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Abstract: The terrestrial heat flow and lithospheric thermal structure of sedimentary basins are crucial
for understanding basin dynamics and assessing geothermal resources. This study computed the heat
flow in the Hubao Basin using rock thermal conductivity and borehole temperature data. Combined
with the geophysical profile of the Yinshan Orogenic Belt–Hubao Basin–Ordos Basin, the lithospheric
thermal structure was studied, and the geodynamic mechanism is discussed. The results indicate
that the heat flow in the Hubao Basin ranges from 64.0 to 73.8 mW/m2. The Moho temperature
along the profile varies between 570 and 652 ◦C, and the thickness of the thermal lithosphere ranges
from 122.7 to 138.8 km. Using the backstripping method to calculate the crust–mantle heat flow ratio,
we find that this ratio in in the Hubao Basin is approximately 1, indicating a “warm crust, warm
mantle” type of lithospheric thermal structure. This is related to the combined effects of extensional
tectonics since the Late Jurassic and Early Cretaceous, westward subduction of the Pacific Plate,
remote effects from the Indian Ocean Plate, and the development of deep-seated faults within the
basin. The combined effects of lithospheric thinning and deep-seated faults have resulted in thermal
anomalies in the Hubao Basin.

Keywords: Hubao Basin; heat flow; lithospheric thermal structure; mechanism analysis

1. Introduction

The heat flow and lithospheric thermal structure characteristics in sedimentary basins
comprehensively reflect lithospheric tectonic-thermal evolution processes, which are crucial
for studying basin dynamics and evaluating oil, gas, and geothermal resources [1]. The
Hubao Basin is located in the southern part of the Yinshan Orogenic Belt in Inner Mongolia,
forming a secondary basin within the Hetao tectonic belt. It is a Cenozoic faulted basin
surrounded by the Yinshan Mountains to the north, the Lvliang Mountains to the east, and
the Ordos Basin to the south (Figure 1). Due to the southward compression from the Central
Asian Orogenic Belt to the north, northward compression from the North China Craton to
the south, and the counterclockwise rotation of the Ordos Basin, the Hubao Basin exhibits
complex topographic features with interlaced mountains and basins [2,3]. In the process of
the interaction of the Eurasian plate, the (ancient) Pacific plate, and the Indian plate, the
lithosphere in the study area has undergone drastic tectonic changes and the reconstruction
of material and structure, and in-depth understanding of the thermal structure character-
istics and lateral changes in this area will provide an important supplement for further
research on the coupling relationship between sedimentary basins and orogenic belts. It is
of great significance to understand the deep geodynamic process of the northern margin
of North China Craton-Inner Mongolia fold belt and the dynamic mechanism of uplift of
Yinshan Orogenic belt. In addition, geophysical exploration results, including gravity [4],
electromagnetic methods [5], and seismic waves [6,7], indicate conditions conducive to high
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heat flow in this region. In recent years, extensive exploration of geothermal resources has
revealed that the northern part of the Hubao Basin harbors relatively abundant geothermal
resources [8]. However, research on heat flow and lithospheric thermal structure in this
area is sparse, and the formation mechanisms of heat sources remain unclear.

In this paper, we utilized borehole temperature data and geothermal gradient mea-
surements from the Hubao Basin and its surrounding areas, combined with data on rock
thermal conductivity, to study the distribution characteristics of heat flow in the region.
Subsequently, based on the geophysical profile spanning the Yinshan Orogenic Belt–Hubao
Basin–Ordos Basin [9,10], and integrating geological, structural, rock geochemical, and
geophysical data, we established a mathematical model of the lithospheric structure profile.
Using elevation, Bouguer gravity, geoid height, and heat flow as constraints, we applied
the finite element method (Litmod-2D 2.0) [11] to determine the temperature distribution
characteristics of the lithosphere and the lithospheric thermal structure of the Yinshan
Orogenic Belt, Hubao Basin, and Ordos Basin; and the high thermal background of Hubao
Basin, which are discussed and the deep geodynamic characteristics are revealed.

2. Geological Background

The Hohhot-Baotou Basin (hereinafter referred to as the Hubao Basin) is located in
the Inner Mongolia Autonomous Region (Figure 1). It constitutes a narrow, east–west
elongated Cenozoic fault basin in the Hetao region of Inner Mongolia [12]. Positioned
at the northern margin of the North China Craton, adjacent to the Xingmeng Orogenic
Belt, it lies at the boundary of two primary tectonic units [13]. During the Paleozoic and
Mesozoic eras, it was primarily influenced by the Paleo-Asian Ocean tectonic system, the
Late Paleozoic collision between the North China Craton and the Siberian Craton, and
Mesozoic to present-day activities related to the Pacific Plate [14,15]. Due to recent tectonic
activity, the Hubao Basin exhibits a dustpan-shaped structural feature, deep in the north
and shallow in the south, with active faults at the mountain front being the main structures
controlling sedimentation and evolution of the basin [16]. The basin is characterized by
the continuous development of Cenozoic-Quaternary strata with immense thickness and
significant lithological variations [17]. The Paleogene is dominated by fluvial-lacustrine
deposits, mainly composed of brownish-gray and gray-green mudstone interbedded with
fine sandstone and conglomerate. The Neogene is characterized by interbedded purple-
brown and gray-green mudstone and fine sandstone, with localized occurrences of basalt.
The Quaternary consists mainly of lacustrine deposits, characterized by yellow, gray-
yellow, gray-green, and gray-black fine sand and clay interbedded with gravel. Due to
the activity of frontal faults, Quaternary lacustrine sediments are exposed on the surface,
discontinuously distributed along the piedmont terrace.

The Yinshan Orogenic Belt (YOB) is situated at the northern margin of the North China
Craton and differs from typical plate margin subduction zones or collisional orogenic
belts. It is a typical intracontinental orogenic belt [10]. Since the Middle-Late Jurassic to
Cretaceous and continuing since the Neogene, left-lateral block movements have occurred
due to the subduction of the eastern Pacific Plate and the collision of the Indian Plate with
the Eurasian Plate, forming a series of rift zones [18]. With increasing elevation, Bouguer
gravity anomalies rise, reaching up to −110 mGal [4].

The Ordos Basin is a large Mesozoic intracontinental sag basin in the western part of
the North China Craton, surrounded by fault basins on all sides [19]. It has undergone a
long geological evolution from the Middle Paleozoic to the Tertiary, with thick sedimentary
deposits averaging 4–5 km in thickness, and maximum thickness exceeding 10 km [20]. The
basement consists of Precambrian and Paleozoic crystalline rocks and metamorphic rock
sequences, overlain by Paleozoic, Mesozoic, and Cenozoic sedimentary strata [21]. The
basin has extensively developed Silurian, Devonian, and Lower Carboniferous deposits;
since the late Mesozoic, it has successively accumulated Triassic, Jurassic, Cretaceous,
Tertiary, and Quaternary sediments [22]. The average crustal thickness of the Ordos Basin
is approximately 42 km, with lithospheric thickness varying from 120 to 180 km from east
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to west [23]. Internal deformation of the Ordos Basin is minimal, but due to its prominent
movement compared to adjacent blocks, the surrounding graben basins are believed to
result from mantle convection induced by the westward subduction of the Pacific Plate [7].

Figure 1. Regional geological map (the Yanchuan-Mandula Geophysical Profile was sourced from a
shp file stored in ArcGIS, while the division of tectonic units is from Zhao et al. (2001) [24]. Elevation
data were obtained from the Geospatial Data Cloud (https://www.gscloud.cn/search, 17 August
2023), and heat flow data were sourced from the Fourth Edition of the Chinese Heat Flow Database
(https://chfdb.xyz/, 5 August 2023). The main faults were derived from “Peripheral Active Fault
System of the Ordos” [25]. In the figure, F1 represents the northern margin fault of the Ordos Basin,
F2 represents the Helingeer Fault, F3 represents the Daqing Mountain Frontal Fault, and F4 represents
the southern margin frontal fault of the Ural Mountains.

3. Heat Flow
3.1. Borehole Temperature and Geothermal Gradient

This study collected borehole temperature data from a total of eight wells in the Hubao
Basin and surrounding areas (Figure 1), with depths ranging from 620 to 5500 m. The
overall temperature increases with depth, exhibiting a conductivetype temperature curve
(Figure 2), which is suitable for calculating terrestrial heat flow. The thermal conductivity
data used in this study are shown in Table 1. Temperature data were regressed using the
least squares method, and the slope of the fitted line numerically equals the corresponding
temperature gradient. In this study, the GeothermoTool 1.0 software [26] was utilized
to calculate the geothermal gradient, with specific values listed in Table 2. The results
indicate that the distribution range of geothermal gradients in the study area is between
10.2 and 33.9 ◦C/km, with an average of 24.9 ± 5.7 ◦C/km. Among these, well HR3
exhibits the highest geothermal gradient value at 33.9 ◦C/km, while well 3# shows the
lowest geothermal gradient value at 10.2 ◦C/km. The geothermal gradient values of the
remaining wells range from 18 to 30 ◦C/km.

https://www.gscloud.cn/search
https://chfdb.xyz/


Water 2024, 16, 1980 4 of 15

Water 2024, 16, x FOR PEER REVIEW  4  of  16 
 

 

geothermal gradient value at 10.2 °C/km. The geothermal gradient values of the remaining 

wells range from 18 to 30 °C/km. 

 

Figure 2. Temperature measurement curves of boreholes in the Hubao Basin and surrounding areas. 

Table 1. Summary of sample information. 

Geological Period 
Number of Sam‐

ples 
Lithology  Thermal Conductivity (W/(m·K)) 

Neogene (N)  4  Sandstone, conglomerate, sandstone clay  2.67 

Cretaceous (K)  4  Sandstone, mudstone, shale  1.83 

Jurassic (J)  9  Sandstone, granite, feldspar quartz sandstone, limestone  2.75 

Triassic (T)  2  Sandstone  4.96 

Table 2. Calculation table of terrestrial heat flow value. 

Well Number  Longitude  Latitude 
Geothermal Gradient   

(°C/km) 

Thermal Conductivity 

(W/(m·K)) 

Heat Flow 

(mW/m²) 

1#  109.84°    40.66°    22.8    2.67    60.9   

2# (ZK1)  109.86°    40.56°    18.9    2.67    50.5   

3#  109.87°    40.61°    10.2    2.59    26.4   

4#  109.90°    40.58°    26.7    2.55    68.1   

5#  109.95°    40.56°    21.1    2.67    56.3   

LR1  107.53°    40.90°    28.3    2.67    75.6   

LS3  107.39°    40.74°    24.6  2.67    65.7   

HR3  110.94°    40.65°    33.9    2.54    86.1   

3.2. Thermal Conductivity 

This study collected a total of 44 rock samples to measure thermal conductivity. Sam-

pling points were located in key areas of Baotou City, Inner Mongolia, within the Hubao 

Basin, including Guyang County, Sha’erqin Village, and Dongsheng District. The collected 

samples  encompass  formations  ranging  from  the  Quaternary  to  the  Precambrian, 

Figure 2. Temperature measurement curves of boreholes in the Hubao Basin and surrounding areas.

Table 1. Summary of sample information.

Geological Period Number of Samples Lithology Thermal Conductivity
(W/(m·K))

Neogene (N) 4 Sandstone, conglomerate, sandstone clay 2.67
Cretaceous (K) 4 Sandstone, mudstone, shale 1.83

Jurassic (J) 9 Sandstone, granite, feldspar quartz sandstone,
limestone 2.75

Triassic (T) 2 Sandstone 4.96

Table 2. Calculation table of terrestrial heat flow value.

Well Number Longitude Latitude Geothermal Gradient
(◦C/km)

Thermal Conductivity
(W/(m·K))

Heat Flow
(mW/m2)

1# 109.84◦ 40.66◦ 22.8 2.67 60.9
2# (ZK1) 109.86◦ 40.56◦ 18.9 2.67 50.5

3# 109.87◦ 40.61◦ 10.2 2.59 26.4
4# 109.90◦ 40.58◦ 26.7 2.55 68.1
5# 109.95◦ 40.56◦ 21.1 2.67 56.3

LR1 107.53◦ 40.90◦ 28.3 2.67 75.6
LS3 107.39◦ 40.74◦ 24.6 2.67 65.7
HR3 110.94◦ 40.65◦ 33.9 2.54 86.1

3.2. Thermal Conductivity

This study collected a total of 44 rock samples to measure thermal conductivity.
Sampling points were located in key areas of Baotou City, Inner Mongolia, within the
Hubao Basin, including Guyang County, Sha’erqin Village, and Dongsheng District. The
collected samples encompass formations ranging from the Quaternary to the Precambrian,
comprising lithologies such as limestone, sandstone, and metamorphic rocks. Due to the
deep burial depth of some formations, the study primarily focused on formations from the
Mesozoic to the Cenozoic. Thermal conductivity measurements were conducted using the
Netzsch LFA447 thermal conductivity meter.
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The thermal conductivity value (λ) of each sample can be calculated using the follow-
ing Formula (1), and the average value is obtained from two measurements for each sample:

K(T) = α(T) · Cp(T) · ρ(T) (1)

where K is thermal conductivity, W/(m·K); α is diffusivity, mm2/s; Cp is specific heat,
J/g/K; ρ is density, g/cm3; and T is temperature, ◦C.

The thermal conductivity data from different wells were weighted by the proportional
contribution of each geological layer, as indicated in Table 1. Through computation, the
average thermal conductivity values were determined: 2.67 W/(m·K) for the Neogene,
1.83 W/(m·K) for the Cretaceous, 2.75 W/(m·K) for the Jurassic, and 4.96 W/(m·K) for the
Triassic. The final average thermal conductivity obtained was 3.05 W/(m·K).

3.3. Heat Flow

The heat flow value is calculated using the thermal conductivity and geothermal
gradient values (Formula (2)).

Q = −K
dT
dZ

(2)

where Q is the heat flow, mW/m2; K is the thermal conductivity, W/m·K; and dT
dZ is the

geothermal gradient, ◦C/km. The negative sign indicates that the heat flow direction is
opposite to the direction of the geothermal gradient.

Based on measurements from eight wells and data from the Fourth Version Geothermal
Database of the surrounding areas, a total of 125 sets of heat flow values were obtained.
The spatial distribution of heat flow values in the region was interpolated using the Kriging
method in ArcGIS 10.5 software, resulting in the characterization of the regional heat flow
distribution (refer to Figure 3). The distribution of heat flow within the basin generally
exhibits a trend of higher values in the west and lower values in the east. The overall
heat flow values range from 64.0 to 73.8 mW/m2, with an average of 65.7 ± 14.7 mW/m2.
This average exceeds the mean heat flow value of 60.4 ± 12.3 mW/m2 reported in the
Fourth Version Geothermal Database of mainland China [27]. However, it is lower than the
heat flow values reported for the Bohai Bay Basin (approximately 69 mW/m2) in eastern
China [28] and the Songliao Basin (approximately 76.9 mW/m2) [29].
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4. Simulation of Lithospheric Thermal Structure
4.1. Methods and Data
4.1.1. Methods

The main method employed in this study is the utilization of LitMod-2D 2.0 to simulate
a profile spanning 670 km from the Yinshan orogenic belt to the Ordos Basin. LitMod-
2D 2.0, developed by Afonso et al. (2008) [11], incorporates the LitMod finite element
code to integrate petrological, mineral physics, and geophysical observational data within
a consistent framework, enabling inference of lithospheric structure down to depths of
410 km. LitMod comprises FORTRAN subroutines based on the previous finite element
code system CAGES architecture [30], partitioning the numerical domain into triangular
elements representing different crustal and mantle bodies [11]. The 1330 ◦C isotherm was
chosen to define the base of rigid and conductive layers [31], with temperature buffering
applied in the lithosphere and asthenosphere regions to avoid unrealistic discontinuities in
thermal gradients at the base of the lithosphere. Mineral assemblages in the upper mantle
domain were computed using the Gibbs free energy minimization algorithm within the
CaO-FeO-MgO-Al2O3-SiO2 (CFMAS) system [32]. The physical properties of each mineral
and blocky mantle, including density, thermal expansion coefficient, elastic parameters, and
thermal conductivity, depend not only on temperature but also on pressure, composition,
and phase transitions [33].

Crustal structure is inferred from seismic data, and the lithospheric structure in the
study area was delineated into sedimentary layers, upper, middle, and lower crust layers.
The model was constrained by importing elevation, Bouguer gravity, free-air gravity, geoid
height, and heat flow data. Utilizing the finite element method, the steady-state heat
conduction equation was solved, with boundary conditions set as follows: (1) constant
surface temperature of 0 ◦C, (2) zero heat flow at lateral boundaries, and (3) fixed bottom
temperature at 1330 ◦C [11]. Subsequently, the calculated values were compared with
observed values to determine the optimal lithospheric structure model. This method,
integrating data from petrology, mineral physics, and geophysics, enhances certainty
compared to individual or paired modeling approaches.

4.1.2. Data

This study is based on a profile traversing the Yinshan Orogenic Belt, the Hubao Basin,
the Ordos Basin, and the Inner Mongolia Fold Belt, passing through Yan’an, Yulin, Ejin
Horo Banner, Baotou, and finally reaching Mandula [34], with a total length of 670 km.

The heat flow data for the Hubao Basin primarily rely on deep temperature data
collected from eight boreholes in the basin and surrounding areas, combined with measured
rock thermal conductivity data to calculate the heat flow data for the Hubao Basin using
Equation (2). The heat flow data for the Yinshan orogenic belt and the Ordos Basin mainly
come from existing heat flow data, primarily sourced from the Chinese mainland heat flow
database (Fourth Edition) [35], totaling 125 sets of heat flow values. The initial crustal layer
structure used is primarily based on gravity measurement data from the Yanchuan–Baotou–
Mandula geophysical profile [34] and deep seismic reflection data from the Hubao Basin in
the Global Geosciences Transect Program [36].

The elevation data used in the profile was sourced from SRTMGL1 data: https://
lpdaac.usgs.gov/products/srtmgl1v003/ (15 September 2023); geoid height data were
obtained from the geoid model provided by GMT [37]; Bouguer gravity data were derived
from the WGM 2012 GLOBAL MODEL: https://www.generic-mapping-tools.org/remote-
datasets/earth-geoid.html (1 September 2023); free-air gravity data were obtained from
Pavlis et al. (2012) [37] and Sandwell et al. (2021) [38]. During the simulation process, the
chemical composition of Baiyinzhu Rihe and gabbro distributed in the Baiyinzhu Rihe area
of western Baiyun Ebo was utilized to generate mantle components [39]. A particle size of
5 mm and an elastic effect of 75 oscillation periods were selected as important parameters
for generating the mantle [33].

https://lpdaac.usgs.gov/products/srtmgl1v003/
https://lpdaac.usgs.gov/products/srtmgl1v003/
https://www.generic-mapping-tools.org/remote-datasets/earth-geoid.html
https://www.generic-mapping-tools.org/remote-datasets/earth-geoid.html
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4.1.3. Build Model

The initial crustal layer structure used in this study primarily relies on deep seismic
reflection data [34] and the geological transect from Xiangshui to Mandula [36]. The crustal
structure of the Yinshan Orogenic Belt–Hubao Basin–Ordos Basin is characterized by a
layered structural system with varying thickness and burial depth distribution for each
layer. Specifically, the upper crust ranges from 4.9 to 14.1 km in thickness, the middle crust
ranges from 10.9 to 20.0 km, and the lower crust ranges from 9.2 to 22.8 km. The depth of
the Moho interface varies between 35.4 and 43.8 km, while the thickness of the thermal
lithosphere spans from 122.7 to 138.8 km. Notably, there are two major faults between the
Hubao Basin and the Yinshan Orogenic Belt, as well as between the Yinshan Orogenic Belt
and the Inner Mongolia Fold Belt, known as the Daqing Mountain Frontal Fault and the
Ural Bao Lig Fault Zone (regionally known as the Baiyun Ebo Chifeng Fault), respectively.
The Daqing Mountain Frontal Fault originated during the Eocene epoch, exhibiting intense
activity during the Neogene period [40].

The profile is horizontally divided into four regions: the Ordos Basin, the Hubao Basin,
the Yinshan Orogenic Belt, and the Inner Mongolia Fold Belt. Vertically, the lithosphere
is divided into five parts: sedimentary layer, upper crust, middle crust, lower crust, and
upper mantle. Each layer in each region has its corresponding parameters during the
calculation process. Based on the established initial structural model, fundamental physical
parameters are inputted. The data used for the sedimentary layer and the upper, middle,
and lower crust are listed in Table 3. The thermal conductivity and heat production rates not
referenced are based on measured values. The parameters for the upper mantle utilize the
compositions of the lithospheric mantle components from Table 4, generated in LitMod-2D
2.0. Finally, the best-fit lithospheric structure model is obtained based on elevation, Bouguer
gravity anomaly, geoid height, free-air gravity, and heat flow data (Figure 4). The thickness
of the thermal lithosphere in the figure is referenced from previous studies [36,41,42].

Table 3. Stratified structure parameters of lithosphere strata.

Crustal Structure Density
(kg/m3)

Thermal
Conductivity

(W/(m·k))

Heat Production
(µW/m3)

Sedimentary layer

1 2600 1⃝ 2.74 2⃝ 1.61 2⃝
2 2490 1⃝ 3.05 2.00
3 2520 1⃝ 3.05 2.00
4 2620 1⃝ 3.05 2.00

Upper crust 5 2710 1⃝ 3.00 3⃝ 1.67 4⃝
6 2820 1⃝ 3.00 3⃝ 2.31 5⃝
7 2820 1⃝ 3.00 3⃝ 2.31 5⃝

Middle crust 8 2920 1⃝ 2.80 3⃝ 0.83 3⃝
9 2840 1⃝ 2.80 3⃝ 0.83 3⃝

Lower crust 10 3000 1⃝ 2.60 3⃝ 0.40 3⃝
Upper mantle 11 3245 2.10 0.03

1⃝ Wang et al. (2010) [34], 2⃝ Huang et al. (2015) [43], 3⃝ Zang S (2013) [44], 4⃝ Rao et al. (2016) [45], 5⃝ Zuo et al.
(2020) [46].

Table 4. Mantle composition table of the study area (wt%).

SiO2 Al2O3 FeO CaO MgO K2O Na2O

52.26 17.62 5.0 12.05 7.25 0.28 1.81

4.2. The Thermal Structure of the Lithosphere
4.2.1. The Deep Temperature of the Lithosphere

By comparing the fitted values with the measured values, adjustments were made to
obtain the final fitted and measured value plot (Figure 5). The crustal fitting results are
generally consistent with previous studies, with the overall crustal thickness consistent
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with prior research. The Moho depth ranges from 35.4 to 43.8 km, and the lithospheric
thickness spans from 122.7 to 138.8 km. The study indicates that elevation, Bouguer gravity
anomaly, geoid height, free air anomaly, and heat flow demonstrate good fitting effects and
can reflect actual information values. Some deviations between fitted values and measured
values were observed, which may be attributed to model stratification, mantle composition,
and density variations between different regions. Finally, deep temperature distribution
data can be obtained (Figure 6). The results reveal that the Moho temperature ranges from
570 to 652 ◦C along the geophysical profile, with lower Moho temperatures observed in the
Hubao Basin, reaching a minimum of 570 ◦C.
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4.2.2. Lithospheric Thermal Thickness

In this study, the 1330 ◦C isotherm was adopted as the lower boundary temperature
of the thermal lithospheric layer. By considering the characteristics of the lithospheric
temperature distribution, the thickness of the thermal lithospheric layer was determined,
ranging from 122.7 to 138.8 km. The distribution of thermal lithospheric layer thickness
along the geophysical profile in the study area exhibits non-uniformity. From the Ordos
Basin to the Hubao Basin and then to the Inner Mongolia Fold System, it displays a pattern
of thick–thin–thick variations. The thickness of the thermal lithospheric layer in the Ordos
Basin fluctuates within the range of 123.3 to 138.8 km, while in the Hubao Basin, it ranges
from 122.7 to 123.3 km, with an average value of 122.9 ± 0.21 km, making it the thinnest
region of the thermal lithospheric layer along the profile. Within the Yinshan Orogenic Belt,
the thickness of the thermal lithospheric layer spans from 122.9 to 127.0 km, and in the
Inner Mongolia Fold System, it ranges from 127.2 to 128.9 km.

4.2.3. The Distribution of Heat Flow between the Lithospheric Crust and Mantle

Based on the above simulations, a thermal flow profile spanning the Hubao Basin was
obtained. The heat flow of geophysical cross-sections shows a trend of low in the south and
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high in the north, indicating the existence of heat flow anomalies in the Hubao Basin and
northern regions. The observed surface heat flow is mainly composed of two parts: one is
the heat released by the radioactive decay of U, Th, and K in the shallow crust, and the other
is the heat from the deep mantle [1]. The proportion and relationship between these two
parts are the main content of studying the thermal structure of continental regions [47,48].
Using the backstripping method, the crust–mantle heat flow ratio of the calculated tectonic
units can be obtained.

To determine the contributions of the crust and mantle to the terrestrial heat flow, an
analysis of lithospheric thermal structure was conducted.

q = qm + qc = qm + AiZi (3)

Ai = A0exp(−z/Di) (4)

In the equation, q represents the surface heat flow, qm denotes the heat flow from the
deep mantle, and qc stands for the contribution of radioactive decay of elements in the crust.
Ai represents the heat production rate (in µW/m3) of each layer, while A0 is the surface
heat production rate (in µW/m3), obtained from measured heat production rates in the
sedimentary layer in this study. D represents the thickness (in kilometers) of the radioactive
element-enriched layer, and a value of 10 km is chosen for D in this paper.

The crustal heat flow can be calculated by multiplying the thickness Zi (in kilometers)
of each crustal layer by its corresponding heat production rate Ai. Based on the simulated
lithospheric structure, the thicknesses of the upper, middle, and lower crust can be obtained.
The heat production rate for the sedimentary layer comes from measured data, while for
the upper, middle, and lower crust, the heat production rate data are calculated according
to the exponential model proposed by Lachenbrych (Formula (4)). With Formula (3), a
layered model for the Hubao Basin can be derived (refer to Figure 7).
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Based on the above analysis, the calculated stratified heat flow for the Hubao Basin
yields approximately 36.5 mW/m2 for crustal heat flow and approximately 33.3 mW/m2

for mantle heat flow, resulting in a crust–mantle heat flow ratio of approximately 1.1. The
mantle heat flow is an important parameter reflecting the deep thermal state. In tectonically
active areas, such as the eastern Bohai Bay Basin, the average mantle heat flow is around
30–45 mW/m2 [49]. In tectonically stable areas, such as the western Tarim Basin, the mantle
heat flow ranges from 6 to 15 mW/m2 [50]. The crust–mantle heat flow ratio close to 1 in
the Hubao Basin indicates that the mantle heat flow from the deep Earth is approximately
equal to the radiogenic heat contribution from the crustal rocks. Thus, the basin exhibits a
“warm crust, warm mantle” type of lithospheric thermal structure.
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5. Analysis of the Heat Source Formation Mechanism in the Hubao Basin

The research results indicate that the Hubao Basin exhibits relatively high heat flow
values ranging from 64.0 to 73.8 mW/m2, with an average of 65.7 ± 14.7 mW/m2. The
crustal heat flow is approximately 36.5 mW/m2, while the mantle heat flow value is
33.3 mW/m2. The crust–mantle heat flow ratio in the basin is approximately 1.1, indicating
a “warm crust, warm mantle” type of thermal structure. The crustal thickness in the Hubao
Basin is relatively thin, with an average of about 36.1 km, and the crustal temperature varies
significantly between 570 and 593 ◦C. The average thickness of the thermal lithosphere
is approximately 122.9 km, which is less than that of the southern Ordos Basin. Factors
contributing to the thermal anomaly in this region primarily stem from the radioactive heat
generation in the crust and the transfer of heat from the deep mantle.

The value of crustal heat flow primarily depends on the thickness of each layer in
the crust and the abundance of radioactive elements within it. Previous studies have
indicated that the Baiyun Ebo mining area in the northern part of the Hubao Basin is rich
in U and Th [51,52], with Th content significantly exceeding the crustal Clark value [53].
Furthermore, soil samples from the Hubao Basin have shown enrichment in U and Th [54],
confirming the presence of radioactive elements within the basin’s sediment. Uranium
deposits in the Hubao Basin are commonly found within Cretaceous, Jurassic, Proterozoic,
and Archean strata. The concentration of radioactive nuclides, such as uranium, thorium,
and potassium, in intrusive rocks within the area tends to increase from older to younger
formations and from basic to neutral to acidic rocks. Particularly high concentrations
of potassium, uranium, and thorium are observed in Yanshanian, Indosinian, and Late
Varscan granites, serving as significant uranium sources for Mesozoic and Cenozoic basins
within the region [55].

The Hubao Basin, situated on the northern periphery of the North China Craton,
is underlain by early Cambrian metamorphic rocks. It has experienced multiple stages
of metamorphism and deformation, evolving from a Jurassic sedimentary basin during
the Yanshanian period, influenced by changes in the main stress direction of the North
China block [9]. The lithospheric structure of the Hubao Basin reflects a state of thinning,
attributed to the combined effects of extensional tectonics since the Late Jurassic and
Early Cretaceous, along with the westward subduction of the Pacific Plate and the distal
influence of the Indian Ocean Plate. Subduction of the Pacific Plate, potentially stalled
within the transition zone of the East Asian lower mantle, might generate a substantial
mantle wedge in the upper mantle [56,57]. Angular flow and deep plate dehydration within
this mantle wedge could induce the upwelling of deep-seated hot material [7] (Figure 8).
Concurrently, the collision between the Indian Ocean and Asian plates likely induced
lateral compression of the mantle asthenosphere, possibly enhancing upwelling beneath
the North China Craton and the Hubao Basin [8]. Since the Eocene epoch, the activity of
the Daqing Mountain Frontal Fault has been notable, influenced by distant effects from
the collision between India and Eurasia, alongside shifts in Pacific plate motion [58]. The
presence of deep faults could facilitate deep heat convection, contributing to geothermal
anomalies observed in the Hubao Basin.
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6. Conclusions

Based on temperature measurement data and rock thermal conductivity data, this
study calculated the geothermal gradient and terrestrial heat flow of the Hubao Basin.
Subsequently, combined with the Yanchuan–Baotou–Mandula geophysical profile, the
thermal structure of the lithosphere and the deep geodynamic mechanism of the Hubao
Basin were investigated. The following conclusions were drawn:

1. The thermal conductivity of the Hubao Basin ranges from 1.83 to 5.35 W/(m·K), with
the geothermal gradient ranging from 10.2 to 33.9 ◦C/km. The terrestrial heat flow
values range from 64.0 to 73.8 mW/m2, with an average of 65.7 ± 14.7 mW/m2,
surpassing the mainland China average of 60.4 ± 12.3 mW/m2.

2. Along the geophysical profile, the thermal condition of the lithosphere exhibits sig-
nificant heterogeneity. The Moho temperature ranges from 570 to 652 ◦C, and the
thickness of the thermal lithosphere shows a trend from thick to thin and then thick
again from the Ordos Basin to the Hubao Basin and further to the Inner Mongolia
Fold System. The average thickness of the thermal lithosphere is approximately 135.1
± 4.02 km for the Ordos Basin,122.9 ± 0.21 km for the Hubao Basin, 125.4 ± 1.04
km for the Yinshan Orogenic Belt, and 128.1 ± 0.45km for the Inner Mongolia Fold
System.

3. The formation and evolution of the Hubao Basin are influenced by the collision
between the Indian Plate and the Eurasian Continent, as well as the westward sub-
duction of the Pacific Plate. The Ural Mountains and Daqing Mountains Frontal
Faults within the basin, with significant segmentation, serve as potential channels for
thermal anomalies.
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