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Abstract: The thermal structure of the lithosphere is key to understanding its thickness, properties,
evolution, and geothermal resources. Cratons are known for their low heat flow and deep lithospheric
roots. However, present-day cratons in East China have geothermal characteristics that are highly
complex, with variable heat flow values, diverging from the typical thermal state of cratons. In this
study, we conducted a detailed analysis of the geothermal geological background of the cratons in
East China, summarizing the thermal state and tectono-thermal processes of different tectonic units,
calculating the temperature at various depths, and discussing differences in temperature and thermal
reservoirs at different depths. The observed lithospheric thermal thickness within the North Jiangsu
Basin and the Bohai Bay Basin is notably reduced in comparison to that of the Jianghan Basin and
the Southern North China Basin. The phenomenon of craton destruction during the Late Mesozoic
emerges as a pivotal determinant, enhancing the geothermal resource prospects of both the Bohai
Bay Basin and the North Jiangsu Basin. Our findings contribute significantly to the augmentation of
theoretical frameworks concerning the origins of heat sources in global cratons. Furthermore, they
offer invaluable insights for the methodical exploration, evaluation, advancement, and exploitation
of geothermal resources.

Keywords: cratons in East China; geothermal resource potential; thermal structure; heat flow;
temperature difference

1. Introduction

Cratons, often perceived as the epitome of stability within the solid lithosphere, are
characterized by features such as low density, low heat flow, and a significantly thick
lithosphere [1-3]. However, recent advancements in research have begun to challenge
this long-standing assumption, providing substantial evidence that cratons may not be
as immutable as previously thought. It has been observed that several cratons across the
globe have been subject to lithospheric thinning, or in some cases, complete craton destruc-
tion [4-7]. China hosts three cratons: the Tarim Craton, the North China Craton, and the
Yangtze Craton. Various studies by different scholars in petrology, geochemistry, structural
geology, and geophysics have shown that the cratons in East China (east of the North-South
Gravity Gradient Zone), particularly the North China Craton, have undergone significant
lithospheric thinning over hundreds of kilometers since the early Paleozoic [8-16]. This
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phenomenon has led to fundamental changes in the physical and chemical properties of
the lithospheric mantle. Additionally, studies in geothermal science [5,17,18] also reveal
that the present-day heat flow in the cratons in East China presents anomalies, deviating
from the thermal state typically observed in cratons (Figure 1).
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Figure 1. Tectonic background and geothermal heat flow map of the cratons in East China. The
heat flow data in the figure are sourced from [19-22], and we refer to to [19] for the construction of
boundaries. The bold, black, dashed lines in (A) represent the North-South Gravity Gradient Zone.
In (B), we have made the areas outside the North Jiangsu Basin (NJSB), the Bohai Bay Basin (BBB),
the Jianghan Basin (JHB), and the Southern North China Basin (SNCB) 70 percent transparent in our
geodetic heat flow map in order to differentiate the thermal backgrounds of the priority study areas.

Previous studies on the thermal structure of the lithosphere in East China have largely
depended on the one-dimensional steady-state heat conduction equation (e.g., [23,24]).
Drawing from insights into the lithospheric thermal structure in East China, He et al. [23]
suggested that the thermal lithospheric thickness in East China typically ranges from
60 to 100 km, with the Moho temperature ranging from 500 to 850 °C, showing a “hot
mantle—cold crust” structural type. Zang et al. [24] utilized 1° X 1° heat flow data, calcu-
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lating the lithospheric thermal structure in the North China region, with the lithospheric
bottom boundary at depths of 60-180 km and the Moho temperature fluctuating between
450 and 750 °C. Integrating various geological and geophysical data, Wang et al. [25]
ascertained the thermal-rheological structure of the North China lithosphere, indicating
that the lithospheric thickness in Eastern North China is concentrated between 80 and
110 km. In recent years, studies focusing on the heat flow of secondary tectonic units such
as basins have demonstrated diverse lithospheric thermal thicknesses. The Bohai Bay Basin
(BBB) displays a thermal lithospheric thickness ranging from 60 to 110 km, with an average
heat flow value between 60 and 70 mW-m~2 [26-28]. The Southern North China Basin
(SNCB) presents heat flow values and thermal lithospheric thicknesses of 56 mW-m~?2
and 110-140 km, respectively [29-31]. The Jianghan Basin (JHB) in the Central Yangtze
Craton reveals a geothermal heat flow value of 52 mW-m~2 and a thermal lithospheric
thickness of 100-160 km [32,33]. The North Jiangsu Basin (NJSB) in the Lower Yangtze Cra-
ton boasts an average heat flow value of 67 mW-m~2, with a thermal lithospheric thickness
of 78-85 km [22,34,35]. However, the majority of these studies lack a cohesive framework
and do not analyze the geothermal genesis of cratons in East China. Concurrently, the
densely inhabited and economically advanced cratons in East China require clean energy
sources such as geothermal resources. Research on the variability in the regions’ deep
temperatures and geothermal resource potential will aid in tackling this challenge.

In this study, we examined the heat flow data of cratons in East China and, utilizing
data from the major basins (SNCB, NJSB, JHB, and BBB), provided a comprehensive
analysis of the tectono-thermal processes in different tectonic units. We investigated and
mapped out the variations in deep temperature and geothermal resource potential across
different tectonic units. Our results serve to enhance theoretical frameworks for geothermal
accumulation patterns and genesis theories in cratons. From an application perspective,
our findings offer valuable insights for the exploration, assessment, development, and
utilization of geothermal resources in the populous regions of East China. This research
contributes actively towards achieving China’s “carbon neutrality” and “peak carbon”
goals, supporting the nation’s pursuit of sustainable development and environmental
responsibility.

2. Geologic Setting

The North China Craton, Yangtze Craton, and Tarim Craton collectively constitute
the fundamental framework of the Chinese mainland. The North-South Gravity Gradient
Zone extends from Southern China into Russian territory, covering approximately 4000 km.
Geophysical observations, including Bouguer gravity anomalies, reveal significant differ-
ences in tectonic regimes on the eastern and western sides of the gravity gradient zone [36].
The focus of this study is primarily centered on the cratons in East China, encompassing
the eastern block of the North China Craton and the central-southern region of the Yangtze
Craton (Figure 1). The North China Craton is acknowledged as one of the oldest cratons
globally, comprising the eastern block, central orogenic belt, and western block [37]. The
region of Western Liaoning and Eastern Hebei contains a geological record with crustal
remnants dating back over 3.8 billion years [38]. The Yangtze Craton, predominantly
situated in the middle and lower reaches of the Yangtze River, is home to the Kongling
Complex, located in the northern margin of the Lower Yangtze Craton, representing the
oldest exposed rocks in the Yangtze Craton and widely regarded as its continental nucleus.
These rocks chronicle multiple episodes of crustal growth and reworking in the Yangtze
Craton since the Archean Eon [39]. In contrast to the conventional stability associated with
cratons, the eastern block of the North China Craton underwent craton destruction in the
Late Cretaceous [11,40—44].

The SNCB and BBB constitute the two major basins of the eastern block of the North
China Craton, adjoining from north to south. Throughout the Cenozoic evolution of these
basins, they have shown similarities in their structures, and their evolutionary stages are
essentially synchronized [45]. These basins experienced the Paleogene rifting and extension
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stage and the Neogene to Quaternary post-rift subsidence stage, resulting in sedimentary
sequences, including the deposition of fluvial-lacustrine clastic rocks in the Paleogene and
the formation of terrestrial-sourced clastic rocks in the Neogene to Quaternary periods [45].

The JHB and NJSB are characteristic basins of the Middle-Lower Yangtze Craton.
The JHB is identified as a Cretaceous to Neogene basin located in the central part of the
Yangtze Plate, nestled between the Qinling-Dabie Orogenic Belt and the Jiangnan Uplift,
as well as the Huangling Uplift [46]. It has been shaped by multiple phases of tectonic
movements [46]. The NJSB serves as the terrestrial portion of the North Jiangsu-South
Yellow Sea continental basin, a Cenozoic basin distinguished by a structural pattern of
“one uplift and two depressions” (the Jianhu uplift, the Yanfu depression, and the Dongtai
depression) [47]. The basement is comprised primarily of a suite of Ediacaran and Paleozoic
marine carbonate rocks and clastic rocks [20].

3. Materials and Methods
3.1. Geothermal Database
3.1.1. Terrestrial Heat Flow

Terrestrial heat flow is defined as the heat transferred from the Earth’s interior to the
surface per unit time and unit area, which subsequently dissipates into the atmosphere. In
contrast to temperature and geothermal gradients, terrestrial heat flow provides a more
precise representation of the thermal state of a region. Prior research has meticulously
explored the heat flow in BBB [26-28], SNCB [29-31], JHB in the Central Yangtze Cra-
ton [32,33], and NJSB in the Lower Yangtze Craton [20,22] within the cratons in East China.
Employing a compilation of the latest heat flow data, we have produced a heat flow map
for the study area (Figure 1B). Overall, the terrestrial heat flow in the cratons in East China
deviates from the typical thermal state of cratons, exhibiting characteristics of a higher heat
flow background. In the northern segment of the eastern block of the North China Craton
and the Lower Yangtze Craton, there is a high heat flow, while in the Central Yangtze
and Southern North China regions, there is a lower heat flow background with sporadic
areas of heat flow anomalies. These anomalies can be attributed to the “thermal refraction”
effect caused by the enrichment of ore deposits in the shallow crust [48], as observed in the
southern part of the SNCB.

3.1.2. Type and Temperature of Thermal Reservoir

The cratons in East China mainly host two sets of geothermal reservoirs: shallow
Cenozoic clastic rock reservoirs and deep carbonate rock reservoirs. Our compilation
of representative temperature-depth curves for different tectonic units in the study area
(Figure 2) indicates significant variations in reservoir temperature and geothermal gradients
among different tectonic units. At a depth of 1000 m, the temperatures in BBB and NJSB can
reach 50-60 °C. This is followed by the JHB, which has a slightly lower temperature. SNCB
displays the lowest temperature, around 40 °C. As depth increases, temperature generally
shows a gradual upward trend. At equivalent depths, temperatures are the lowest in SNCB,
followed by slightly higher values in JHB, and NJSB and BBB exhibit highest temperatures.
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Figure 2. Representative thermometric curves of major tectonic units in the cratons in East China. The
data of BBB-AXS5 are from [49]; those of BBB-DR are from [50]; those of JHB-Tuo22 and JHB-Zhong7
are from [32,33]; and those of NJSB-CZK16 and NJSB-Shen1 are from [20,22] (see Figure 1 for specific
well locations).

During the Cenozoic era, the Eastern North China Craton saw the deposition of
massive clastic rocks. Among them, the Neogene Guantao Formation and Minghuazhen
Formation are recognized as excellent geothermal reservoirs and are widespread in BBB
and SNCB [51]. Additionally, recent research has highlighted the widespread occurrence of
carbonate rock reservoirs in BBB, featuring a minimum burial depth of only 500 m. The
geothermal systems generally follow a distribution trend in the NNE to NE directions. The
Paleogene and Neogene formations act as cap rocks, exhibiting low levels of rock thermal
conductivity. In the Lower Paleozoic, particularly in the Middle Cambrian Wumishan
Formation, the thermal conductivity of limestone is remarkably high, ranging from 2.5 to
42 W-m~1.K~!, forming high-quality geothermal reservoirs [51]. In particular, in BBB,
the temperature range for the Minghuazhen Formation is 3146 °C, that for the Guantao
Formation is 42-67 °C, and that for carbonate rock reservoirs is 40-130 °C [51].

Similar to BBB, the thermal reservoirs in NJSB are predominantly classified into two
types: shallow Cenozoic sandstone reservoirs and Ediacaran-Paleozoic carbonate rock
reservoirs. An abundance of geophysical profiles and sedimentological evidence suggest
that the deep carbonate rock reservoirs in NJSB have a wide distribution and large scale,
encompassing almost the entire basin. They represent high-quality deep geothermal
reservoirs. Specifically, for the Yancheng Formation, the temperature range is 20-60 °C, for
the Sanduo Formation, it is 50-80 °C, for the Dainan Formation, it is 60-110 °C, and for the
carbonate rock reservoirs, it is 80-200 °C [20].

The primary geothermal reservoirs in JHB comprise Paleogene and Neogene sandstone
and glutenite, forming low-temperature hot water reservoirs. The Paleogene Qianjiang
Formation is identified as a saline lake facies deposit, with a thickness of approximately
3500 m. It stands as the largest Paleogene saline lake facies depression in China. The
surrounding temperature gradient is between 2.3 and 4.0 °C/100 m. The water temperature
of the Neogene hot water reservoir ranges from 25 to 69 °C, while the Paleogene hot brine
water temperature ranges from 60 to 95 °C [33].
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3.1.3. Crustal Structure and Thermophysical Parameters

Delineating the crustal structure is essential for the study of the lithospheric thermal
structure. Crustal structural classification (including Moho depth) of representative tectonic
units in the cratons in East China is largely based on recent geophysical profiles and existing
research outcomes [20,22,30,32,52-58]. Their detailed stratigraphic results are depicted in
Table 1. In contrast to the relatively uniform thermal state in JHB, notable differences in
the thermal state of uplift and depression areas in NJSB, SNCB, and BBB are observed.
Hence, separate statistics were compiled for these areas. Comprehensive studies on thermal
conductivity in NJSB reveal that the thermal conductivity of carbonate rocks in the Paleozoic
and Mesozoic exceeds that in the Proterozoic and Cenozoic strata [20,22], dominating the
regional temperature field. Consequently, measured values (thermal conductivity and heat
production values for the Cenozoic, Mesozoic, Paleozoic, and Ediacaran strata are 1.77,
2.60, 3.69, and 3.70 W-m~1-K~! and 1.47, 1.54, 1.80, and 0.54 uW-m~3, respectively) were
utilized for the shallow sedimentary layers in NJSB [20,22]. For parameter selection in other
regions and the assignment of thermal properties of the deep crust and mantle, we refer to
the results provided by [59] (see Table 1).

Table 1. Crustal layering structure and thermophysical parameters of major tectonic units in the
cratons in East China. (D1, Sedimentary layer; D2, Upper crust; D3, Middle crust; D4, Lower crust; in
the abbreviations, the last letter U stands for the uplift area and the D stands for the depression (e.g.,
NJBU, North Jiangsu Basin Uplift)).

Tectonic Unit NJBU NJBD JHB BBBU BBBD SNCBU SNCBD
Heat flow
(mW-m-2) 72 66 51 70 62 57 54
D1 44 75 55 6.0 9.0 2.0 5.0
Thickness D2 5.6 4.0 6.0 8.0 8.0 11.0 8.5
(km) D3 6.0 6.0 8.5 7.0 7.0 10.5 10.0
D4 16.0 16.0 14.0 8.0 8.0 10.5 9.5
D1 / / 2.0 2.3 2.3 2.2 2.2
Thermal D2 2.9 29 3.0 3.0 3.0 3.0 3.0
conductivity D3 2.8 2.8 2.8 2.8 2.8 2.8 2.8
(W-m~ 1K1y D4 25 25 26 26 2.6 2.6 26
D5 3.0 3.0 3.0 3.0 3.0 3.0 3.0
D1 / / 1.26 1.26 1.26 1.26 1.26
Heat D2 2.16 2.16 1.26 1.26 1.26 1.26 1.26
production D3 1.26 1.26 0.86 0.86 0.86 0.86 0.86
(W-m™3) D4 025 0.25 0.31 0.31 0.31 0.31 0.31
D5 0.03 0.03 0.03 0.03 0.03 0.03 0.03
3.2. Methods

3.2.1. Changes in Vertical Heat Flow

Surface heat flow is segmented into two components: (1) the heat accumulation due
to the decay of radioactive elements in the crust (crustal heat flow, g.); and (2) the heat
flow from the deep Earth, known as mantle heat flow (g,;), which encompasses the heat
generated by radioactive decay in the lithospheric mantle. While this component of heat
is relatively minor, its importance for the stability of the lithosphere cannot be overstated.
Thus, examining the lithospheric thermal structure is inherently an investigation into the
vertical variation in heat production.

Utilizing crustal layering, we obtain the heat contributions from radioactive heat
production in different layers (g;). Employing the “backstripping method”, we ascertain
the heat flow values at the bottom of each layer. Hence, the mantle heat flow is determined
by Equation (1) [60]:

G = qe = ) _1is (1)
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3.2.2. Temperature Curve of the Lithosphere

In accordance with one-dimensional steady-state heat conduction equation, the tem-
perature at a certain depth within the lithosphere is calculated with Equation (2):

leottom — TitOp + (q§0p~zi> /A — (AZZZZ) /(2)\1)/ (2)

T:Op and le"“om represent the temperature at the top and bottom of layer i (°C), respectively;
qEOP is the heat flow at the top of layer i (mW-m~2); Z; denotes the thickness (km); A, is the
overall thermal conductivity of the rock (W-m~!-K~!) (temperature correction is necessary;
see Methods of Thermal Structures for more details); and A; is the rate of heat generation
by the rock in layer i (WW-m~3).

Given the gradual increase in deep-seated temperature, the impact of thermal con-
ductivity on temperature warrants consideration. As thermal conductivity varies with
temperature, by incorporating the radiative heat transfer effects at high temperature, we
adjust the thermal conductivity of deep-seated rocks using Equation (3) [61]:

AMT) = c-(T +273.15)° 3)

Aref| 7 +1 oT *

Here, A¢ denotes the thermal conductivity at room temperature, and b and ¢ are
identified as experimental constants. To secure the optimal fitting parameter values,
experimental outcomes from [62] (b; = 0.0015 K~1) were applied for correcting the up-
per crust, while those from [63] (b, = 0.0001 K~!) were employed for correcting the
middle-lower crust and mantle lithosphere. When temperature surpasses 800 °C, a value
of c=1 x 1071 W-m~1.K~* was applied to correct the radiative thermal conductivity [64].

3.2.3. Calculation of Thermal Lithosphere Thickness

In the prevalent literature on the temperature distribution at different depths, the
metric of lithospheric thermal thickness is derived by defining the base of the lithosphere
as the solidus temperature of the mantle, approximated at 1200 °C [65], 1250 °C [66], or
1300 °C [67], or through comparison with the solidus line of basaltic rocks [68]. We utilize
Equations (4) and (5) to delineate the upper and lower bounds of the lithospheric insulation
line, thereby determining the thermal thickness [69]:

Upper limit: T; = 1200 + 0.5, 4)
Lower limit: T, = 1300 + 0.4-Z, )]

4. Results
4.1. Contribution of Heat Flow from the Crust and Mantle

Our analysis of the heat flow contributions of different lithospheric radioactive heat-
producing elements, the crustal heat flow, the mantle heat flow, and the ratio of crust to
mantle heat flow in the main tectonic units of the study area is detailed in Table 2 and
Figure 3. The crustal heat flow quantifies the heat contribution of radioactive elements in the
crust of a tectonic unit. Research highlights that the high crustal heat flow (~30 mW-m~2)
in the NJSB is attributed to a deeper crustal thickness. The BBB and SNCB, which are
both part of the eastern block of the North China Craton, share similar crustal structural
characteristics, with crustal heat flows ranging between 27 and 28 mW-m~2. Among the
locations studied, the JHB exhibits the lowest crustal heat flow contribution of 26 mW-m~—2.
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Table 2. Thermal structure characteristics of lithosphere in major tectonic units of the cratons in
East China. (D1, Sedimentary layer; D2, Upper crust; D3, Middle crust; D4, Lower crust; in the
abbreviations, the last letter U stands for the uplift area and the D stands for the depression (e.g.,
NJBU, North Jiangsu Basin Uplift)).

Tectonic Unit NJBU NJBD BBBU BBBD SNCBU SNCBD JHB
D1 6.2 11.2 7.6 8.6 2.5 6.3 6.9
Heat flow D2 12.1 10.8 10.1 10.1 13.9 10.7 7.6
contribu- D3 7.6 7.6 6.0 6.0 9.0 8.6 7.3
tion D4 4.0 4.0 2.5 2.5 3.3 3.0 4.3
(mW-mfz) Crust 29.9 314 26.1 27.1 28.7 28.6 26.1
Mantle 42.6 34.8 43.9 34.9 28.2 25.8 249
Ge/Gm 0.70 0.90 0.59 0.78 1.02 1.11 1.05
. Range 73-82 92-104 68-77 82-93 119-133 129-145 138-154
Thermal thickness Mean 78 98 73 88 126 137 146
D1 135 218 218 293 69 145 163
Bottom D2 287 339 448 498 289 307 270
boundary D3 400 429 578 605 429 429 373
tempera- D4 701 664 725 723 555 534 525
ture (°C) Lithosphere Range 1237-1335  1242-1339 1233-1334 1237-1333 1260-1353 1259-1354 1270-1359
P Mean 1286 1291 1284 1285 1307 1307 1351
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Figure 3. Crust thermal structure of the major tectonic units of the cratons in East China. (a) NJSBU;
(b) NJSBD; (c) JHB; (d) BBBU; (e) BBBD; (f) SNCBD; (g) SNCBD. (Abbreviations are consistent with
those in Table 2. Text in bold within the Earth’s crust layers indicates temperature data at the bottom

boundary of each layer).



Energies 2024, 17, 1752

90f19

The mantle heat flow (g;,) is defined as a geophysical parameter that evaluates the
intensity of deep mantle activity in a region and represents a crucial component of the
overall geothermal heat flow. In our research, the mantle heat flow values were determined
for representative tectonic units in the Eastern North China Craton (Table 2). The highest
mantle heat flow occurs in the uplift area of the BBB and the uplift area of the NJSB, reaching
44 mW-m~2 and 43 mW-m 2, respectively. Following these, the mantle heat flow values for
the depression areas of the BBB and the NJSB are both over 30 mW-m~2; when compared
to that of the JHB, the mantle heat flow in the SNCB is higher (27 mW-m~?2). These findings
suggest that among the tectonic units in the Eastern North China Craton, the mantle heat
flow in the BBB and the NJSB is significantly elevated. Horizontally, a gradual decrease
in mantle heat flow values is observed from east to west. For example, moving from the
Eastern NJB and BBB to the central areas of the SNCB and JHB, the mantle heat flow values
gradually diminish.

The distribution and ratio of crust to mantle heat flow can quantitatively illustrate the
surface heat flow distribution of tectonic units. Based on the regional thermal state and
the proportion of crust to mantle heat flow, the thermal structure of regional tectonic units
can be categorized as “hot crust and cold mantle” or “hot mantle and cold crust” [23]. In
scenarios in which the overall regional heat flow surpasses the plate-scale average heat
flow or matches it, if the mantle heat flow exceeds 50%, the mantle is deemed “hot” relative
to the crust, signifying it is the “hot mantle and cold crust” type [23]. Conversely, if the
proportion of crustal heat flow in the total heat flow surpasses 50%, it is classified as the
“hot crust and cold mantle” type. In our analysis, based on the heat flow distribution of
different tectonic units, the crust to mantle heat flow ratio for each major tectonic unit
was calculated (Table 2). The results reveal significant variations in the crust to mantle
heat flow ratio across different regions, oscillating between 0.6 and 1.7 overall. The BBB
shows the lowest crust to mantle heat flow ratio, with most areas below 0.8. Next, the NJSB
features a crust to mantle heat flow ratio ranging from 0.7 to 0.9, typifying a “hot mantle
and cold crust” thermal structure. In the central regions, the SNCB and JHB possess a crust
to mantle heat flow ratio ranging from 1 to 1.1, signaling a transitional “warm crust and
warm mantle” thermal structure. It is crucial to note that although the NJSB aligns with the
“hot mantle and cold crust” type in terms of its crust to mantle heat flow ratio, it displays
both a high mantle heat flow and a high crustal heat flow.

4.2. Comparison of Lithospheric Thermal Thicknesses

We have created a lithospheric thermal thickness map for different tectonic units in the
study area and adjacent regions (Figure 4, Table 2). Our analysis demonstrates that the BBB
possesses an extremely thin thermal lithospheric thickness, with a thickness of only 73 km
in the uplift areas. Contrastingly, the thermal thickness in the uplift areas of the NJSB is
78 km. The SNCB showcases a lithospheric thermal thickness of about 130 km, whereas the
lithospheric thermal thickness in the JHB of the Middle Yangtze Craton is slightly thicker
(146 km). In domains with a thin thermal thickness, the temperature at the base of the
lithosphere tends to be lower, such as the average temperature at the base of the lithosphere
in the uplift areas of the NJSB, which is 1286 °C. Conversely, in areas characterized by a
thicker thermal lithospheric thickness, such as the average temperature at the base of the
lithosphere in the JHB, the temperature increases to 1315 °C.
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Figure 4. Thickness of thermal lithosphere in major tectonic units in the cratons in East China.

4.3. Lithospheric Temperature Variations at Different Depths and Implications for Geothermal
Resource Potential

The Moho temperature variance indirectly reflects the thermal state of a region, with a
higher Moho temperature generally indicating a greater potential for geothermal resources.
Utilizing Equations (1)—(3), we calculated the temperature at different lithospheric layer
boundaries (the base of the sedimentary layer, base of the upper crust, base of the middle
crust, base of the lower crust, and base of the lithosphere) and will now highlight the Moho
temperature (Table 2, Figure 3).

The BBB exhibits the highest Moho temperature, exceeding 720 °C. The NJSB has a
Moho temperature in the uplift areas exceeding 700 °C and ranging from approximately
660 to 670 °C in the depression areas. The lowest Moho temperatures are found in the
SNCB, where the temperatures at the base of the lower crust generally fall below 550 °C,
differing by more than 150 °C from the highest temperature observed in the BBB.

Additionally, we determined the temperature values and geothermal gradients at
depths of 5 km, 10 km, 15 km, 20 km, 25 km, and 30 km for the major tectonic units in the
cratons in East China (Table 3, Figure 5). Our findings indicate that, at the same depth, the
uplift areas tend to exhibit higher temperature values compared to the depression areas
within the same tectonic unit. The region with the highest temperature is the uplift area of
the BBB.
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Table 3. Temperature and gradient values at different depths of main tectonic units in cratons in
East China.

— Depths  sim  10km 15km 20km 25km  30km
Tectonic Units

Temperature (°C) 151 288 382 477 571 664

NJBU Gradient (°C-km 1) 27.5 27.3 18.8 19.2 18.9 18.5
NJBD Temperature (°C) 169 280 376 451 530 607
Gradient (°C-km~1) 30.3 254 16.3 15.2 15.0 14.4

JHB Temperature (°C) 149 244 315 373 430 484
Gradient (°C-km~1) 26.9 17.9 129 11.6 114 10.8

BBBU Temperature (°C) 182 331 467 560 652 739
Gradient (°C-km~1) 334 28.2 19.4 18.5 18.7 14.2

BBED Temperature (°C) 160 319 447 546 620 694
Gradient (°C-km™1) 29.0 25.7 25.5 15.8 15.2 14.9

SNCBU Temperature (°C) 129 229 318 386 448 508
Gradient (°C-km™1) 26.9 20.1 14.6 13.5 12.5 12.2

SNCBD Temperature (°C) 145 242 327 390 447 502

Gradient (°C-km~1)  26.0 19.3 13.5 12.5 11.4 11.1

Temperature/ °C

Gradient / (°C/km)

Depth / km

Figure 5. Temperature and gradient values versus depth of main tectonic units in cratons in East
China. (The lines and dots represent variations in temperature and gradients, respectively).

At a depth of 5 km, the uplift area of the BBB exhibits the highest temperature and
geothermal gradient values, reaching 182 °C and 33.4 °C/km, respectively. The depression
area of the NJSB is next, with a temperature reaching 169 °C at a depth of 5 km. The lowest
temperature at a depth of 5 km is found in the depression area of the SNCB, registering
merely 129 °C, which is 53 °C lower than the highest value. At a depth of 10 km, all regions
show temperatures exceeding 200 °C, with the uplift and depression areas of the BBB
generally surpassing 300 °C. The temperature difference between the different regions
reaches a maximum of 102 °C. At a depth range of 20 km, the temperature in the BBB
reaches around 550 °C, followed by the NJSB, which has a significantly higher temperature
compared to that of the other tectonic units. With increasing depth, the geothermal gradient
values tend to decline. For instance, in the uplift area of the BBB, the geothermal gradient
decreases from 33 °C/km at a depth of 5 km to 14 °C/km at a depth of 30 km. Within
the shallower depths up to 10 km, the geothermal gradient values are generally above
20 °C/km; yet, beyond 20 km, the gradient values drop below 20 °C/km. The reduction
in the geothermal gradient for different tectonic units ranges mostly above 50% at depths
from 5 km to 30 km.

Geothermal energy, characterized by its abundance, security, and environmentally
friendliness, is deemed a vital future energy source. However, the distribution of medium-
to high-temperature geothermal resources is not uniform. Therefore, the geothermal
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resource potential of regions has become a pivotal area of focus in geological and energy
research. Factors influencing a region’s geothermal resource potential include reservoir
temperature, reservoir depth, the porosity and permeability of the reservoir, and the volume
of the reservoir (such as the Cenozoic clastic rock reservoir in the shallow section and the
deep-seated carbonate rock reservoir). For the cratons in East China, especially in the
aforementioned basins, which are densely populated, the dominant shallow reservoirs
are composed of Cenozoic clastic rocks, while extensive carbonate rock reservoirs are
developed at deeper levels. When considering the same exploitation horizon and depth,
the temperature of the reservoir emerges as the most critical factor influencing the total
geothermal resource quantity for similar target reservoirs per unit area.

Therefore, overall, at various scales, both the NJSB and the BBB are highlighted as
prime exploration targets for geothermal resources. For one, this is due to the develop-
ment of large-scale carbonate rock thermal reservoirs at depths of 2-5 km, which also
fall within the critical depth range for geothermal development; additionally, a higher
thermal background ensures exceptionally high temperatures at the same depth range.
Compared to the BBB, which has been utilized for geothermal purposes for many years, the
geothermal development potential of the NJSB may be even more significant. In the JHB,
the temperature at a depth of 5 km is also notably close to 150 °C. Should carbonate rock
reservoirs be present, its geothermal resource potential could be substantial. In addition,
in the NJSB, the temperature within the depression zone at a depth of 5 km is higher than
that in the uplift area. In the NJSB, the thermal conductivity of Paleozoic and Ediacaran
strata significantly surpasses that of the shallow strata of the Proterozoic and Mesozoic. As
the prevalence of strata with a high thermal conductivity increases, their influence over
local thermal anomalies also increases, especially in the Dongtai depression on the south
side of the Jianhu uplift. Therefore, more comprehensive temperature field simulations are
necessary for the precise selection and delineation of geothermal resource target areas.

5. Discussion
5.1. Analysis of Tectonic Activity and Thermal Regime Variability in the Cratons in East China

The differences in the thermal regime of the cratons in East China are mainly reflected
in two aspects: their current thermal state and thermal history evolution. The BBB stands
as a representative tectonic unit of the eastern block of the North China Craton, with
numerous researchers utilizing the thermal state of the BBB as a benchmark for the thermal
state of the eastern block of the North China Craton (e.g., [11,18]). Heat flow analyses reveal
fundamental differences in the current thermal state between the northern and southern
segments of the eastern block of the North China Craton. Similarly, the NJSB in the Lower
Yangtze Craton exhibits high heat flow characteristics similar to those of the BBB, while the
JHB in the Middle Yangtze Craton demonstrates significant differences in its thermal state
when compared to that of the Lower Yangtze Craton.

Both the BBB and NJSB exhibit characteristics of high mantle heat flow, suggesting
they have similar deep mantle activities and represent the typical “hot mantle, cold crust”
thermal structure. Conversely, the mantle heat flow in the SNCB and JHB is identified as
less than 30 mW-m~2, with both sharing similar lithospheric thermal thicknesses, which
points to a transitional thermal structure described as “warm crust, warm mantle”.

Serving as representatives of the Eastern North China Craton and the Middle-Lower
Yangtze Craton, the BBB and NJB are recognized as typical oil- and gas-bearing basins. The
drive for oil and gas exploration and development has catalyzed research into the thermal
history of these basins. Currently, methods for examining thermal history encompass
paleo-thermometry, geodynamics, and vitrinite reflectance thermometry [70], with paleo-
thermometry primarily suited to basin-scale studies. This includes low-temperature ther-
mochronology (such as apatite fission track analyses) and organic matter thermochronology
(such as vitrinite reflectance Ro).

Figure 6a summarizes recent studies on the thermal evolution of the BBB and the
Lower Yangtze Craton [18,71-73]. This synthesis reveals that both showcase a “double-
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peak” heat flow characteristic. In the BBB, the peak heat flow ages are 107 Ma (with a peak
heat flow qmax = 8288 mW-m~2) and 36 Ma (qmax = 80-89 mW-m~2). In the NJSB, the peak
heat flow ages are 129 Ma (qmax = 78-94 mW-m~2) and 58 Ma (qmax = 78-74 mW-m~2).
Clearly, these two peaks heat flow events correspond to two tectono-thermal events, with
the thermal events in the BBB lagging behind those in the Lower Yangtze Craton. The JHB
in the Middle Yangtze Craton is a typical oil and gas basin, while the SNCB in the eastern
block of the North China Craton is poor in oil overall. The data on the thermal evolution of
these two basins in recent years are summarized in Figure 6b [74-76].
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Figure 6. Thermal history of the Bohai Bay Basin (BBB), the North Jiangsu Basin (N]JB), the Southern
North China Basin (SNCB), and the Jianghan Basin (JHB). (a): thermal history data from the Bohai
and Bozhong Depressions [71,72]; An-1 and Yanshen-1 wells from the Lower Yangtze Craton [73];

other depressions in BBB [18]; (b): thermal history data from SNCB [75]; thermal history data from
JHB [74,76].

In the JHB’s northern part, around 157 Ma, the ancient heat flow peaked at 72 mW-m~2,
During the Late Cretaceous to Paleogene period, some boreholes evidenced a resurgence in
heat flow increases again. Late-stage tectono-thermal events were predominantly observed
in the JHB’s southern part, occurring between 78 and 43 Ma, during which the heat flow
remained at higher background values (71-76 mW-m~2). Since the late Eocene, the heat
flow values in the JHB have gradually decreased.

Research on the heat flow history in the SNCB remains comparatively sparse. For
instance, in the Shenqiu Sag, the peak heat flow value reached 74 mW-m~2 at the end
of the Early Cretaceous [75]. Additionally, a study on the ancient geothermal gradient
in the Zhoukou Depression indicated different areas of the same depression reached the
highest thermal evolution stage at different times. For example, the northern Luyi Sag
and the western depression experienced tectonic heating and uplift-cooling stages during
the Early Cretaceous [29]. The differences in thermal history in different regions of the
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basin and the relatively lower ancient heat flow increments suggest the limited influence of
tectono-thermal events in the Late Mesozoic on these areas in the SNCB and JHB.

5.2. Tectonic Indicators and Dynamic Background

Thermal history investigations reveal that the Lower Yangtze Craton underwent a
significant tectono-thermal event during the Mesozoic (128-129 Ma), with recorded peak
paleo-heat flow values exceeding 90 mW-m~2 (Figure 7a). Additionally, the Lower Yangtze
Craton and the northern segment of the eastern block of the North China Craton each
recorded two peak thermal events during the Early Cretaceous and Paleogene, respectively.
The times of reaching the peak paleo-heat flow values for these two events differ by about
20 Ma (Figure 7a), suggesting a potential disparity in the timing of craton destruction
between them.

Early Cretaceous magmatism is widespread in East China, with the primary epoch
of rock formation concentrated around 115-135 Ma [11,77] (Figure 7b). Following its late
or post-peak period of magmatic activity, East China experienced a series of extensional
structures, including metamorphic core complexes and extensional domes [78] (Figure 7c).
Chronological analyses of the magmatic activity, ductile deformation, and extensional
structure of the Lower Yangtze Craton and the eastern block of the North China Craton
suggest that the tectono-thermal events in the Lower Yangtze Craton occurred slightly
earlier than those in the eastern block of the North China Craton (Figure 7), as observed in
volcanic rocks from the Lu-Zong Basin (127-135 Ma) and others. Recent reconstructions of
the paleogeography of the ancient Pacific Plate (Izanagi Plate) propose [79-81] that around
140 Ma, the Izanagi Plate subducted in a north-northeast (NNE) direction [41,82], with the
age of the oceanic crust getting progressively older moving towards the west. Due to the
differences in the ages of the original oceanic crust and the NNE-directed subduction of
the Izanagi Plate [80,81], the Lower Yangtze Craton might have experienced extensional
tectonics and magmatic activity prior to the Eastern North China Craton. In summary,
statistical studies of regional thermal history, magmatic activity, and the chronology of
extensional structures [20,22,73] suggest that the subduction of the Izanagi Plate led to
slightly different timings for the intense, non-steady-state mantle flows beneath the Lower
Yangtze Plate and the Eastern North China Craton. Consequently, the destruction of the
Lower Yangtze Craton occurred slightly earlier than the craton destruction in East China.

During the Cenozoic, magmatic activity in East China was significantly diminished,
and basalt became the predominant magmatic rock type (Figure 7b). There was also a
noticeable decline in regional extensional strength from the subduction of the Pacific Plate
compared to the Mesozoic [83], which primarily influenced the development of basins in
East China, such as the BBB, the North Yellow Sea Basin, the North Jiangsu-South Yellow
Sea Basin, and East China Sea Basin (Figure 7c). In general, the Lower Yangtze Craton
experienced the aforementioned tectono-thermal events earlier than the Eastern North
China Craton, and this corresponds to the differences in the timings of the Cenozoic thermal
regime transition between the Eastern North China Craton and the Lower Yangtze Craton
(Figure 7a).
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Figure 7. Differences in thermal regime transition between the Eastern North China Craton and
the Lower Yangtze Craton in Mesozoic and Cenozoic. (a) Thermal history pathway; (b) relative
intensity of magmatism (modified from [11]); (c) regional extensional tectonics (modified from [78]);
and (d) dynamics of thermal lithosphere thickness (modified from [17]) for the eastern block of the
North China Craton and the Lower Yangtze Craton since 200 Ma. ‘A’ and ‘B’ in (b,c) represent the
eastern block of the North China Craton and the Middle and Lower Yangtze Cratons, respectively.

6. Conclusions

This investigation into the lithospheric thermal structure of major tectonic units in the
cratons in East China has led to the following conclusions.

The lithospheric thermal thickness of the NJSB and BBB ranges from 73 to 102 km
and from 68 to 93 km, respectively, with mantle heat flow values ranging from 35 to
43 mW-m~2 and from 35 to 44 mW-m 2, indicative of a typical “hot mantle—cold crust”
thermal structure. Conversely, the JHB and SNCB show distinctly different lithospheric
thermal characteristics, indicating a distinct thermal state. The temperature differences
gradually increase at increasing depths.

We determined the temperature at different lithospheric layer boundaries. The BBB
exhibits the highest Moho temperature, surpassing 720 °C. The NJSB has a Moho tempera-
ture in the uplift areas exceeding 700 °C and ranging from approximately 660 to 670 °C in
the depression areas. The lowest Moho temperatures are observed in the SNCB, where the
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temperature at the base of the lower crust generally falls below 550 °C, differing by more
than 150 °C from the highest temperature observed in the BBB. Additionally, we calculated
the temperature values and geothermal gradients at depths of 5 km, 10 km, 15 km, 20 km,
25 km, and 30 km for the major tectonic units in the cratons in East China. The results
indicate that, at an identical depth, uplift areas typically exhibit higher temperatures com-
pared to those of depression areas within the same tectonic unit. With increasing depths,
the temperature gradient generally tends to decrease.

Based on the study of the tectonic evolution and thermal history of the cratons in East
China since the Mesozoic, combined with paleogeographic reconstructions of East Asia and
the (ancient) Western Pacific coast, this research posits that the destruction of the Lower
Yangtze Craton (or the NJSB) and the northern segment of the Eastern North China Craton
(or the BBB) likely unfolded in a sequential manner. The southern segment of the Eastern
North China Craton (or the SNCB) and the Yangtze Craton (or the JHB) may have only
experienced lithospheric thinning. The better geothermal resource potential in the BBB and
NJSB Basins is intimately linked to the craton destruction during the Late Mesozoic.
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