Proceedings World Geothermal Congress 2023
Beijing, China, October 9-11, 2023

Main Controlling Factors of Formation Temperature Difference in the Shuntuoguole Area,
Tarim Basin, NW China

Keyan Liao. Author, Nansheng Qiu
College of Geosciences, China University of Petroleum, Beijing 102249, China.
liaoky2023@163.com

Keywords: Tarim Basin, Shuntuoguole, Heat flow, Crustal structure

ABSTRACT

The Tarim Basin has a relatively low surface heat flow (~42.5mW m2), but the change of formation temperature is still obvious.
Shuntuoguole area is located in the center of the basin. Based on the steady temperature measurement data of 34 wells, we obtained
that the average temperature gradient of 0—5 km in the south and north of the Shuntuoguole area is 22.5 °C km' and 18.6 °C km'!
respectively. In combination with temperature measurement, thermophysical properties, logging and geophysical data, this study
calculates the effective thermal conductivity and heat generation rate of the sedimentary layer of representative wells, constructs the
crustal structure of the two areas, and compares the crustal heat flow. We have found that the structure of the basement crust is the
main controlling factor for the formation temperature. The influence of thermophysical properties of sedimentary layer and
basement morphology is not significant, and the effects of rapid sedimentation and hydrothermal activity has disappeared. The low
mantle heat flow (12.5 mW m™) is related to the thicker thermal lithosphere in the stable cratonic basin.

1. INTRODUCTION

The research of formation temperature in sedimentary basin is helpful to understand basin formation and tectonic evolution. On the
one hand, the formation temperature is controlled by the dual geodynamic processes of deep thermodynamic process and shallow
basin tectonic evolution (Cloetingh et al. 2010; Melouah et al. 2021; Qiu et al. 2022). On the other hand, it is also affected by
factors such as rock thermophysical properties and fluid activities (Hasterok and Chapman 2011; Sippel et al. 2015; Maytrenko et al.
2015). The deep exploration wells in oil and gas exploration can not only provide the information of deep geological structure,
stratum and reservoir properties, but also provide the information of deep temperature. Various geophysical data also provide a
basis for interpreting the lithospheric structure. At present, the study of formation temperature is limited to the description of
characteristics, and the study of control factors is less. It is very important to know the controlling factors of the formation
temperature for grasping the temperature distribution law and predicting the deep layer temperature.

Shuntuoguole area has superior hydrocarbon accumulation conditions, but there are great differences in hydrocarbon enrichment
types. Taking Ordovician oil and gas reservoirs as an example, Shunnan area (the southern Shuntuoguole Low Uplift) is dominated
by dry gas reservoirs and condensate gas reservoirs, while Shunbei area (the northern Shuntuoguole Low Uplift) is dominated by
light oil reservoirs (Qi 2016; Ma et al. 2022). The temperature measurement data shows that the average temperature of the strata in
the Shunnan area is about 30 °C higher than that in the Shunbei area at a depth of 7,000m (Liu et al. 2020). Therefore, temperature
difference may be the main reason for the difference of oil and gas reservoir types (Chen et al. 2020). Wan et al. (2017) believed
that the uplift of the basement formed a high temperature gradient in the Shunnan area. Liu et al. (2020) also believes that the
basement tectonic setting is the main controlling factor of the current formation temperature, and analyzes the disturbance of the
Cenozoic hydrothermal activity in the Shunnan area to the deep strata. However, the influence of basement morphology needs
quantitative study, and the hydrothermal activity along the fault is also difficult to cause regional temperature anomaly. In a word,
the controlling factors of formation temperature in Shuntuoguole area need further study.

This study compares the geological conditions of Shunnan and Shunbei areas regions from shallow to deep, and analyzes the
controlling factors of formation temperature in many aspects. Based on the characteristics of temperature gradient, we selected
representative wells in the two regions, and compared the thermal conductivity and heat generation rate of the sedimentary layers in
sections. On the basis of analyzing the crustal structure, we calculated the heat flow of the crust. In addition, we also discussed the
effects of rapid deposition, hydrothermal activity and basement morphology, and the causes of low mantle heat flow.

2. GEOLOGICAL BACKGROUND

The tectonic position of Shuntuoguole area refers to the low uplift and surrounding area of Shuntuoguole. Shuntuoguole low uplift
is located in the central of Tarim Basin, between Tazhong uplift and Tabei uplift in the north and south, and between Awati
depression and Manjiar depression in the east and west (Fig. 1). Shuntuoguole low uplift mainly includes four secondary structural
units: Shunbei area, Shuntuo area, Shundong area and Shunnan area (Ma et al. 2012; Jiao 2017).

Shuntuoguole low uplift was initially formed in the Middle-Late Ordovician, and formed a monoclinal structure with high southeast
and low northwest through Caledonian collision orogeny in the Middle Silurian (Li et al. 2009). After the Late Devonian, the
structure in this area has been in a stable state without being damaged by tectonic movement (He et al. 2008; An et al. 2009; Deng
et al. 2019). The structural deformation of the Shuntuoguole low uplift is weak (Fig. 1b), and a series of NE and NEE strike slip
faults are developed (Jiao 2017; Deng et al. 2018; Deng et al. 2019). The main active period of these faults is from late Caledonian
to early Hercynian. Later, weak activities occurred under compression and tensile stress (Huang 2014, Jiao 2017). The NE strike
slip fault has the largest scale of development, and some of it breaks through from the basement to the bottom of the middle and
lower Devonian, controlled by the pre-existing basement weak zone, the middle and lower Cambrian gypsum salt rock detachment
zone, and basin mountain coupling in different periods (Huang 2014; Zhang et al. 2018).
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Shuntuoguole low uplift experienced marine sedimentary environment from Cambrian to early Permian and continental
sedimentary environment from late Permian to Quaternary (Jia and Wei 2002). At present, the average thickness of the sedimentary
layer in the low uplift of Shuntuoguole is more than 10 km (Fig. 1c). Except for the lack of Jurassic system in the region, Silurian
and Devonian systems are missing to varying degrees due to the evolution of Guchengxu uplift (Huang 2014).

14600000

14700000 14800000 _ 14900000
& 4 Depth (m)

16500
15500
14500
13500
112500

11500

10500

9500

8500

: C : L= e e ] ] ] 1.
n G Tectonic g . wall oty Strike-slip 1
o] e ey e Boundery Section Line ell Thrust Fault Fault §
4 ] 6500
74600000 74700000 74800000 14900000

Figure 1: (a)Tectonic Division of Tarim Basin and Location Map of Study Area; (b) Structural division and basement
burial depth map of Shuntuoguole area; (c) Stratigraphic profile (see (b) for the location of the profile line).

3. DATA AND METHODS

The continuous steady temperature measurement data of 34 wells in the Shuntuoguole area were collected to calculate the
temperature gradient (Fig. 2). The continuous steady temperature is the temperature data obtained by continuous measurement of
the whole borehole or specific well section for several months or even years after the well is shut down, so it can best reflect the
real underground temperature (Liu et al. 2017). The evaluation of thermal conductivity is based on the previous test results of rock
samples in Tarim Basin (Wang et al. 1995; Qiu 2002; Feng et al. 2009; Li et al. 2019; Liu et al. 2020).
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Figure 1: (a)Tectonic Division of Tarim Basin and Location Map of Study Area; (b) Structural division and basement
burial depth map of Shuntuoguole area; (c) Stratigraphic profile (see (b) for the location of the profile line).

The heat generation rate is obtained by using the empirical formula proposed by Bucker and Rybach (1996):
A=0.0158GR-0.9 )]
Where, 4 is the heat generation rate, pW m; GR is the natural gamma logging value, API.

In this study, linear decline theory is used to characterize the relationship between heat flow and heat generation rate (Roy et al.
1968; Beardsmore and Cull 2001; Jaupart and Mareschl 2010):
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Where: Q is the top heat flow, mW m?; G is temperature gradient, °C km'; A is the average thermal conductivity, W m! K''; Z is
the thickness, km. In order to reduce the error, the stratum section far from the surface and with simple lithology is selected to
calculate the heat flow. In addition, when the top heat flow is known, the calculation formula of bottom heat flow Q7 (mW m?) is:

Q,=Q-AZ ©)
When the top heat flow, temperature gradient and heat generation rate are known, the effective thermal conductivity of the
formation can be calculated according to Formula 2.

Crustal structure refers to previous researches on basin geophysics and petrology. On this basis, we have established the crustal
stratification model and heat flow structure.

4. RESULTS

4.1 Temperature Gradient

Based on the temperature measurement data, we calculated the temperature gradient distribution map of the 0—5 km depth section
(Fig. 3). There is a significant difference in temperature gradient in the area of Shuntuoguole, and the temperature gradient
gradually increases from Shunnan area to Shunbei area. The temperature gradient in the Shunnan area is 21.5-24.5 °C km’!, with
an average of ~22.5 °C km. The temperature gradient in the Shunbei area is 17.5-20.0 °C km!, with an average of ~18.6 °C
km-!. There are also changes in the interior of Shunnan and Shunbei areas. In the Shunnan area, Wells SNP1 and SN401 are the
high value centers, and the temperature gradient gradually decreases around. Wells SBP1 and SB2 in the Shunbei area have
relatively low and high temperature gradients respectively. In order to facilitate comparative analysis, Wells SN1 and SB7 are
selected as representative wells in the Shunnan and Shunbei areas for further research. The temperature gradient of these two wells
is close to the average temperature gradient of their respective blocks, which is representative.
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Figure 3: Temperature Data from Continuous Steady State of Shuntuoguole low uplift and Its Surroundings.
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Figure 4: The relationship between temperature and depth, temperature gradient and depth of wells SN1 and SB7.
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4.2 Thermophysical Properties of Sedimentary Layer

The temperature curves of representative wells SN1 and SB7 show significant differences in shallow temperature (Fig. 4). The
curves are segmented according to the depth, which are section I (0—2.0 km), II (2.0—-4.5 km), and III (4.5—7.0 km) respectively.
The formation of section II is far from the surface, there is no special stratum. The formation lithology is mainly sandstone and
mudstone. Figure 5 summarizes the lithology, thermal conductivity and heat generation rate of the representative well section I1.

The thermal conductivity, heat generation rate and heat flow of each depth section of the sedimentary layer calculated according to
the above method are shown in Table 1. In terms of thermal conductivity, the difference between the thermal conductivity of the
representative well section I and II is less than 0.20 W m™' K-!, which is not significant. The thermal conductivity of section III of
SN1 well is obviously higher than that of SB7 well. Logging records of section III show that well SN1 is mainly composed of
Ordovician mudstone and limestone, while well SB7 is composed of sandstone and mudstone, and Permian dacite (1.78 W m! K1)
and tuff (1.47 W m! K1) about 680m thick. In terms of heat generation rate, the heat generation rate of SB7 well section I and II is
higher than that of SN1 well, which may be related to the huge thickness of Cenozoic sediments in the Shunbei area; The third
section of both wells has high heat generation rate, which is related to the Upper Ordovician mudstone (1.73 uW m) in the
Shunnan area and the Permian igneous rock (2.00 pW m-) in the Shunbei area. The sedimentary strata not reached by the well are
determined by the lithological composition and thermophysical properties according to the research results of the basin area (Fan et
al. 2021), and the depth of the sedimentary bottom is obtained from seismic data (Yang et al. 2022). Sedimentary strata with a depth
of more than 7km in the study area are mainly composed of Ordovician limestone, Cambrian dolomite and thin layer gypsum salt
rock, with high thermal conductivity and low heat generation rate.
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Figure 5: Summary of lithology, thermal conductivity and heat generation rate of formation at 2—4.5 km depth of wells SN1
and SB7.

Table 2: Lithology and heat generation rate of each crustal layer of the basement.

Well Dep t(lI“Sne)ction Symbol Te;zzz:;:lre corfll(;‘:::tl;:ilty generl:gzL rate T(;l:n "‘:,a;g;‘ W
CCkm')  (Wm'K") (UW m)
0.0-2.0 1 22.0 2.20 0.75 49.1
2.0-4.5 I 22.3 2.08 0.95 47.6
SN1 4.5-7.0 I 18.8 2.31 1.45 453
7.0-10.0 3.34 0.73 41.6
Basement 39.4
0.0-2.0 1 18.4 2.04 1.01 38.7
2.0-4.5 I 18.1 1.94 1.22 36.7
SB7 4.5-7.0 1II 16.8 1.90 1.43 33.6
7.0-10.9 3.28 0.75 30.1
Basement 27.1
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According to the calculation results of thermophysical properties, the average thermal conductivity of the sedimentary layers of the
representative wells in the Shunnan and Shunbei areas are 2.44 W m™!' K-! and 2.30 W m™ K-! respectively. The average heat
generation rate is 0.97 pW m and 1.06 pW m3. The heat flow generated by the sedimentary layer is 9.7 mW m and 11.6 mW
m? respectively. There is no significant difference in thermophysical properties of sedimentary layers. Compared with the surface
heat flow, the heat flow at the bottom of the Shunnan and Shunbei areas sedimentary layers shows greater difference. Therefore, the
difference of thermophysical properties of sedimentary rocks is not the main controlling factor for the difference of formation
temperature in the study area.

4.3 Crustal Heat Flow

The surface heat flow is the sum of the crust heat flow and the mantle heat flow. In a stable continental region, the heat flow from
the mantle varies in a large wavelength range. Jaupart and Mareschal (2015a) pointed out that the mantle heat flow of Precambrian
craton is basically unchanged within a certain distance (400-500 km). Therefore, when interpreting the change of surface heat flow
in the study area, only the difference within the crust needs to be considered.

4.3.1 Crustal Structure

The crust of a sedimentary basin consists of sedimentary layer and crystalline basement, which usually refers to the metamorphic
rock stratum between the Cambrian bottom and Moho. The Tarim Basin has extremely thick Phanerozoic strata, more than 15 km
in some parts, which hinders direct observation of the structure and evolution history of the basement. Therefore, the structural
interpretation of the basement is either based on geophysical data (Xu et al. 2005; He et al. 2011; Gao et al. 2015; Kuang et al.
2022), or based on surface geological inference and sample analysis at the basin margin (Zheng et al. 2010; Zhou et al. 2011; Yang
et al. 2018). In addition, a few deep wells drilled to the basement in the basin also provide important support for basement research
(Li et al. 2003; Guo et al. 2005; Yang et al. 2018). The acromagnetic ATa anomaly shows that a significant east—west high value
anomaly zone crosses Shuntuo area (Xu 1997; He et al. 2011), separating Shunnan and Shunbei areas (Figure 6). The magnetic
intensity of this anomaly zone is 100-350 nT, the length can reach to 1500km, and the width is 30-100 km (Xu 1997). Through the
upward prolongement process from 20 km to 75 km, the anomaly zone still retains the high magnetic anomaly, indicating a large
range of magnetic sources with strong magnetism (Li et al. 2014). The central high aeromagnetic anomaly zone was interpreted by
some scholars as the splicing zone of the northern and southern Tarim terranes (Wu et al. 2012; Yang et al. 2018). The geological
characteristics and volcanic activity of the basement indicate that these two terranes have experienced independent evolution in
Precambrian (Yang et al. 2014; Zhu et al. 2021). In the process of evolution, the southern terrane has undergone multiple
metamorphism and igneous activities, both mafic and granitoid igneous rock intrusions have occurred (Yang et al. 2018; He et al.
2019), while the northern terrane has weak metamorphism and volcanic activities, and only mafic igneous rock intrusions have
been found (Zhu et al. 2021).
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Figure 6: Distribution map of aeromagnetic ATa anomaly in Shuntuoguole area (modified from Xu 1997).

Well TCl1, located near Shunnan area (Fig. 6), drilled through the Precambrian basement, and the analysis results of basement
samples are intrusions of granite and granodiorite (Yang et al. 2018; Li et al. 2003). The granite type is [-type granite mixed with
crust and a small amount of mantle (Li et al. 2005). The formation process of intrusion is related to crustal collision and subduction
events (Guo et al. 2005; Yang et al. 2018; Shi et al. 2018; He et al. 2019). Geochemical characteristics indicate that the Ordovician
quartz vein fluid in well SN4 has basement magmatic rock materials (Chen et al. 2016).

All these evidences indicate that granitoid intrusions may exist in the basement of Shunnan area. In the process of assembling the
Tarim terranes, the oceanic crust basement in the middle subducted toward the lower part of the terranes (Shi et al. 2018).
Metabasalts collected in Aksu area at the northwest edge of the basin show the geochemical characteristics of oceanic crust basalt
(Zheng et al. 2010; Zhu et al. 2021). The northern depression is on the residual oceanic crust between Bachu-Southeast united
ancient land and the northern ancient land (Yang et al. 2021), and its crust has relatively high seismic wave velocity and magnetic
susceptibility (Wang et al. 2019; Kuang et al. 2022). According to the principle of equilibrium adjustment (Hsii 1958), the
depression with the residual oceanic crust as the bottom will deposit and fill the thickest stratum (Xu 1993).

5



Liao et al.

Up to now, 9 magnetotelluric (MT) profiles have been deployed in the Tarim Basin (Yang et al. 2021; Yang et al. 2022). According
to the research results of stratigraphic chronology and geochemistry and other geophysical data, the MT line passing through the
study area has been interpreted geologically (Fig. 7). Moho depth adopts the results explained by Teng et al. (2013). As shown in
Fig. 7a, the joint of Tarim terrain is inclined to the south, and the northern terrain tends to subduct to the lower part of the southern
terrain. There are obviously different types of basement crust in the Shunnan and Shunbei areas. The basement in the Shunnan area
has complete Archean-Proterozoic strata. Large scale granitoid intrusions exist in the crust and are characterized by longitudinal
puncture. The basement in the Shunbei area shows that the Mesoproterozoic directly covers the ocean crust, lacking Archean-
Paleoproterozoic layers, and the volcanic activity is weak (Fig. 7b).
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Figure 7: Geological interpretation map of magnetotelluric MT (a) line 1 and (b) line 2 (the location of the line is shown in
Figure 6; modified from Yang et al. 2021).

4.3.2 Heat Flow

The crustal structure controls the distribution of radioactive heat generating elements, thus affecting the heat flow structure of the
basement. On this basis, the crustal stratification model of representative wells in the Shunnan and Shunbei areas is established (Fig.
8). The lithology and heat generation rate of each layer is determined based on previous studies (Table 2; Mareschal and Jaupart
2013; Yang et al. 2014; Liu et al. 2017).
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Figure 8: The crustal stratification structure of Shunnan and Shunbei areas.

Table 2: Lithology and heat generation rate of each crustal layer of the basement.

Crustal layer Upper crust Middle crust Lower crust
Stratigraphic . . Archaean- Archaean (Residual
Neoproterozoic Mesoproterozoic . .
chronology Paleoproterozoic oceanic crust)
Lithology Greenschist Amphibolite, Gneiss Granulite Eclogite
Heat generation rate
(W m?) 0.7 0.4 0.4 0.2
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Figure 9: (a) The heat flow of the crust in the Shunnan and Shunbei areas and (b) the histogram of heat flow comparison.

Since it is impossible to directly calculate the heat flow generated by the irregular intrusion, we first calculated the heat flow of the
crust in the Shunbei area (Fig. 9a). The heat flow generated by the basement crust in the Shunbei area is 14.7 mW m?, and the
mantle heat flow is 12.5 mW m. This mantle heat flow is within the calculation range (6—15 mW m) of the Tarim Basin by Liu et
al. (2017), and slightly higher than the lower limit (10 mW m?) of other global cratons (Jaupart and Mareschal 2015a; Xu and Qiu
2017). Under the condition of the same mantle heat flow, it can be calculated that the heat flow generated by the basement crust in
the Shunnan area is 26.9 mW m2. Without considering granitoid intrusions, 20.8 mW m? can be calculated according to the
layered model. The granitoid intrusions in the basement of Shunnan area produced 6.1 mW m of heat flow. When the heat
generation rate of the upper crustal granitoid is 2.0-4.4 pW m™ (Maystrenko et al. 2015), the equivalent thickness of the intrusion
is 1.4-3.1 km. It can be seen from the heat flow comparison histogram that the difference in the structure of the basement crust
makes the surface heat flow in the Shunnan area higher than that in the Shunbei area (Fig. 9b), which is the main control factor for
the difference in the formation temperature in the study area.

5. DISCUSSION
5.1 Influence of other factors

Tectonic activities, volcanic activities, fluid activities and rapid deposition or denudation in sedimentary basins will produce
thermal disturbances to the formation temperature. After the formation of the Tarim Basin, it has experienced multiple tectonic and
volcanic activities (Tang 1994; Jia and Wei 2002; Zhang et al. 2007; Cao et al. 2019). The surface heat flow of the basin decreased
gradually in Phanerozoic on the whole, and the formation temperature superimposed multiple thermal disturbances under the stable
background (Qiu et al. 2012). The duration of the disturbance is related to the time limit, depth, scale and other factors of the
thermal event (Wang 2015). The thermal disturbance on the lithosphere scale caused by local heat source lasts no more than 100
Ma (Jaupart and Mareschal 1999). Shuntuoguole area is far away from the edge of the basin. The thermal disturbance generated by
the Caledonian Hercynian fault activity and Permian volcanic activity has disappeared. In the Cenozoic era, the region did not
experience strong tectonic activity (Qi 2016; Liu et al. 2020).

5.1.1 Rapid sedimentation in Shunbei area

Shunbei area is close to the Neogene sedimentary center of Tarim basin, so the influence of rapid sedimentation should be
considered. Rapid sedimentation makes low temperature and shallow rocks buried in deeper and hotter areas in a short geological
time. After that, the stratum will gradually warm up, and it will take longer geological time to reach the thermal balance. When it is
not reached, the temperature gradient will be lower than that before sedimentation, thus underestimating the surface heat flow
(Pauselli et al. 2019). On the contrary, rapid denudation will lead to overestimation of surface heat flow. Husson and Moretti (2002)
believed that rapid sedimentation could reduce surface heat flow by 50% (Husson et al. 2002). In the Lion Bay of France, the
sedimentation rate of 620m/Ma reduced the surface heat flow by 32% (Lucazeau and Le Douaran 1985). Wangen (1995) showed
that when the deposition rate exceeded 250 m/Ma, the surface heat flow would be significantly affected. According to the logging
data, since Pliocene (5.3 Ma), ~2.7-3.7 km thick strata have been deposited in the Shunbei area, with a deposition rate of ~540-700
m Ma'!. However, the heat generated by the sediment itself will also increase the temperature of the formation, thus shortening the
time required for the formation to reach the thermal balance. When the ratio of heat generation rate to deposition rate is greater than
10-9 WMa m™, the formation temperature will not be affected by sedimentation (Wangen 1995). According to the calculation, the
formation heat generation rate from Pliocene to the surface is 1.25 uW m, the ratio range of heat generation rate and deposition
rate is ~1.8-2.5x10-9 WMa m*. Therefore, the rapid sedimentation in the Shunbei area since Pliocene does not reduce the surface
heat flow.

5.1.2 Temperature anomaly in shunnan area

The temperature measurement data shows that there is local temperature anomaly in the Shunnan area, and the temperature gradient
of wells SN4 and SNP1 is obviously higher than that of other well areas around them (Fig. 3). According to the formation thermal
conductivity of representative wells, the surface heat flow near well SN4 block can reach 54 mW m?2,
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The temperature gradient of wells SN4 and SNP1 in the Shunnan area is obviously higher than that of other wells around them (Fig.
3). Siliceous rocks possibly of hydrothermal origin were found in the carbonate rocks of Ordovician Yingshan Formation of well
SN4 (Chen et al. 2016; Li et al. 2015). The homogenization temperature (up to 250 °C) of brine inclusions in this stratum is higher
than the highest temperature (~190 °C) experienced by evolution (Chen et al. 2016; Li et al. 2017). Through carbon and oxygen
isotope analysis, Lu et al. (2017) confirmed that the fracture of well SN4 experienced hydrothermal activity. Liu et al. (2020)
believed that the large-scale hydrothermal migration from late Yanshanian to Himalayan caused the formation near the fault to
warm up. After the activity, the current formation has not reached the thermal balance, which shows the high temperature anomaly
of the formation near well SN4. However, the temperature curve of well SN4 does not show the characteristics affected by
hydrothermal activity. The hydrothermal fluid migrates upward along the deep fault and warms the stratum near the fault. The
temperature of shallow stratum will also increase under the conduction. After the activity, the temperature gradient in the deep part
should be lower than that in the shallow part during the recovery of thermal stability of the formation (Allen and Allen 2013). The
fault of SN4 well breaks down to the basement, and the depth of upward breaking is between ~3—4 km. The temperature gradient of
well SN4 at 0-3 km is 22.6 °C km!, while the temperature gradient at 4—6.5 km is as high as 27.0 °C km!, which is obviously
not the result of hydrothermal activity. Therefore, we believe that the influence of early hydrothermal activity on the formation
temperature has disappeared.

The formation thermal conductivity and heat generation rate at the depth of 4-6.5 km in the Shunnan area are both higher than 0-3
km, so the heat flow at the depth of 4 km in well SN4 is greater than the surface heat flow, which may be caused by diffusion
(Jaupart and Mareschal 2015b). In the steady state, the surface heat flow is only sensitive to the change of heat production of rocks
in the upper crust (Jaupart 1983). The thickness and thermophysical properties of the sedimentary layers in the Shunnan area are
basically consistent. The high temperature anomaly of well SN4 may only be related to the basement granitoid intrusion. We
speculate that granitoid intrusions do not exist widely in the basement of Shunnan area, but only in the basement of some areas
(near wells SN4 and SNP1).

5.1.3 Basement morphology

The basement morphology refers to the depth distribution characteristics of the basin basement surface. Due to the change of depth
and the difference of thermal conductivity, the thermal refraction effect and heat flow redistribution will occur in the process of
heat transfer upward (Xiong and Gao 1982; Xiong and Zhang 1984; Balling and Decker 1995; Hyndman and Sass 1966; Hansen
and Nielsen 2002). According to the latest research results, the surface heat flow of Tarim Basin is between 27.4 and 66.5 mW m2,
with an average value of ~42.5mW m2 (Qiu et al. 2022). Although scholars generally believe that the distribution of heat flow in
the basin is closely related to the basement morphology (Feng et al. 2009; Liu et al. 2017; Chang et al. 2017; Qiu et al. 2022), it
does not match, such as the high heat flow in the northern Kuga Depression (>50 mW m2), the significant heat flow difference in
Bachu Uplift (44—56 mW m?), and the abnormally high heat flow in the southeast uplift (>60 mW m2). Wang et al. (2003)
speculated that the characteristics of the surface heat flow decreasing from Kuqa area to the south may be related to the gradual
weakening of the Tianshan Tarim block coupling strength from the piedmont to the interior of the basin. Volcanic rock with
andesite and dacite lithology were drilled in the basement of Bachu uplift. Research shows that there once existed a Neoproterozoic
magmatic arc (747+12 Ma—755+3 Ma) in Bachu uplift (Li et al. 2018), and it forms a typical calc-alkaline arc magmatic rock
association with the basement igneous rock in Tazhong uplift (Li et al. 2003; Yang et al. 2018; Wu et al. 2012). In addition,
Permian igneous intrusion also exists in the basement of Bachu uplift (Li et al. 2014). Therefore, the difference of heat flow in
Bachu area may be related to the distribution of basement igneous rocks. Chang et al. (2017) believed that the abnormally high heat
flow was caused by deep heat upwelling after analyzing the thermal lithosphere thickness and the thermal rheological structure in
the southeast uplift area. Therefore, under the thermal background of the cold basin, the formation temperature in the Tarim basin is
mainly related to the crustal structure, igneous rock distribution, basin-mountain coupling and deep geodynamic processes, while
the basement morphology and thermophysical properties are secondary control factors.

5.2 The cause of low mantle heat flow

Compared with other regions of the continent, the craton has significantly lower heat flow characteristics. The average surface heat
flow of Archean craton is ~41 mW m?2, and that of Proterozoic craton is ~55 mW m? (Andrew et al. 1993; Rudnick et al. 1998).
The destroyed craton has a higher mantle heat flow value (>25 mW m2), while the stable craton has a lower value (<25 mW m?)
(Qiu et al. 2022). In a stable state, the mantle heat flow is related to the thermal conductivity and heat generation rate of the crust
and mantle, the thickness of the crust and thermal lithosphere (Jaupart and Mareschal 2015b). The thickness of the thermal
lithosphere can be calculated by mantle xenoliths and heat conduction methods. The thickness of the thermal lithosphere of the
global stable craton is mainly 150—-300 km (Fig. 10a; Xu and Qiu 2017). With reference to the method of Jaupart and Mareschal
(2015b), we calculated the linear relationship between the mantle heat flow (Qm) and the thickness of the thermal lithosphere (h;)
under different crustal heat generation rates (Ac) when the temperature of the bottom boundary of the hot lithosphere (Ti), the
thickness of the crust (h¢), and the thermal conductivity of the crust (A:) and mantle (Am) are constant (Fig. 10b). When other factors
remain unchanged, Qm decreases with the increase of h and h; decreases with the increase of Ac. Under tectonic action, the
thickening of lithosphere gradually reduces the overall temperature, and the warming of crust also reduces the thickness of
lithosphere. The thickness and temperature of the lithosphere restrict and adjust each other, making it tend to thermal stability.

The crustal heat flow in the Shunnan and Shunbei areas is 36.6 mW m and 26.2 mW m respectively, and the heat flow ratio of
crust to mantle is 2.9 and 2.1 respectively. The thermal structure of the lithosphere in the Shuntogol area is similar to that of the
Pibara Craton in Australia (Bodorkos et al. 2004) and the Superior Craton in North America (Lévy and Jaupart 2011), both of
which have relatively thick thermal lithosphere (~150-250 km). The average heat generation rates of the crust in the Shunnan and
Shunbei areas are 0.71pW m™ and 0.52pW m™ respectively, so the thickness of the thermal lithosphere is ~172 km and ~207 km
respectively (Fig. 10b). The variation range of the lithospheric thickness of the Tarim Basin obtained by different methods is ~100—
250 km, among which the average lithospheric thickness calculated by geothermic method is ~190km (Cao et al. 2019). The mantle
temperature and thermal lithospheric thickness calculated by seismic wave velocity in the Shunnan and Shunbei areas show
obvious differences (An and Shi 2006; Sun et al. 2013). Therefore, the low mantle heat flow in the study area is caused by the
thicker thermal lithosphere.
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Figure 10: (a) The relationship between the mantle heat flow and the thickness of the thermal lithosphere in the global
stable craton (data comes from Xu 2017) and (b) the linear relationship between the mantle heat flow and the
thickness of the thermal lithosphere under different crustal heat generation rates.

6. CONCLUSION

The average temperature gradient of 0~5km in the Shunnan and Shunbei areas is 22.5 °C km and 18.6 °C km™' respectively. The
thermal conductivity of sedimentary layer of SN1 well in the Shunnan area is 2.44 W m™! K-!, and the heat generation rate is 0.97 p
W m. The thermal conductivity of SB7 well sediment in the Shunbei area is 2.30 W m™! K-!, and the heat generation rate is 1.06 p
W m3.

Shunnan and Shunbei areas have different crustal structure, which are the main controlling factors for the difference of formation
temperature. The heat flow generated by the basement crust in the Shunbei area is 14.7 mW m?2, and that in the Shunnan area is
26.9 mW m2, among which 6.1 mW m is generated by granitoid intrusion.

The formation temperature in Shuntuoguole area is in steady state. The thermal disturbance caused by rapid sedimentation in the
Shunbei area and hydrothermal activity in the Shunnan area has disappeared. The influence of basement morphology on heat flow
in Shuntuoguole area can be ignored. Shuntuoguole area has low mantle heat flow (12.5 mW m-2), which is caused by the thicker
thermal lithosphere. The thickness of thermal lithosphere in the Shunnan and Shunbei areas is ~172 km and ~207 km respectively.
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