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Geothermal energy and petroleum are two resources that coexist in sedimentary basins, and both of them are closely related to temperature. Based on the surface heat flow and the rock thermophysical properties, the deep geothermal field was calculated, then temperature distribution characteristics and the primary influencing factors on the geothermal state were discussed. The temperature distribution map of the Sichuan Basin for depths of 3,000–9,000 m presented the central and southern areas are characterized by relatively higher temperatures while the northwestern and northeastern areas are characterized by lower temperatures. Strata temperature in the central and southern areas exceeded 150°C as the burial depth reached 5,000 m. At the depth of 7,000 m, the temperatures in the central and southern areas were above 180°C, which is the threshold temperature for hot dry rock (HDR), while the temperatures in the northwestern and northeastern areas were below 160°C, which is close to the lower limit for oil crude oil cracking. The central and southern areas are favorite zones for the exploration of geothermal energy, conversely, the relatively lower temperatures in the northern, northwestern, and eastern areas are conducive to the presence of oil and gas. The unevenly distribution of geothermal field were controlled by the thicknesses of sedimentary layer and the crust, which indicates the lithosphere flexure and thickening caused by compression and depression, rapid deposition in the foreland depressions. The results can provide geothermal understandings for the exploration and development of the petroleum and geothermal resources and could serve as a reference for geodynamic studies in the Sichuan Basin.
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INTRODUCTION
Geothermal resources utilization can not only save non-renewable energy but also reduce carbon emissions and pollution to mitigate smog. Therefore, geothermal resources have become a topic of interest in research on the development and exploitation of new energy. Geothermal energy and petroleum are two resources that coexist in sedimentary basins. Oilfields are rich not only in oil and gas but also often in geothermal resources. Thus, geothermal energy is rapidly developed and exploited in oil and gas exploration areas (Wang et al., 2016; Shah et al., 2017). The knowledge and experience gained from oil and gas development is often transferable to the exploitation of geothermal energy. Furthermore, a considerable number of abandoned boreholes are available for re-exploitation of geothermal resources instead of oil and gas. With the valuable technical expertise gained from previous drilling and oil production processes, scientists can use exploratory boreholes to exploit geothermal resources with minor modifications. This reduces the development costs and risks, which has created a booming market for geothermal energy exploitation in oil and gas fields (Li et al., 2016).
The Sichuan Basin is a petroliferous basin in Southwest China. The Puguang and Yuanba gas fields in the basin are important for natural gas production. The Sichuan Basin is also rich in geothermal resources with approximately 300 hot springs distributed in the peripheral mountains (Wang, 2005). Numerous medium- and low-temperature geothermal areas near Chongqing have been developed for domestic heating and industrial and agricultural production (Lv et al., 2010). However, the exploitation of geothermal resources in the research area mainly are hot springs or shallow geothermal wells in the mountain areas, the exploitation of deep geothermal energy has not yet developed in the hinterland of the basin. The Sichuan Basin is densely populated, and its agricultural and industrial sectors are well developed. Its high-temperature (≥150°C) geothermal resources should also be developed to supply clean energy. Research on the geothermal fields and terrestrial heat flow in the Sichuan Basin began in the 1980s. Over the past 4 decades, numerous studies have been conducted on the basin and the surrounding areas, including temperature measurements from hundreds of wells, the thermal physical properties of the rocks, and various terrestrial heat flow data (Yuan et al., 2006; Xu et al., 2011; Li et al., 2020). These studies have provided basic knowledge on the thermal state of the Sichuan Basin. For example, higher heat flow has been observed in the central and southern areas of the basin, while lower heat flow has been identified in the northeastern, northwestern, and southeastern areas. Scientists have enriched their knowledge of the stratigraphy through oil and gas exploration to augment their data on the thermal and physical properties of the rock.
Deep geothermal field is the most basic parameter to evaluate geothermal resources, and also affect hydrocarbon generation, migration, and accumulation processes. However, the deep temperature fields had not been stated over all, limited to the distribution and depth of the drilling and logging of boreholes. Further investigation on the geothermal fields of the basin is necessary. In this study, data collected from previous studies were used to calculate the deep geothermal fields in the basin and evaluate its distribution characteristics and primary influencing factors. The results should benefit the exploration and development of the petroleum and geothermal resources in the basin and could serve as a reference for geodynamic studies.
GEOLOGICAL BACKGROUND
The Sichuan Basin is located in the western margin of the Upper Yangtze Plate and is a marine and continental superimposed basin, in which the foreland basins developed on a cratonic platform (Guo et al., 1996, Meng et al., 2005; Liu et al., 2006) (Figure 1A). It is characterized by a distinctive rhombic rim that reflects the evolution of deep fractures in the Upper Yangtze and the development of thrust–fold structures. The central part of the Sichuan Basin is a rigid basement that formed in the Neoproterozoic–Mesoproterozoic era; it is uplifted with thin sedimentary layers. The northwestern and southeastern parts of the basin are a ductile basement that is covered with thick sedimentary layers (Wang et al., 2002). The Sichuan Basin has deposits of sedimentary rocks that are up to 10,000 m thick that can be dated to the Sinian Period (Guo et al., 1996; Wang et al., 2002; Liu et al., 2006), with diverse rock types and depositional systems. The Sinian–Middle Triassic strata are characterized by marine facies that are dominated by carbonate rocks such as limestone and dolomite and that contain mudstone and sandstone. From the Middle–Late Triassic Period onwards, a thick set of foreland basin deposition had formed, contains sandstone, mudstone, and other terrestrial clastic deposits (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Geological setting and the location of wells which have steady state temperature logging data in the Sichuan Basin (the temperature data were published by Xu et al., 2011 and Li et al., 2017) and (B) stratigraphic histogram of the study area. The geological map was based on Zhu et al. (2018a); Zhu et al. (2018b), the distribution and zoning of the Emeishan Large Igneous Province (ELIP) was based on He et al. (2003), He et al. (2007), basalt thickness of the wells in Southwestern Sichuan was based on Zhang et al. (2006) and the lithological column was modified from Rao et al. (2011).
The tectono-thermal evolution of the Sichuan Basin can be divided into four stages. The first stage was the formation of the cratonic basin in the Early Paleozoic. A relatively low background heat flow was recorded despite the ongoing weak lithospheric tension (He et al., 2014; Zhu et al., 2016). The second stage occurred during the Early Permian–Middle Triassic, which was controlled by two events: the lithospheric re-extension and the Emeishan mantle plume. In particular, the Emeishan mantle plume increased the heat flow to its peak value in the southwestern part of the basin, which was at the intermediate zone of the mantle plume (Zhu et al., 2016; Zhu et al., 2018a, Zhu et al., 2018b). The third stage occurred during the Late Triassic–Early Cretaceous when the Sichuan Basin and surrounding orogenic belt started to evolve into an inland basin because of the closure of the Paleo-Tethys Ocean. As the lithosphere and sedimentary layers thickened, the heat flow continued to decrease (He et al., 2011; He, 2014). The fourth stage reflects the tectono-thermal evolution since the Cretaceous when uplift and exhumation started in the Sichuan Basin (Zhu et al., 2016). Currently, the terrestrial heat flow in the Sichuan Basin is unevenly distributed. A higher heat flow can be observed at the central area, while lower heat flows have been observed in other areas, and the Sichuan Basin can be regarded as a “cold basin” due to the low mean heat flow (Xu et al., 2011).
CALCULATION OF THE DEEP TEMPERATURES
Methods
Boreholes can be used to measure the temperature at different depths directly. In contrast, temperatures of undrilled strata cannot be directly measured but can only be obtained by calculation. The main mode of heat transfer in the crust is conduction, thus, the temperature of stratum i deep in a sedimentary basin can be calculated by using the one-dimensional heat conduction equation (Qiu et al., 2004):
[image: image]
where Ti0 is the temperature for the top surface of the stratum, qi0 is the heat flow for the top surface of the stratum, Ki is the thermal conductivity of the stratum, Ai is the heat generation rate of the stratum, and d is the thickness of the stratum. If the heat generation rate of the stratum decreases exponentially with the depth, this results in the following equation:
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where q0 is the heat flow of the top surface of the stratum (mW/m2), K is the rock thermal conductivity of the stratum (W/(mK)), A′ is the heat generation rate of the stratum (µW/m3), and D is the thickness of a stratum containing radioactive elements.
Eq. 1 is mostly used to calculate deep temperatures in sedimentary strata, and Eq. 2 is mostly used to calculate temperatures below the basement. Note that these equations do not apply below the upper mantle. There are two reasons: strata are rich with radioactive elements in the crust within about 10–20 km above the upper mantle, and heat conduction at that depth is no longer a decisive influencing factor for the temperature.
Parameters and Boundary Conditions
According to Eqs 1, 2, the boundary conditions for calculating the temperature of deep strata include the heat flow and temperature of the top surface. For the surface heat flow, data from Xu et al. (2011) were adopted. For the surface temperature, the Sichuan Basin thermostatic zone temperature of 16°C was adopted (according to Wang et al., 2017). The thermal physical parameters of the rock required for calculation included the rock thermal conductivity and radiogenic heat generation rate of the strata.
In the Sichuan Basin, numerous studies have been conducted to test thermal conductivity. In this study, more than 1,300 thermal conductivity measurements from previous research (Li, 1990; Han and Wu, 1993; Wang et al., 1995; Xu et al., 2011; Li et al., 2017; Tang et al., 2019; Li et al., 2020) were collected. These were then used to calculate the weighted average of the thermal conductivity of different lithologies tested by different researchers (Supplementary Appendix S1). The thermal conductivity of each sedimentary formation was established based on the lithological composition of the main strata (Table 1). The thermal conductivity of the Cretaceous and Jurassic strata was relatively low at 2.5 W/(m·K), while that of the Permian, Ordovician, and Cambrian was approximately 3.0 W/(m·K). The thermal conductivity of the Triassic, Devonian, Carboniferous, and Sinian strata was greater than 3.0 W/(m·K).
TABLE 1 | The lithology composition and the thermal conductivity (K) and heat production rate (A) of sedimentary layers in the Sichuan Basina.
[image: Table 1]The heat generation rate of the sedimentary layers was measured (Table 1, Zhu et al., 2018a). Among sedimentary rocks, mud shale generally has a relatively high heat generation rate, followed by carbonate rocks of terrestrial origin or those that contain clastic materials from a terrestrial margin. Marine carbonate rocks have a relatively low heat generation rate. The heat generation rate of terrestrial strata in the Sichuan Basin was approximately 1.0 µW/m3, and that of the marine strata was lower at around 0.6 µW/m3. The heat generation rate of the Silurian system can be as high as 1.09 µW/m3 because of the high proportion of sandy mudstone. The heat generation rate of rocks below the basement was estimated by using the seismic wave velocity (vp) (Rybach and Buntebarth, 1984):
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where A is the rock heat generation rate (µW/m3) and vp is the seismic wave velocity (km/s) at a pressure of 100 MPa. Table 2 presents the estimated heat generation rates of rocks in the upper and lower crust beneath the sedimentary layers of the Sichuan Basin.
TABLE 2 | Crustal structure and heat generation rate in the Sichuan Basina.
[image: Table 2]RESULTS: THE DEEP GEOTHERMAL TEMPERATURE FIELD OF THE SICHUAN BASIN
Figure 2 showed the temperature distribution map of the Sichuan Basin for depths of 3,000–9,000 m, which calculated by one-dimensional heat conduction equation, taking the surface heat flow, the thermostatic zone temperature, the thermal conductivity and heat production rate of different formations and the formation depths as parameters and boundary conditions. The central and southern areas are characterized by relatively high temperatures at all depths, while the northwestern and northeastern areas are characterized by low temperatures. It is obviously that the strata temperature is lower than 100°C at the depth of 3000 m excluding some high temperatures in central and southern areas (Figure 2A). At the depth of 4000 m (Figure 2B), the maximum temperature in the central and southern areas reach 150°C, which is the threshold of high-temperature geothermal resources, while the temperatures in other areas are below 120°C. Strata temperature in the central and southern areas exceed 150°C as the burial depth reach 5,000 m (Figure 2C), while it is lower than 140°C in most other areas. At the depth of 6,000 m (Figure 2D), the temperature is above 150°C for large parts of the central and southern areas, and the maximum temperature reach 185°C, while the temperature is below 120°C for most parts of the northwestern and northeastern areas. Similar temperature distribution patterns were observed at the depth of 7,000–9,000 m (Figure 2E–2G). At the depth of 7,000 m (Figure 2E), the temperatures in the central and southern areas are above 180°C, which is the threshold temperature for hot dry rock (HDR). The temperatures in the northwestern and northeastern areas are below 160°C, which is close to the lower limit for crude oil cracking. The relatively low temperatures in the northern, northwestern, and eastern areas of the Sichuan Basin are conducive to the presence of oil and gas. Given an economic depth should be considered regarding its cost for the exploitation of geothermal energy and also the petroleum resources, it is suggested that the temperature distributions of the depth within 4–6 km are applicable for geothermal resources evaluation and these of the depth within 7–9 km are referential for oil and gas.
[image: Figure 2]FIGURE 2 | Temperature distribution at the depth of 3,000–9000 m (A–G) in the Sichuan Basin. The red dash lines indicate the main faults which controlled the boundary of the basin and its surrounding mountains or divide the tectonic units inside the basin.
Note that the strata temperature is influenced not only by the heat flow and thermal physical properties but also by the burial depth of a formation. Therefore, for specific formations (e.g., oil and gas reservoirs), the highest temperatures are more likely to be observed in areas with greater burial depths. In this case, this would correspond with the northwestern and northeastern areas of the Sichuan Basin, which characterized by lower heat flow and temperature gradient but have a thick sediment layer.
DISCUSSIONS: THE PRIMARY CONTROLLING FACTORS OF THE GEOTHERMAL FIELD IN THE SICHUAN BASIN
Terrestrial heat flow directly reflects the geothermal and geological background of a region. The terrestrial heat flow in the Sichuan Basin is 35.4–68.8 mW/m2 with an average of 53.2 mW/m2. This is below the average of 60 mW/m2 in the Lower Yangtze region and 63 mW/m2 for mainland China (Xu et al., 2011; Yuan et al., 2006). Regarding the distribution, the terrestrial heat flow was greater in the uplifted area and lower in the depressed area. The terrestrial heat flow is above 60 mW/m2 in the central and southwestern areas of the Sichuan Basin and is 50–60 W/m2 in the northwestern area (Figure 3A). The terrestrial heat flow is lower in the eastern area, particularly in the northeast where it is approximately 40 mW/m2 at the front edge of the Dabashan fold belt. The deep temperature distribution in the Sichuan Basin shows a good correlation with the terrestrial heat flow, which is primarily influenced by the geotectonics and lithospheric thermal structure. The mantle heat flow in the Sichuan Basin is 12–49 mW/m2 with higher values in the southwestern and central areas and lower values in the northeastern area (Figure 3B). This is similar to the surface heat flow distribution. The intense magma activities and eruptions mainly took placed in Permian (the Emeishan mantle plume and basalt eruption) and raised the heat flow to its peak value (Zhu et al., 2016). There was no obvious magma activity after Jurassic in the basin, thus the surface heat flow can be considered an stable conductive heat flow.
[image: Figure 3]FIGURE 3 | distribution (A) (edited after Xu et al., 2011; Zhu et al., 2018a and Qiu et al., 2022), the mantle heat flow distribution (B) and the burial depth of the folded basement (edited after Luo, 1998) of the Sichuan Basin. The mantle heat flow was calculated based on the surface heat flow, the heat production rate in the sedimentary layers, the basement and the other parts of the crust. An obvious correlation can be found from both of the surface heat flow, mantle heat flow and the basement burial depth.
At the basin scale, the average mantle heat flow is approximately 30 mW/m2, while the average crustal heat flow is 32 mW/m2. The ratio of the crustal heat flow to the mantle heat flow is close to 1:1, which indicates that the Sichuan Basin has a cold mantle and cold crust. In the basin, the surface and mantle heat flow distributions show negative correlations with the thicknesses of the sedimentary layers and crust. This is indicative of the thermal effects of tectonics and sedimentation during the development of foreland basins. The heat flow in the Sichuan Basin slowly decreased during the Late Triassic–Early Cretaceous, and its tectono-thermal evolution was primarily controlled by two factors. First, the thermal perturbation caused by the lithospheric thinning during the Late Permian–Early Middle Triassic began to decrease (Zhu et al., 2016), which gradual decreased the heat flow of the basin basement. Second, the formation and evolution of the foreland basin and its later uplifting and exhumation reduced the heat flow (Huang et al., 2012). The reduced heat flow caused by foreland basin evolution and uplift and exhumation is primarily controlled by the following factors. First, lithosphere flexure and thickening, as well as gradual cooling, which were caused by compression and depression. Second, the surface heat flow was affected by the deposition in the foreland depressions. Third, exhumation caused by the compressional deformation can also reduce the surface heat flow in the mountain areas (Figure 4).
[image: Figure 4]FIGURE 4 | Cartoon shows the main controlling factors on the unevenly distribution of geothermal field in the Sichuan Basin and its surrounding mountains (the geological model was modified after Zhu et al., 2019).
The difference in thermal conductivity among different sedimentary layers and crystalline rocks also affects the deep temperature fields and the redistribution of the heat flow. The temperature gradient negatively correlates with the strata thermal conductivity under a constant heat flow. In fact, thermal conductivity has a more significant impact than the heat production of strata in sedimentary basins, unless ultra-high radioactivity layers exist. Various temperature gradients were vertically revealed by the deep geothermal fields (Figure 5) and some temperature logging data of boreholes (Figure 6). Two different average temperature gradients in clastic formations and limestone formations were obtained in borehole C5: it is lower in the latter formations which has a relative higher thermal conductivity. As a contrast, the temperature gradient is relative steady in borehole Cq128, for only clastic formations revealed (Figure 7).
[image: Figure 5]FIGURE 5 | Temperature gradient distribution within the depth of 1,000m–3000 m (A) and 5,000m–7000 m (B) in the Sichuan Basin.
[image: Figure 6]FIGURE 6 | Temperature logging curve (A) and the temperature gradient (B) of borehole C5.
[image: Figure 7]FIGURE 7 | Temperature logging curve (A) and the temperature gradient (B) of borehole Cq128.
Furthermore, non-uniform temperature and the difference in thermal conductivity causes thermal refraction, which leads heat to converge to the uplifted basement area with high thermal conductivity. The upper sedimentary layers form an insulating cover, make these uplifts into favorable geothermal targets.
CONCLUSION
Controlled by the thicknesses of sedimentary layer and the crust, the heat flow and deep temperature distributed unevenly in the Sichuan Basin. The central and southern areas have higher temperatures than northeastern and northwestern areas in the same depth, due to the high heat flow.
Lithosphere flexure and thickening caused by compression and depression, rapid deposition in the foreland basin, the exhumation in the surrounding mountains reduce the surface heat flow in foreland depressions in the northwestern and northeastern basin and their surrounding mountains.
Different thermal conductivities of strata affect the deep temperature fields and lead to thermal refraction. Uplifts in sedimentary basins characterized by higher heat flow and covered by relative insulating layers form the geothermal favorable targets.
The central and southern areas characterized by higher heat flow and temperatures are advantageous for geothermal energy exploitation. The relatively low temperatures in the northern, northwestern, and eastern areas of the Sichuan Basin are conducive to the presence of oil and gas.
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