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Abstract: Geothermal energy has been recognized as an important clean renewable energy. Accurate
assessment of geothermal resources is an essential foundation for their development and utiliza-
tion. The North Jiangsu Basin (NJB), located in the Lower Yangtze Craton, is shaped like a wedge
block of an ancient plate boundary and large-scale carbonate thermal reservoirs are developed in
the deep NJB. moreover, the NJB exhibits a high heat flow background because of its extensive
extension since the Late mesozoic. In this study, we used the Monte Carlo method to evaluate the
geothermal resources of the main reservoir shallower than 10 km in the NJB. Compared with the
volumetric method, the Monte Carlo method takes into account the variation mode and uncertainties
of the input parameters. The simulation results show that the geothermal resources of the sand-
stone thermal reservoir in the shallow NJB are very rich, with capacities of (6.6–12) × 1020 J (mean
8.6 × 1020 J), (5.1–16) × 1020 J (mean 9.1 × 1020 J), and (3.2–11) × 1020 J (mean 6.6 × 1020 J) for the
Yancheng, Sanduo and Dai’nan sandstone reservoir, respectively. In addition, the capacity of the
geothermal resource of the carbonate thermal reservoir in the deep NJB is far greater than the former,
reaching (9.9–15) × 1021 J (mean 12 × 1021 J). The results indicate capacities of a range value of
(1.2–1.7) × 1021 J (mean 1.4 × 1022 J) for the whole NJB (<10 km).

Keywords: geothermal resource; Monte Carlo simulation; assessment; thermal reservoir;
North Jiangsu Basin

1. Introduction

In the past two centuries, the extensive use of non-renewable energy (e.g., nuclear
energy, coal, and so on) in the world has caused many environmental disasters [1–3].
Among them, the consumption of fossil fuels has led to a sharp increase in the concentration
of greenhouse gases in the atmosphere, which has led to an increase in global warming.
Therefore, green and renewable energy has been highly regarded by more and more
countries. Among those types of energies, geothermal energy is now receiving wide
attention because of its unique characteristics: wide distribution, resource-richeness, safety
and stability, cleanliness and low-carbon nature.

In the four decades since China’s reform and opening up, rapid economic growth
and the use of fossil fuels have made China the world’s largest carbon emitter (more than
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100 million tons of CO2 per year). The direct use of geothermal energy has increased
rapidly with the increasing demand for energy efficiency in buildings and the reduction
of CO2 emissions, and has maintained its position as the world’s number one in recent
years [1–3]. The North Jiangsu Basin is located in Jiangsu Province, the most developed
province in (Eastern) China, and is a typical ‘hot in summer and cold in winter’ region.
Existing detailed geological data, abundant geothermal resources [4], and an important
economic basis are an important basis for the efficient utilization of geothermal resources
in the North Jiangsu Basin and, at the same time, provide an important possible model for
the future use of geothermal resources in the Yangtze River Delta.

The assessment of geothermal resources is the estimation of the amount of geothermal
energy which might be extracted from the inner Earth and economically used in the
future. A regional resource assessment can, on the one hand, provide a framework for
the government or industry with a long-term energy strategy and policy, and on the
other hand, help us to ensure rational planning and exploitation of geothermal resources.
A geothermal resources assessment has been carried out using the volumetric method in
the NJB [5–7] and the Jiangsu Province [8–11]. However, there are currently three main
problems: (1) the low amount of geological and geothermal data constrains the accurate
geothermal resources assessment; (2) carbonate thermal reservoirs are currently the most
important and favorable reservoirs for geothermal resources, yet they have not attracted
enough attention from researchers; (3) the volumetric method does not take into account
the uncertainty of parameters involved, but rather assigns a specific value to the thermal
storage geometry/physical property parameters.

This paper updates and summarizes high-quality temperature profiles measured in
geothermal wells, oil wells, and national hydrological observation wells representative
of the major structural units in the NJB. We established the whole density and porosity
column of the strata (or rocks) in different geologic ages in the NJB. Specific heats of
representative rocks from different thermal reservoirs were also determined. Based on
these parameters, we evaluated the uncertainties in parameters such as reservoir area
and temperature through monte Carlo simulations and finally calculated the geothermal
resource potential of the NJB (less than 10 km). We focused our study on considering
parameter uncertainties (Monte Carlo method) and the evaluation of geothermal resources
in deep carbonate thermal reservoirs. This research can provide reliable primary data for
further study of the geothermal resource planning and development, long-term energy
strategy policy, environmental protection, etc.

2. Geologic Setting

The NJB, situated in the northeastern Lower Yangtze Craton, is a mesozoic-Cenozoic
sedimentary basin. The basin is bounded by the Su’nan and the Sulu uplifts to the south
and north, respectively, and bounded to the west by the Tancheng-Lujiang Fault Zone,
with an area of approximately 35,000 km2. Controlled by NE-NNE faults, the NJB can be
divided into the Jianhu uplift, the northern Yanfu depression, and the southern Dongtai
depression, and the two depressions contain 22 highs and sags (Figure 1).

2.1. Tectonic Evolution and Stratigraphy

The basement of the NJB mainly consists of three parts, namely metamorphic rocks in
the Proterozoic, the Yangtze marine clastic and carbonates in the Paleozoic-Mesozoic, and
volcanic rocks forming in the middle Triassic to Early Cretaceous (Qiu et al., 2006). Car-
bonate rocks in the NJB are mainly found in the Upper Ordovician-Ordovician (Huangxu
Formation, Dengying Formation, Hetang Formation, mufushan Formation, Paotaishan For-
mation, Guanyinshan Formation, Lunshan Formation, Honghuayuan Formation, Dawan
Formation, and Tangtou Formation), Carboniferous (Jinling Formation, Laohudong Forma-
tion, Huanglong Formation, and Chuanshan Formation) and Permian (Qixia Formation,
Gufeng Formation, Longtan Formation, and Dalong Formation) strata. Extensive drilling
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and geophysical data show that the sedimentary thickness since Paleozoic exceeds 11,000 m,
with Cenozoic strata over 7000 m thick (Figure 2).

1 

 

Figure 1. Geothermal background in the North Jiangsu Basin. (A): Schematic geological map of East Asia (modified after
Grimmer, et al. [12]). (B): Schematic geological structural map of the North Jiangsu Basin (modified after Wang, et al. [4]).
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Taizhou Formation and the Paleocene Fu’ning Formation; (2) Wubao movement with lake 
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Figure 2. Geological interpretation sections in the North Jiangsu Basin ((a,c) are modified from Wang, et al. [4] (b) is revised
from oil company reports, (d) is modified from Chen [13], Qiao, et al. [14]). The four sections are shown in Figure 1B.
Ar, Archean; Pt2, mesoproterozoic; Z-O, Ediacaran to Ordovician; S-P, Silurian to Permian; K, Cretaceous; E, Paleogene;
N-Q, Neogene to Quaternary; γ, magmatic rock.

In the Triassic period, the NJB was uplifted due to the collision between North
China Craton and Yangtze Craton, and the possible southward squeeze of the Siberian
plate [15–17]. The Lower Yangtze craton thus entered the terrestrial sedimentary environ-
ment. Since then, the NJB has been primarily characterized by three tectonic evolution
episodes: (1) Yizheng movement with fluvial facies and lacustrine facies, resulting in the
Cretaceous Taizhou Formation and the Paleocene Fu’ning Formation; (2) Wubao movement
with lake delta fluvial-lacustrine facies, forming the Eocene Dai’nan Formation and Sanduo
Formation; and (3) Sanduo movement with the Neocene-Quaternary fluvial facies [18–21].

2.2. Geothermal Background

Thermal history research in the Lower Yangtze Craton suggests that the last tectono-
thermal event in the NJB probably occurred in the early Palaeogene and that back-arc
extension caused by the subduction of the Izanagi plate is likely to be the main reason.
The thermal history inversions from the Yancan-1 and An-1 wells show that the peak
heat flow value could be around 85 mW·m−2, after which it gradually decreased and
stabilized [22]. The present-day high mantle heat flow (35–43 mW·m−2) indicates that
the higher geothermal background in the NJB is probably mainly influenced by mantle
activity [23].

A heat flow map is an important representation of the geothermal background of a
structural unit and is an important basis for regional geothermal resources assessment.
Based on previous work [4], we updated and produced an up-to-date heat flow map of the
NJB: a total of 78 high-quality heat flow values from within the basin and 165 published
heat flow data from around the basin were used (Figure 1). The distribution density
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of heat flow sites and the quality of heat flow data in the NJB are extremely high, both
nationally and globally. The measured minimum and maximum heat flow values in the
NJB are 46 mW·m−2 (Yandong-3) and 110 mW·m−2 (site 004), respectively, with an average
value of 67 mW·m−2, which is higher than the mean heat flow in Continental China and
line with the average global continental value [24,25]. As shown in Figure 1, the middle
and eastern Jianhu Uplift, the northern Jinhu sag, and the eastern Dongtai sag in the
NJB are relatively high heat flow regions (>70 mW·m−2). The Jianhu Uplift and Huai’an
high have the highest geothermal heat flow, with an average geothermal value of over
72 mW·m−2, followed by the Sujiazui high and Xiaohai high, with average geothermal
values of 71 mW·m−2. In general, heat flow values in the Jianghu uplift are higher than
those in the depressions, and the heat flow in some highs of the depressions is also higher,
with some even exceeding that in the Jianhu Uplift.

2.3. Types of Geothermal Reservoir

Thermal reservoirs in the NJB contains two primary types: Cenozoic sandstone ther-
mal reservoirs, and Ediacaran-Paleozoic carbonate thermal reservoirs. Cenozoic thermal
reservoirs can be divided vertically by lithology, porosity, temperature, etc., into the Palaeo-
gene Dai’nan Formation (E2d), the Sanduo Formation (E3s), and the Neogene Yancheng
Formation (Ny). The Dai’nan reservoir with its depth varying from 270 to 2800 m is deeper
than the Sanduo reservoir (65–1900 m) and Yancheng reservoir (45–1700 m) and therefore
has a higher temperature. The large porosity (>20%) of the Cenozoic sandstone thermal
reservoirs results in good water-rich conditions and is an important basis for the efficient
use of geothermal resources. The distribution of the Cenozoic sandstone thermal reservoirs
in the NJB is shown in Figure 3.
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Numerous geophysical profiles and sedimentological evidence show that the NJB
has a large-scale carbonate thermal reservoir at depth, characterized by a wide range and
large scale [4,13,14,26–28]. Carbonate rocks in the NJB are much thicker and hotter than
the Cenozoic sandstone thermal reservoirs, suggesting a very rich geothermal resource
potential. The carbonate reservoirs in the NJB act as medium-high temperature reservoirs
and provide optimum conditions for geothermal resource development. Due to the devel-
opment of possible karst fissures inside the thermal reservoirs, which provide good access
for groundwater activity, the heat energy from the deep can be rapidly transferred in a
convective manner to the bottom of the sedimentary cover, giving the thermal reservoirs
a high temperature. In addition, the unique water-rich nature and permeability of the
carbonate karst zone contribute to the efficient extraction and recharge of groundwater.
Although there is some variation in the stratigraphic thickness of the Ediacaran-Ordovician
rocks, carbonate rocks develop at depth throughout the North Jiangsu Basin, as shown in
Figure 3. Considering the accuracy of the profiles and the difficulty of extracting geother-
mal resources, we only evaluated carbonate thermal reserves above 10 km.

3. Methodology
3.1. Assessment method

There are several methods (e.g., surface heat flux method, heat storage modeling, sta-
tistical analysis, analogy method) available for geothermal resources assessment, the most
widely used being the volumetric method proposed by muffler and Cataldi [29]. The
volumetric method calculates the total geothermal energy in the fluids in the rock masses
and pores of a study area, i.e., the geothermal energy accumulation. We use the vol-
umetric method in combination with the monte Carlo method to minimize parameter
uncertainty. If the porosity of the reservoir and the thermophysical properties of the water
and rock are known, then the total geothermal resources can be calculated by the following
three equations (Equations (1)–(3)).

QTotal = QR + QW (1)

QR = A D (1 − ϕ) ρR cR (T − T0) (2)

QW = A D ϕ ρW cW (T − T0) (3)

where QTotal, QW, and QR represent the total geothermal energy and that stored in pore wa-
ter and rock, J; A (m2) and D (m) are the area and thickness of the thermal reservoirs; ρR and
ρW denote the density of the geothermal reservoir and geothermal water, kg·m−3; cR and
cW are the specific heat of the geothermal reservoir rock and geothermal water, J·kg−1·◦C−1;
ϕ is rock porosity, %; T and T0 represent the average temperature of geothermal reservoir
and surface, ◦C.

3.2. Monte Carlo Simulation

The monte Carlo simulation is a numerical simulation method in which probabilistic
phenomena are studied as objects. It is a calculation method for inferring unknown
quantities of characteristics by taking statistical values from sample surveys. The main steps
involved in carrying out a geothermal resource evaluation using the monte Carlo method
are: (1) Defining the input parameter set; (2) Setting different distribution models for the
input parameters; (3) Defining the relationship between input and output parameters
according to the mathematical model; (4) Defining the output parameters; (5) Setting the
number of iterations; (6) Simulating and analyzing the results of the calculations and
provide a probability distribution function for each result.

In the monte Carlo simulation process, different distribution models can be selected
for the input parameters, e.g., uniform, pert, triangular, and lognormal distributions, with
each model having its unique frequency distribution. Taking into account the range and
pattern of variation of the different parameters, we give different distribution models
for the input parameters. The distribution of the measured porosity in the formations
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suggests that the triangular distribution may be more consistent with the actual porosity
pattern; two-dimensional profile and deep borehole data constrain the variation of the
thermal reservoir thickness as the triangular distribution; the overall linear increasing of
the temperature in thermal reservoirs indicates that a triangular distribution of reservoir
temperature should be chosen; pert distribution models were chosen by the specific heat
and rock density based on the skewness of distribution characteristics and continuity of
parameter variation. Taking the Jinhu sag as an example, the following models are chosen
for the input parameters (Figure 4): the annual average temperature (T0) and water density
(ρW) are given a constant uniform model; the geothermal reservoir area (A) is set to a
range of uniform distribution model; the variation of geothermal reservoir temperature (T),
porosity (ϕ) and thickness (D) are given a triangular distribution model; for the specific
heat of the geothermal reservoir rock (cR) and water (cW), and the rock density (ρR), the pert
distribution model is chosen. Taking into account the accuracy of the simulation results,
the number of iterations in this study was set to be 10,000.
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4. Database
4.1. Temperature Logs

The determination of parameter ranges and distribution models is key for the assess-
ment of geothermal resources. Temperature is one of the most important parameters for
geothermal resources assessment and steady-state temperature measurement in boreholes
is the most direct and effective way to obtain the true temperature in deeper formations.
From 2018 to 2019, temperature profiles of 99 boreholes were acquired [4]. The temperature
and depth data of the boreholes was measured using a consecutive logging system of a
5000 m long cable and a Platinum thermal resistance sensor. This field work is the first
systematic steady-state temperature measurements in the whole NJB, with the same instru-
ments and researchers. To date, we have obtained high-quality temperature logs from a
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total of 110 boreholes (Figure 1) and selected 28 representative temperature logs of each
sub-structural unit in the NJB for display, as shown in Figure 5.
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North Jiangsu Basi (a) Yanfu Depression; (b) Jianhu Uplift; (c) Dongtai Depression; (d) Tan-Lu
Fault Zone. (modified from Wang, et al. [4].

The water level of each borehole (generally less than 40 m) can be determined ac-
cording to the temperature logs (Figure 5). The temperature increases (nearly) linearly
with depth more than 50 m, showing a conductive type [30,31]. Based on the depth and
temperature data, the temperature gradients (the portion above (including) the Yancheng
Formation) of each sub-structural unit in the NJB were calculated. Regionally, the middle-
eastern Jianhu Uplift and the eastern Dongtai Depression is a zone of the high temperature
gradient, with the average temperature gradient value higher than 35 ◦C·km−1. Vertically,
the temperature gradient in the NJB increases with depth, and the temperature gradients
of Ny and E2s-E2d are generally lower than that of E1f-K2t. Formations of the Neogene and
above are characterized by a low temperature gradient, generally between 15–30 ◦C·km−1,
which may be the result of heat redistribution and groundwater activity in the shallow. The
high sand content in the Ny, E2s, and E2d formations, resulting in high thermal conductivity
and low temperature gradients; whereas, the Palaeocene and Cretaceous formations have
a relatively high mud content and thus a high temperature gradient of 30–40 ◦C·km−1.

4.2. Thermal Conductivity

Thermalphysical properties, particularly thermal conductivity measurement, are
fundamental to the study of regional deep geothermal field. We carried out thermal
conductivity test on 264 samples (Table 1; sample locations, see Figure 1). moreover, we
collected the thermal conductivity data tested by Wang and Shi, and Wang et al. [32,33]
(Table 1). According to the data above, we established the thermal conductivity column of
different formations (Erathem) in the NJB (Table 1).
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Table 1. Thermal conductivity of the formations in the North Jiangsu Basin.

Period Formation Abbreviation

Thermal Conductivity
(This Work)

Thermal Conductivity
(Previous Work *)

Thermal
Conductivity
(W·m−1·K−1)

Number
W·m−1·K−1 Number W·m−1·K−1 Number

Q Dongtai Q 1.6 87 1.6 87

N Yancheng N 1.7 16 1.7 16

E

Sanduo E3s 1.4 6 1.5 5 1.5 11

Dai’nan E2d 2.4 3 2.4 7 2.4 10

Fu’ning

E4f 1.9 5 1.9 5

E3f 2.6 4 2.6 4 2.6 8

E2f 2.4 5 2.3 3 2.4 8

E1f 2.5 2 2.5 6 2.5 8

K

Taizhou K2t 3.0 1 2.4 4 2.6 5

Chishan K2c 1.5 6 1.5 6

Pukou K2p 2.3 8 2.4 10 2.4 18

K1 2.7 2 2.7 2

J J 4.4 4 2.2 1 3.9 5

T T 2.8 2 3.1 21 3.1 23

P

Dalong P2d 2.9 10 2.9 10

Longtan P2l 2.8 10 2.5 6 2.7 16

Qixia P1q 3.3 3 3.2 20 3.2 23

C

Chuanshan C3c 3.3 3 3.3 6 3.3 9

Huanglong C2h 2.8 2 3.4 11 3.4 13

Hezhou C1h 3.2 2 3.2 2 3.2 4

Laohudong C1l 5.7 3 5.7 3

Gaolishan C1g 4.0 3 3.8 3 3.9 6

D
Wutong D3w 3.7 5 5.2 6 4.5 11

D1+2 4.1 4 4.1 4

S

maoshan S2m1 8.0 1 8.0 1

Fentou S2f 3.9 8 4.2 10 4.1 18

Gaojiabian S1g 3.3 17 3.3 3 3.3 20

O - O 3.9 1 3.6 17 3.6 18

Є

Guanyintai Є3g 3.3 2 3.3 2

Paotaishan Є3p 4.7 13 4.7 13

mufushan Є3m 4.6 2 4.6 2

Z

Dengying Z2d 6.1 6 6.1 6

Huangxu Z2h 2.6 4 2.6 4

Liantuo Z1l 3.8 1 3.8 1

Pt
Jinping Pt3j 3.2 39 3.2 39

Pichengyan Pt2p 3.4 18 3.4 18

* Previous work is from Wang and Shi, and Wang et al. [32,33].
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The results show that the average thermal conductivity of the strata in the region
fluctuates considerably, with the smallest value being the clay and sand of the Quaternary
with a thermal conductivity of 0.6 W·m−1·K−1 and the largest value being the Silurian S2m1

with a thermal conductivity of 8.0 W·m−1·K−1. In general, the thermal conductivity shows
a gradual decrease with the strata from old to new. The thermal conductivity of the Palaeo-
zoic strata is generally high, greater than 3.0 W·m−1·K−1; the mesozoic strata have the
second highest thermal conductivity, mostly 2.0–3.0 W·m−1·K−1; and the Cenozoic strata
have the lowest thermal conductivity, between 1.5 and 2.5 W·m−1·K−1. The stratigraphic
thermal conductivity of the NJB can be roughly divided into two parts, namely the shallow
low thermal conductivity section and the deep high thermal conductivity section. The shal-
low Cretaceous-Quaternary thermal conductivity is low (<2.7 W·m−1·K−1), especially the
Late Paleozoic-Quaternary thermal conductivity is mostly less than 2.0 W·m−1·K−1, which
can provide a good cover for heat preservation. The thermal conductivity of the deeper
Ediacaran-Jurassic is relatively high, generally greater than 3.0 W·m−1·K−1, especially the
thermal conductivity of the Silurian-Devonian and Ediacaran-Cambrian can be more than
4.0 W·m−1·K−1, and the thermal conductivity of the Dengying Formation can be more
than 6.0 W·m−1·K−1, all of which can be used as good thermal storage layers.

4.3. Input Parameters

The temperature range of the geothermal reservoirs is an important parameter for
geothermal resource assessment. In combination with the geophysical profiles, we used
Equation (4) to calculate the temperature range corresponding to each thermal reservoir at
depth (z), based on the average heat flow (Qs) in the various sub-structural units in the
NJB. The temperature at a given depth for heat flow in each sub-structural unit in the NJB
with a constant surface heat flow Qs, surface temperature T0, thermal conductivity λ, and
radiogenic heat production A is defined as

T(z) = T0 + z Qs/λ − z2 A/(2λ) (4)

where λ (W·m−1·K−1) and A (µW·m−3) represent the measured thermal conductivity and
heat production of the rock, respectively.

The main parameters, such as porosity and heat production, are measured data, and
detailed explanations are given in Wang, et al. [4]. In addition, we carried out measure-
ments for specific heat, porosity, and density for the main lithologies of each geothermal
reservoirs, other parameters were mainly set regarding the literature: the annual average
temperature of each sub-structural units [34] and water density (1000 kg·m−3) were taken
as constant values; the specific heat of the water in the geothermal reservoir varied with
temperature [35]; the variation in thickness and area of the geothermal reservoir was mainly
based on actual geophysical profiles and sedimentological evidence [4,13,14,28,36]. The
parameters for the Yancheng Formation, the Sanduo Formation, the Dai’nai Formation,
and the carbonate thermal reservoirs are reported in Tables 2–5, respectively (the most
likely values are shown in parentheses).

Table 2. Parameters for the Yancheng Formation thermal reservoir.

The
Tectonic

Units

Area
(km2)

Thickness
(m)

The Tem-
perature

of the
Thermal
Reservoir

(◦C)

Porosity
(%)

The
Density of
the Rock
(kg·m−3)

Specific Heat
of Rock

(J·kg−1·◦C−1)

Water
Density

(kg·m−3)

Specific
Heat of the

Water
(J·kg−1·◦C−1)

The Annual
Average
Tempera-

ture
(◦C)

Hongze
sag

960~1400
(1200)

30~240
(140)

20~27
(23)

23~39
(24)

2100~2800
(2500)

790~820
(790) 1000 4200 15

Liannan
sag

240~360
(300)

100~300
(190)

20~29
(24)

23~39
(24)

2100~2800
(2500)

790~830
(800) 1000 4200 16
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Table 2. Cont.

The
Tectonic

Units

Area
(km2)

Thickness
(m)

The Tem-
perature

of the
Thermal
Reservoir

(◦C)

Porosity
(%)

The
Density of
the Rock
(kg·m−3)

Specific Heat
of Rock

(J·kg−1·◦C−1)

Water
Density

(kg·m−3)

Specific
Heat of the

Water
(J·kg−1·◦C−1)

The Annual
Average
Tempera-

ture
(◦C)

Lianbei sag 240~360
(300)

120~290
(200)

20~27
(24)

23~39
(24)

2100~2800
(2500)

790~820
(800) 1000 4200 15

Fu’ning sag 1700~2200
(2200)

100~470
(320)

20~36
(29)

23~39
(24)

2100~2800
(2500)

790~860
(830) 1000 4200 15

Yancheng
sag

1700~2100
(2100)

320~600
(460)

27~38
(33)

23~39
(24)

2100~2800
(2500)

820~860
(850) 1000 4200 15

Huai’an
high

800~1000
(1000)

45~120
(85)

19~23
(21)

23~39
(24)

2100~2800
(2500)

780~790
(790) 1000 4200 17

Dadong
high

40~60
(50)

90~140
(120)

19~21
(20)

23~39
(24)

2100~2800
(2500)

780~790
(790) 1000 4200 15

Dalaba
high

320~480
(400)

340~400
(370)

29~32
(30)

23~39
(24)

2100~2800
(2500)

730~850
(840) 1000 4200 16

Jianhu
Uplift

2100~3200
(2600)

190~600
(300)

25~43
(30)

23~39
(24)

2100~2800
(2500)

800~870
(840) 1000 4200 17

Jinhu sag 1500~2300
(1900)

580~730
(650)

39~46
(43)

23~39
(24)

2100~2800
(2500)

870~880
(870) 1000 4200 17

Linze sag 280~350
(350)

250~450
(350)

27~50
(38)

23~39
(24)

2100~2800
(2500)

820~880
(860) 1000 4200 17

Gaoyou
sag

2100~2700
(2600)

500~740
(620)

43~73
(58)

23~39
(24)

2100~2800
(2500)

870~900
(880) 1000 4200 17

Baiju sag 1300~1600
(1600)

700~960
(830)

44~55
(49)

23~39
(24)

2100~2800
(2500)

870~880
(880) 1000 4200 16

Qintong
sag

910~1100
(1100)

390~610
(500)

30~61
(46)

23~39
(24)

2100~2800
(2500)

840~890
(880) 1000 4200 17

Hai’an sag 3000~3800
(3800)

550~1000
(810)

39~57
(50)

23~39
(24)

2100~2800
(2500)

870~890
(880) 1000 4200 17

Lingtangqiao
high

120~180
(150)

370~620
(500)

31~40
(36)

23~39
(24)

2100~2800
(2500)

840~870
(860) 1000 4200 17

Liubao
high

240~300
(300)

320~490
(405)

27~52
(40)

23~39
(24)

2100~2800
(2500)

820~880
(870) 1000 4200 17

Zheduo
high

720~900
(1200)

390~600
(500)

30~64
(47)

23~39
(24)

2100~2800
(2500)

840~890
(880) 1000 4200 17

Wubao
high

320~400
(400)

580~650
(610)

38~67
(53)

23~39
(24)

2100~2800
(2500)

860~890
(880) 1000 4200 17

Taizhou
high

560~730
(700)

390~450
(420)

28~49
(39)

23~39
(24)

2100~2800
(2500)

820~880
(870) 1000 4200 17

Yuhua high 240~300
(300)

630~740
(680)

42~47
(44)

23~39
(24)

2100~2800
(2500)

870~880
(870) 1000 4200 17

Xiaohai
high

500~620
(620)

310~730
(520)

30~49
(40)

23~39
(24)

2100~2800
(2500)

840~880
(870) 1000 4200 17
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Table 3. Parameters for the Sanduo Formation thermal reservoir.

The Tectonic
Units

Area
(km2)

Thickness
(m)

The
Temperature

of the
Thermal
Reservoir

(◦C)

Porosity(%)
The Density
of the Rock

(kg·m−3)

Specific Heat of
Rock

(J·kg−1·◦C−1)

Water
Density

(kg·m−3)

Specific
Heat of the

Water
(J·kg−1·◦C−1)

The Annual
Average

Temperature
(◦C)

Hongze sag 1400~1800
(1800)

250~980
(610)

38~72
(55)

23~28
(27)

2300~2800
(2500)

870~900
(880) 1000 4200 15

Lianbei sag 240~360
(300)

400~600
(500)

43~53
(48)

23~28
(27)

2300~2800
(2500)

870~880
(880) 1000 4200 15

Fu’ning sag 750~1130
(940)

0~500
(260)

25~50
(43)

23~28
(27)

2300~2800
(2500)

840~880
(870) 1000 4200 15

Yancheng
sag

1600~2100
(1900)

360~400
(380)

48~51
(50)

23~28
(27)

2300~2800
(2500)

870~880
(880) 1000 4200 15

Jinhu sag 4000~5000
(5000)

300~1100
(500)

36~87
(72)

23~28
(27)

2300~2800
(2500)

860~920
(900) 1000 4200 17

Linze sag 240~350
(300)

0~350
(100)

50~55
(52)

23~28
(27)

2300~2800
(2500)

880~890
(880) 1000 4200 17

Gaoyou sag 160~280
(250)

160~280
(250)

70~89
(80)

23~28
(27)

2300~2800
(2500)

900~920
(910) 1000 4200 17

Baiju sag 230~340
(280)

0~350
(100)

55~57
(56)

23~28
(27)

2300~2800
(2500)

880~890
(890) 1000 4200 16

Qintong sag 910~1100
(1100)

100~350
(300)

49~74
(60)

23~28
(27)

2300~2800
(2500)

880~910
(890) 1000 4200 17

Hai’an sag 3000~3800
(3800)

50~800
(200)

59~63
(61)

23~28
(27)

2300~2800
(2500) 890 1000 4200 17

Lingtangqiao
high

360~450
(450)

150~450
(250)

42~47
(45)

23~28
(27)

2300~2800
(2500)

870~880
(870) 1000 4200 17

Liubao high 240~300
(300)

0~300
(100)

42~54
(45)

23~28
(27)

2300~2800
(2500)

870~880
(870) 1000 4200 17

Zheduo high 680~900
(850)

50~300
(100)

55~65
(58)

23~28
(27)

2300~2800
(2500)

880~890
(890) 1000 4200 17

Wubao high 320~400
(400)

200~280
(240)

62~81
(72)

23~28
(27)

2300~2800
(2500)

890~910
(900) 1000 4200 17

Table 4. Parameters for the Dai’nan Formation thermal reservoir.

The Tectonic
Units

Area
(km2)

Thickness
(m)

The
Temperature

of the
Thermal
Reservoir

(◦C)

Porosity
(%)

The Density
of the Rock

(kg·m−3)

Specific
Heat of

Rock
(J·kg−1·◦C−1)

Water
Density

(kg·m−3)

Specific
Heat of the

Water
(J·kg−1·◦C−1)

The Annual
Average

Temperature
(◦C)

Hongze sag 1400~1800
(1800)

250~540
(390)

63~74
(67)

16~29
(24)

2700~2800
(2700)

890~910
(900) 1000 4200 15

Lianbei sag 200~300
(250)

200~400
(300)

54~61
(58)

16~29
(24)

2700~2800
(2700)

880~890
(890) 1000 4200 15

Fu’ning sag 200~500
(400)

0~340
(270)

45~55
(52)

16~29
(24)

2700~2800
(2700)

870~880
(880) 1000 4200 15

Yancheng
sag

280~420
(350)

250~470
(360)

57~63
(60)

16~29
(24)

2700~2800
(2700) 890 1000 4200 15

Jinhu sag 3300~4200
(4000)

100~600
(350)

106~120
(113)

16~29
(24)

2700~2800
(2700)

950~990
(970) 1000 4200 17

Gaoyou sag 1800~2200
(2600)

190~250
(220)

74~90
(81)

16~29
(24)

2700~2800
(2700)

910~930
(910) 1000 4200 17

Qintong sag 340~430
(520)

0~330
(250)

60~80
(67)

16~29
(24)

2700~2800
(2700)

890~900
(900) 1000 4200 17

Hai’an sag 190~290
(240)

50~300
(100)

60~66
(63)

16~29
(24)

2700~2800
(2700)

890~900
(890) 1000 4200 17

Wubao high 40~60
(50)

150~200
(170)

70~78
(74)

16~29
(24)

2700~2800
(2700)

900~910
(910) 1000 4200 17
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Table 5. Parameters for the carbonate thermal reservoir.

The Tectonic
Units

Area
(km2)

Thickness
(m)

The
Temperature

of the
Thermal
Reservoir

(◦C)

Porosity
(%)

The Density
of the Rock

(kg·m−3)

Specific
Heat of

Rock
(J·kg−1·◦C−1)

Water
Density

(kg·m−3)

Specific
Heat of the

Water
(J·kg−1·◦C−1)

The Annual
Average

Temperature
(◦C)

Hongze sag 900~1400
(1100)

1000~2000
(1500)

130~170
(160)

0.5~6
(2)

2700~2900
(2800)

950~970
(960) 1000 4300 15

Liannan sag 550~880
(660)

1000~1900
(1500)

92~120
(110)

0.5~6
(2)

2700~2900
(2800)

920~940
(930) 1000 4200 16

Lianbei sag 400~640
(480)

1400~1900
(1700)

110~140
(120)

0.5~6
(2)

2700~2900
(2800)

930~950
(940) 1000 4200 15

Fu’ning sag 1100~1700
(1300)

900~2400
(1800)

76~220
(160)

0.5~6
(2)

2700~2900
(2800)

900~990
(960) 1000 4300 15

Yancheng
sag

1100~1700
(1300)

1500~2500
(2000)

170~210
(190)

0.5~6
(2)

2700~2900
(2800)

970~980
(980) 1000 4400 15

Huai’an
high

500~800
(600)

620~1600
(1100)

62~96
(79)

0.5~6
(2)

2700~2900
(2800)

890~920
(910) 1000 4200 17

Dadong
high

130~200
(150)

1800~2200
(2000)

54~99
(77)

0.5~6
(2)

2700~2900
(2800)

880~920
(900) 1000 4200 15

Dalaba high 200~320
(240)

2300~2500
(2400)

62~100
(83)

0.5~6
(2)

2700~2900
(2800)

890~930
(910) 1000 4200 16

Jianhu Uplift 2200~3500
(2600)

1000~2100
(1600)

25~160
(94)

0.5~6
(2)

2700~2900
(2800)

840~960
(920) 1000 4200 17

Jinhu sag 2500~4000
(3000)

1500~1800
(1700)

140~180
(160)

0.5~6
(2)

2700~2900
(2800)

950~970
(960) 1000 4300 17

Linze sag 180~280
(210)

1700~2700
(2200)

100~160
(130)

0.5~6
(2)

2700~2900
(2800)

930~970
(950) 1000 4300 17

Gaoyou sag 1300~2100
(1600)

1400~1800
(1600)

130~160
(140)

0.5~6
(2)

2700~2900
(2800)

940~970
(960) 1000 4300 17

Baiju sag 800~1300
(960)

1500~1800
(1700)

130~180
(150)

0.5~6
(2)

2700~2900
(2800)

950~970
(960) 1000 4300 16

Qintong sag 570~910
(680)

1400~2300
(1900)

100~180
(140)

0.5~6
(2)

2700~2900
(2800)

930~970
(960) 1000 4300 17

Hai’an sag 1900~3000
(2300)

1600~2100
(1900)

180~230
(200)

0.5~6
(2)

2700~2900
(2800)

970~990
(980) 1000 4500 17

Lingtangqiao
high

230~360
(270)

1000~1800
(1500)

120~170
(150)

0.5~6
(2)

2700~2900
(2800)

940~970
(960) 1000 4300 17

Liubao high 150~240
(180)

1600~2300
(2000)

88~140
(110)

0.5~6
(2)

2700~2900
(2800)

910~950
(930) 1000 4200 17

Zheduo high 450~720
(540)

760~1700
(1200)

84~120
(100)

0.5~6
(2)

2700~2900
(2800)

910~940
(920) 1000 4200 17

Wubao high 200~320
(240)

1300~1500
(1400)

110~150
(130)

0.5~6
(2)

2700~2900
(2800)

930~960
(950) 1000 4300 17

Taizhou high 370~590
(440)

1300~1500
(1400)

81~120
(100)

0.5~6
(2)

2700~2900
(2800)

910~940
(930) 1000 4200 17

Yuhua high 150~240
(180)

1600~2300
(1900)

130~170
(150)

0.5~6
(2)

2700~2900
(2800)

950~970
(960) 1000 4300 17

Xiaohai high 310~500
(370)

1500~1700
(1600)

92~140
(120)

0.5~6
(2)

2700~2900
(2800)

920~950
(940) 1000 4200 17

5. Results
5.1. Simulation of the Cenozoic Sandstone Thermal Reservoirs

According to the parameters in Table 2, we used the monte Carlo method to calculate
the geothermal resource base for the thermal reservoir of the Neogene Yancheng Formation
in the NJB. Figure 6a indicates the geothermal resource base in which the value varies
from 6.6 × 1020 J to 1.2 × 1021 J (mean value (8.6 ± 0.6) × 1020 J), with the highest
probability being 0.86 × 1021 J (probability > 8 %) and a 90 % probability of a range of
(0.76–0.96) × 1021 J. It shows a geothermal resource potential of 3.5 × 1016 J·km−2 by
dividing the average value by the Yancheng thermal reservoir area.
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Figure 6b shows the potential of the geothermal resource in which the value changes
from 5.0 × 1020 J to 1.6 × 1021 J with a mean value of (9.1 ± 0.2) × 1020 J), with nearly
7% probability of the most likely value of 0.86 × 1021 J, and a probability of < 5% that
the geothermal resources > 1.2 × 1021 J or < 0.67 × 1021 J. Dividing by area, it indicates a
geothermal potential of 4.5 × 1016 J·km−2.

Figure 6c presents a geothermal resource potential for the Dai’nan thermal reservoir of
3.2 × 1020 J to 1.1 × 1021 J with a mean value of (6.6 ± 0.1) × 1020 J), with a 90 % probability
that the energy potential is (0.45–0.90) × 1021 J. Considering the geothermal resource
potential per unit of thermal storage area, it indicates a potential of 6.7 × 1016 J·km−2.

5.2. Simulation of the Carbonate Thermal Reservoirs

Figure 6d indicates that the geothermal resource potential for the carbonate thermal
reservoir sums to 9.9 × 1021 J to 1.5 × 1022 J with a mean value of (1.2 ± 0.1) × 1022 J).
From Figure 6d, we can get that the geothermal potential is above 1.3 × 1022 J or below
1.1 × 1022 J in which the probability is less than 5 %, and the most likely value of the
whole is 1.2 × 1022 J (nearly 8%). The geothermal resource potential per unit of the thermal
storage area is 3.7 × 1017 J·km−2, which is much larger than that of the Cenozoic sandstone
thermal reservoirs. The geothermal resource base of the carbonate thermal reservoir in the
NJB is extremely large, indicating a great potential for geothermal resources.

5.3. Monte Carlo Simulation Results for the Total Geothermal Resources in the North Jiangsu Basin

The total geothermal resource base of the Cenozoic sandstone and carbonate thermal
reservoirs were estimated through running the monte Carlo simulation for iterations, with the
results being shown in Figure 7. It indicates the geothermal resource base in which the value
ranges from 1.2 × 1022 J to 1.7 × 1022 J (mean value (1.4 ± 0.1) × 1022 J), with the highest
probability being 1.4–1.5 × 1022 J (probability nearly 7%), and a 90 % probability of a range of
(1.3–1.6) × 1022 J. The Yancheng, Sanduo, Dai’nan, and carbonate thermal reservoirs account
for about 6%, 6%, 5%, and 83% of the total geothermal resource base, respectively.
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6. Conclusions

This study used the monte Carlo method to perform the detailed assessment of
geothermal resources in the North Jiangsu Basin. Geothermal resources within the Cenozoic
sandstone and carbonate (<10 km) thermal reservoirs total (1.2–1.7) × 1022 J, with a mean
value of (1.4 ± 0.1) × 1022 J and a most likely value of 1.4 × 1022 J, which is equivalent
to 4.9 × 1013 tons of standard coal heat content. moreover, the most promising carbonate
thermal reservoir owns an average geothermal resource potential of (1.2 ± 0.1) × 1022 J,
about five times that of the Cenozoic thermal reservoirs. The abundant geothermal energy
of the North Jiangsu Basin may alleviate energy shortages to a certain extent and promote
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