 56.8 6.81 2.53 1.62 - 1.38 -
ZK29 2500 73.8 5.2 - 2.26 2.9 1.89 -
ZK30 2540 74.4 5.18 - 2.02 2 1.68 -
ZK31 2495.1 71 3.01 4.2 - 2.58 0.87 -

Average
Value 3.38 1.73 1.30 1.65 1.28 1.98

Note: “-” means no measurement data.
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