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Abstract

:

Among so many fault basins around Ordos presenting good geothermal background, Yinchuan Plain is the key development and protection area of the Ecological and Economic Belt along the Yellow River in Ningxia and Yinchuan Metropolitan Area. The study of geothermal resources in this region is of great significance to the sustainable economic development of Yinchuan Plain. Most scholars suggested that Yinchuan Plain geothermal resources are low-to-medium temperature geothermal resources and have high value in terms of development and utilization due to their large reserves, good water quality conditions, and wide distribution. However, there is much controversy over the geothermal mechanism of this region. As an effective means to study geothermal mechanism, geophysical methods can be used to study regional basement uplift and structural distribution characteristics. Based on the discussion of regional geothermal geology background, this paper studies the distribution rules of Moho and Curie depths in the region by applying different geophysical data. The results show that the western margin of Yinchuan Plain is obviously uplifted. As inferred from the epicentral distribution of Yinchuan Plain section, there is a significant difference of the seismic bottom interface on the east and west sides of the Yellow River fault in Yinchuan Plain. The three-dimensional gravity inversion confirms basement uplift in this region. By referring to results obtained by the inversion of gravity and magnetic data and deep seismic exploration, the paper presents a comprehensive analysis of the regional geothermal geology conditions and proposes a geothermal conceptual model of Yinchuan Plain. The heat source comes from the earth heat flow and migrates to the thermal reservoir through the fault or fissure convection. The deep-large active faults provide a channel for deep heat flow to the shallow part, and the thermal fluid accumulates in the uplift area to form the high geothermal anomaly area. There should be two large-scale geological activities in the geotropics around Ordos. One is the basement uplift of the basins around Ordos platform, which provide the heat source. The other is the uplift of Ordos, which places the surrounding basin in an extensional environment and provides a channel for the heat source upwelling.
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1. Introduction


With the growing demand of global energy, energy shortage and environmental pollution become increasingly crucial [1], making it urgent to develop and utilize renewable energy. Geothermal, as a kind of clean energy, has great potential for development [2].



The geothermal resources in Yinchuan Basin are low-to-medium temperature geothermal resources. The Shuining-Huangyangtan area is a high geothermal anomaly area with a shallow geothermal gradient of over 4 °C/100 m. The area is a fault basin, controlled by two faults inclining in NE, called East Helan Mountain fault and the Yellow River fault, respectively. Many studies have been conducted with regard to the formation mechanism of geothermal resources in this area. Chen et al. [3] classified the geothermal type of the uplift area in the eastern margin of Yinchuan Basin as “mixed conduction-convection type” based on the structural genesis and the mode of heat transfer. At present, there are 11 local uplift structures found in the central deep subsidence zone of Yinchuan Basin, namely Pingluo uplift, Luhuatai uplift, Yongning uplift, Shahuqiao uplift, Tongjiqiao uplift, Yaofu uplift, Suixing uplift, Wuzhong uplift, Qingtongxia uplift, Jinyintan uplift, and Balang Lake uplift. These local uplift structures have certain controlling effect on geothermal energy.



Generally speaking, the large tensional fault zone is an important channel for the deep circle of hot water in the geothermal field. The Yellow River fault is a transcrustal fault which cuts a C-typed reflection zone at a depth of about 20 km and passes down through the Moho surface. There are many studies on the activity of the fault [4,5,6,7,8,9,10,11,12,13], but less focus on the geothermal geology problems about the fault. As one of the two basin controlling boundary faults in the east of Yinchuan Basin, the Yellow River fault develops along the western margin of the Ordos platform. The fault, with a total length of approximately 140 km, starts from the southeast of Huinong District of Shizuishan City in the north, extends along the Yellow River in SSW direction, and turns north-south at northern Yinchuan Hedong Airport, concealed in the south of Daquan to Sunjiatan. The landform to the east of the fault is platform or low mountain, where there are Paleogene, Neogene and older strata exposed to the surface. To the west is Yinchuan Plain, where the thickness of the Quaternary system reaches hundreds to thousands of meters, and the vertical differential movement between the two walls of the fault has been significant since Quaternary.



However, the genetic mechanism of regional geothermal is still controlled by the following factors: First, regional fault structural system and deep morphology. Regional faults are obviously segmented, as different regional segments show distinct characteristics. Second, the relationship between deep fluid movement and regional hydrothermal geothermal, which can guide the regional geothermal exploration. Third, the diverse geothermal in this region, including the hot-dry geothermal, of which the distribution rules are not clear enough. In this regard, geophysical methods are one of the important means to study the geothermal distribution and the formation mechanism. Geophysical methods can be used to analyze tectonic activity and geological structure and explain the genetic mechanism of geothermal [14], so as to establish the corresponding model of geothermal geology-geophysics. The conceptual model of geothermal system, based on the comprehensive study of geoscience, is used to describe the geological conditions and processes related to temperature, pressure and fluid flow [15]. Zhao et al. [16] estimated the Moho and Curie depths of Gonghe Basin in Qinghai province by Park-Oldenburg inversion of gravity and magnetic data, proposed the geological conceptual model of Gonghe Basin based on the results of magnetospheric sounding and seismic inversion, and conducted an in-depth study on the geothermal mechanism of Gonghe Basin. Aydemir et al. [17] studied the magnetic anomaly data, borehole data, the geothermal gradient, and conductivity data to model the magnetic anomaly and geothermal structure of Foca-Uzunada in western Turkey, and proved that the offshore area of Gol and Gandarli Bay are one of the most important geothermal potential areas in Turkey. Bekesi et al. [1] established a geothermal model of the Dutch subsurface based on the inversion of temperature data, which revealed the area with potential for hydrothermal convection in these carbonate platforms.



The single-type geophysical observation method can judge the deep rock structure only by single physical parameter, which is limited in its ability to solve geological-geophysical problems and faces strong uncertainty of inversion and interpretation [18,19,20,21]. The multi-geophysical exploration methods can not only realize the joint constraint of different physical properties of the same rock structure, but also make the correspondence analysis of substances of different chemical components and different physical states, and establish the spatial distribution and interaction relationship of target rock-fluid structure [22]. In this paper, we carried out 1:200,000 gravity measurement and 1:1,000,000 aeromagnetic measurement and established multi-scale density and magnetic models with different depths and different physical attributes. Combined with existing deep seismic exploration results, we comprehensively studied the distribution of earthquake sources, Moho depth, Curie interface depth, spatial distribution of fault structures, tectonic activity of blocks and 3D density model structure in the study area. After that, we clarify the heat control effect of regional fault structures and the heat exchange regularity between deep fluids and shallow materials and establish a multi-scale model of geothermal geology-geophysics. The model would be helpful to provide theoretical support and a scientific basis for the exploration, sustainable development, and utilization of geothermal resources in Ningxia region.




2. Regional Geothermal Conditions


The uplift and transfer effect of the Qinghai-Tibetan Plateau made the Ordos block move slowly to the southeast and formed the peripheral basin group after the end of the Cretaceous [23]. The Ordos block is relatively stable and higher, which hinders the flow of the Yellow River, so the Yellow River flows eastward to a series of fault basins around the block [24]. In addition, the subduction of the Pacific plate deep underground controls the active movement of the upper mantle throughout northern China. As part of the North China block, Yinchuan Basin has been located between the Qinghai Tibet Fault Block, Alxa Fault Block, and Ordos Fault Block since the Late Cenozoic Era (Figure 1) and is mainly characterized by NE trending fault depression movement. In addition to the background of early fault depression movement, it has also been affected by the uplift of Qinghai-Tibet Plateau expanding to the northeast since the late Cenozoic era [25,26]. The study area is covered by layers in Cenozoic, mainly distributed with Quaternary loess. Locally, there are Paleogene Qingshuiying Formation, Neogene Ganhegou Formation, Cretaceous Yijun Formation, and Ordovician Tianjingshan Formation. According to the boreholes in the study area, there are many sets of Mesozoic and Paleozoic strata under the Cenozoic, from old to new: Ordovician, Carboniferous, Permian, Cretaceous, Paleogene, Neogene, and Quaternary. There is no igneous rock exposed in the area [27].




3. Deep Exploration and Interface Inversion of Regional Geophysical Data


3.1. Moho Distribution


The area studied is located in the northern section of the North-South tectonic belt and the thrust belt of the western margin of Ordos. This particular tectonic environment makes the area in good conditions of deep heat source. A high-resolution deep seismic detection method was carried out by Liu et al. [28] and used to study the uplifting Moho surface in the study area and provide evidence for the deep regional heat source. The petroleum seismic profile shows that the asthenosphere and the Moho surface are obviously uplifted near the Ordos block, as shown in Figure 2. From the Alxa block eastward to Helan Mountain, Yinchuan Basin, and Ordos block, the Moho surface is gradually uplifted, with a maximum depth of 50 km, and reaches a minimum depth of 40 km near the Yellow River fault. Due to the uplift of the asthenosphere and the Moho surface, there is upwelling of the deep heat flow, as well as the intrusion of high-temperature molten materials into the upper crust. Consequently, the corresponding parts are heated, and localized melting may be formed, so that the deep crust has a higher temperature. Therefore, the terrestrial heat flow is the main source of geothermal heat in the study area.




3.2. Aeromagnetic Data Inversion and Curie Isotherm Distribution


The deep temperature interface, also known as Curie isotherm surface, is the temperature interface when the ferromagnetic minerals in rocks lose their ferromagnetism and become paramagnetic because the temperature rises to the Curie point. Curie isotherm surface is of great significance to the study of seismogenesis, geothermal exploration, crustal dynamics, metallogenesis of endogenetic metal deposits, and hydrocarbon genesis. Since the late 1970s, aeromagnetic data has been used by scholars at home and abroad to study the Curie isotherm surface. At present, aeromagnetic exploration is the main method to study the Curie depths [29,30,31,32,33,34]. Moreover, magnetic interface inversion is the main method to estimate the Curie interface depths [35,36].



In this research, to study the deep interface in the study region, we measured aeromagnetic data and calculated the depth of the Curie isotherm and geothermal gradient, as shown in Figure 3. Figure 3a shows the distribution of aeromagnetic pole anomaly in the study area, which is jointly caused by shallow magnetic rocks and deep magnetic interfaces, and the superimposed magnetic anomaly needs to be separated and extracted [37,38]. The Curie isotherm surface can be estimated by using the aeromagnetic anomaly without the influence of shallow field sources (Figure 3b). Taking 3000 × 103 A/m as the average magnetization of the magnetic interface and 30 km as the average depth of the Curie isotherm surface, the buried depths of the magnetic lower interface can be obtained by inversion calculation. Since the Curie isotherm can be considered as the 580 °C isotherm of underground temperature, the geothermal gradient can be obtained using the surface elevation and inverted Curie depths, as shown in Figure 3d. The geothermal gradient can be calculated from


  G =   580 − T  D  ,  



(1)




where G represents the geothermal gradient; T is the temperature at the surface;  D  is the depth of Curie isotherm. The Curie isotherm uplift area is spread NW with Pingluo as the center, and the maximum geothermal gradient is about 4.4 °C/100 m. From Pingluo to the southwest, the Curie isotherm depth increases and the geothermal gradient declines (Figure 3). The above results indicate that the Yinchuan Plain is a fault basin, and the Curie isotherm surface and Moho surface in the deep part of the basin are uplifted, resulting in a larger isotherm gradient in the east of the plain.





4. Regional Blocks and Tectonic Activity


4.1. Relationship between Earthquakes Distribution and Regional Geothermal


Yinchuan Basin lies at the northern end of the North-South seismic zone in China. Since the late Quaternary, there have been strong fault activity in the graben system and frequent earthquakes under the condition that the Qinghai-Tibet Plateau expands to the northeast [8]. The seismic activity in Yinchuan Basin is characterized by high frequency and high intensity, making Yinchuan Basin a major site of strong earthquakes, and causing 22 strong earthquakes successively. The seismic activities in the basin can be divided into the south and north sections by the boundary between Lingwu and Yongning, with obvious difference in the activity. The strong earthquake activities in the south section are distributed in a north-south zone from Lingwu to the east side of Niushoushan Mountain. Near the east side of the graben occurred 10 earthquakes, with the maximum magnitude of 5.5. The seismicity in this section shows characteristics of high frequency, short interval and low intensity. A total of 12 strong earthquakes occurred in the Yinchuan-Pingluo section, including one Ms 8 earthquake and two Ms 6 earthquakes. It can be seen that the earthquake frequency in this section is slightly higher than that in the south section, but the earthquake intensity is much higher. Since the Ms 8 earthquake in 1739, the seismic activities in this section tend to be quiet and no earthquakes with Ms ≥ 5.0 have occurred. The moderately strong earthquakes mainly occur in the southern section of the graben.



In order to study the edge of the deep stable structure in the study area, we collected and imaged the distribution of earthquake sources, as shown in Figure 4. It can be found in Figure 4a, that the weak earthquake epicenters in the basin are very dense in Lingwu and its south, forming a north-south seismic belt with a length of about 50 km and a width of about 30 km. The belt crosses the graben boundary eastward and affects the western edge of Ordos block. The weak seismic activities in the north section are roughly shown as an NNE trending belt. The activities are denser in the area from Yongning to Yinchuan, and are sparser in the area from Yinchuan to Pingluo. To the north of Pingluo, the epicenters of the weak earthquake is presented in a wide east-west belt.




4.2. The Distribution of Earthquake Epicenters and Deep Lithosphere Activities


According to the statistical results of focal depths obtained by the precise positioning of earthquakes in Lingwu-Wuzhong area (Figure 4), the earthquake sources are distributed within the range of 10–33 km depth. The focal depth of 10–25 km accounts for the majority (>75%) and forms a dense layer, while depths of less than 5 km and more than 30 km account for very few. From 1970 to 1988, five earthquakes of magnitude 5 occurred in Wuzhong and Lingwu areas, with the focal depth of 14–24 km. In addition, calculated from isoseismal lines, the Yinchuan-Pingluo Ms 8 earthquake in 1739 had a focal depth of 24 km [39]. Based on the above results, it can be seen that the dominant depth of earthquakes in this region is from 10 to 25 km.



For the entire study area contains several geological unit, we selected the earthquake sources distributed in the geothermal potential region and mapped a separate figure, as illustrated in Figure 4b. The vertical perspective profile in Figure 4c is imaged on the basis of Figure 4b. Figure 4c shows that the profile is divided into two areas (I and II) in terms of focal depth and seismic concentration rate. In Area I, the focal depth to the west of Wuzhong reaches 38 km. When the edge of event points (the black dotted line) is outlined and regarded as the edge of a stable structure, there is a clear difference in the areas where that stable structure extends into the crust. With reference to the Moho interface [40], these seismic events may even occur in the mantle (below the Moho interface). Geothermal conditions of stable structures in the lower crust may be affected by mantle flow in the form of conduction. Changes in both Moho stable structure and in-situ structure may lead to local geothermal anomaly.





5. Three-Dimensional Inversion of Regional Gravity Data and Deep Structure


The gravity exploration method is mainly used to solve the actual geological problems by the density difference of the underground geological body, and has advantages such as good economy and wide detection range. In recent years, it has been widely applied in the field of geothermal exploration, such as the identification of geothermal prospect areas [41,42]. With the development of computer technology and inversion technology, 3D density inversion has gradually become one of the important means to build the distribution of underground density in the study area. In this section, we measured the gravity data of Yinchuan Plain. After that, 3D density inversion was carried out to obtain the distribution of underground density in the study area and further explain the geothermal formation mechanism of Yinchuan Plain.



5.1. Basic Principle of 3D Inversion


The 3D inversion of gravity and magnetic physical properties requires a grid division of the underground space. Firstly, the underground space is divided into M cubes with regular shape. Assuming that there are N observation points on the ground, the relationship of physical property between the observation data and the underground medium meets the following equation [43,44]:


  d = A m ,  



(2)







In the above formula, d represents the ground observation data, and is a column vector with N elements; m is the physical parameters of the underground medium space, it can be density, magnetic susceptibility or magnetization in the potential field; A is the kernel function, which is the forward operator derived from forward modeling. The potential field observation data and physical parameters meet the above linear relationship. The basic form of the objective function required for inversion can be obtained according to the above relationship, as follows:


  ϕ = ∥ A m − d  ∥ 2 2  =   ( A m − d )  T   (  A m − d  )  ,  



(3)







As the form of this objective function is not robust, it is necessary to add corresponding model constraints. According to Tikhonov regularization, the objective function can be rewritten as follows:


  ϕ =  ϕ d  +  ϕ m  = ∥ A m − d  ∥ 2 2  + a ∥ m  ∥ 2 2  =   ( A m − d )  T   (  A m − d  )  + a  m T  m ,  



(4)







As the kernel function matrix decays faster with the increase of depth, the inversion results are faced with serious skin effect and need to add the depth weighting function, which is in the following form [45]:


   w x   (  x , y , z  )  =  1     (  z +  z 0   )     β 2      ,  



(5)







The objective function can be written as follows:


  ϕ =  ϕ d  +  ϕ m  = ∥  (  d − A m  )   ∥ 2 2  + α ∥  W z  m  ∥ 2 2  ,  



(6)







The conjugate gradient algorithm is used to solve the objective function.




5.2. Three-Dimensional Inversion Results


The study area is shown in Figure 5. The inversion is carried out in Cartesian coordinates. The positive directions of x, y, z are set as north, east, and depth, respectively. The whole space range is 30,537 m × 36,696 m × 20,000 m. It is divided into 82 × 89 × 20 grids with the interval of 377 m, 417 m, and 1000 m in the directions of x, y, z, respectively. The horizontal section of the inversion results is shown in Figure 6, and sections crossing the Tianshanhai area in the directions of north-south and east-west are shown in Figure 7.



It can be found from the figures that the Tianshanhai World geothermal well corresponds to local high gravity anomaly. Figure 8 shows the spatial distribution anomaly diagram of geologic bodies with relative densities above 0.005 g/cm3. The high gravity anomaly is caused by the uplift of the Ordovician basement (and possibly the uplift of the Tertiary strata). The fault structure controls the depression and uplift of the strata in this area. Along the basement uplift zone, the ground temperature presents obvious high temperature anomaly. There is a clear correspondence between the high temperature anomaly area near the Tianshanhai borehole and the basement uplift area. When the strata in the uplift area have a good thermal reservoir structure, and the overlying thermal insulation strata reach a certain thickness, a geothermal field with development value can be formed. Therefore, in the sedimentary basins without geothermal anomalies on the surface, the basement uplift area is an important clue to find geothermal fields.



The fault and uplift structures of regional tectonic belts and sedimentary basins control the transmission and redistribution of terrestrial heat flow, resulting in the accumulation and dispersion of relatively uniform heat flow from the deep to the shallow crust during the transmission process, forming the high value anomaly of heat flow in local areas. The terrestrial heat flow converges with growing value in the active tectonic belt and basin uplift area, and it dispersed with declining value in the stable platform area and depressed basin area. As a result, more heat can be obtained from the deep strata of the high heat flow area, leading to the local high temperature anomalies in the fault tectonic belt or sedimentary basin uplift area.





6. Regional Geothermal Genesis Model


Based on seismic profile, Curie interface inversion, seismic stability interface and 3D density inversion, a model of the western margin of deep Ordos was established, as shown in Figure 9. At the location of the Yellow River fault, the model displays that the Moho uplifts to about 40 km to the east, and the Curie rises to the shallowest 26 km, which indicates the overall uplift of the basement in this area.



The remote stress field of the Qinghai-Tibet Plateau in the later period placed the area surrounding the Ordos Plateau in an extensional environment, which enabled the upwelling of underground thermal materials and intensified the extension. During the Himalayan period, the main body of the Ordos Basin experienced several tectonic uplift events, and a series of Cenozoic fault basins were developed successively in its adjacent areas. The basement of these basins rose, and the normal faults in the extensional environment provided a channel for the upwelling of thermal materials.




7. Discussion


This area is located in the northern part of the north-south structural belt in China and the fault thrust belt on the western edge of Ordos. This specific tectonic environment has created good conditions of deep heat source in this area. The Yellow River fault is the control boundary on the west side of the study area, extending down into the lower crust and cutting off the Moho interface into the lithospheric mantle. The crustal thickness along the profile is 40–48 km, and the depth of Moho surface gradually increases from east to west. At the lower part of Yinchuan Basin near the Ordos block, the Moho surface appears obviously uplifted, and the Yellow River fault is cut at the highest point of the Moho surface. The deep and large active faults not only control the temperature of geological bodies, but also provide a channel for the upward migration of deep heat flow. The Yellow River fault is an extensional normal fracture, which can form a good heat conduction channel, so that the deep heat source of the earth can move to the shallow part. After being heated by the heat source from terrestrial heat flow, the water is transported to the thermal reservoir through the fault or fissure convection. The deep and large active faults provide a passage for the heat flow to move from the deep to the shallow, and the thermal fluid gathers in the uplift area to form a high geothermal anomaly area. The complete caprock and the thermal reservoir mainly composed of Ordovician limestone provide continuous heat supply, and deep large faults with secondary structures in active period provide migration channels, which make a good geothermal field. The thermal reservoir should preferably be a stratum with many fissures and pores to enrich the hot water, and the pores should have good connectivity, such as Ordovician limestone, so as to facilitate the flow of hot water. In the uplift area, the sedimentary characteristics of the early Ordovician are similar to those of the Cambrian period, and a set of carbonatite-dominated epicontinental sea deposits were developed, with a thickness of nearly a kilometer. In the Ordovician system, there are repeated interbeddings or interlayers of limestone, dolomite, shale in the vertical direction, and the fissure development is mostly filled by calcite, and the developed fissures are mostly filled by calcite. These connected fissures are favorable for the formation and reserve of geothermal water.



Based on the example of Yinchuan Plain, the geothermal genesis of the basin around Ordos is speculated. It is inferred that there should be two large-scale tectonic activities in the whole adjacent basin. The first tectonic activity made the asthenosphere and Moho surface on the side of the Ordos block appear obviously uplifted. Due to the asthenosphere and Moho surface uplift, the deep heat flow upwelled and the high-temperature molten material intruded into the upper crust. As a result, the corresponding area heated up, and partial melting may occur, causing a higher temperature in the deep crust. The second tectonic activity was in the Himalayan period. The main body of the Ordos Basin experienced several tectonic uplifting events, and a series of Cenozoic faulted basins developed in the surrounding areas. The extensional environment provided a channel for the upwelling of thermal materials.




8. Conclusions


Based on the gravity, magnetic, and seismic data, the study adopted multiple geophysical data processing and inversion methods to conduct a multi-scale comprehensive study on the deep rock structure (including the distribution of Moho surface, Curie surface, and the lower interface of Cenozoic strata), regional block activity, and deep structures in the study area, and a multi-scale model of geothermal geology and geophysics in the study area was established.



The deep seismic reflection profile shows that the asthenosphere and Moho surface on the side close to the Ordos block are gradually uplifted, reaching 40 km near the Yellow River fault. The inversion of aeromagnetic anomaly interface shows that the Curie isotherm surface is uplifted in the Yinchuan Plain and causes a large isotherm gradient. By analyzing and utilizing the regional focal depth and seismic concentration rate to study the block activity, it is found that some of the focal points are located below the Moho surface, i.e., the mantle area. It is inferred that the local geothermal anomaly in the study area is related to the structural instability of Moho surface. The density structure of typical geothermal areas is studied by 3D gravity inversion. The inversion density distribution reveals that there is a good corresponding relationship between the known high temperature anomaly area and the inverted high-density body, which means that the local uplift area of basement in Yinchuan Basin is an important indicator for geothermal exploration.



Finally, we established a multi-scale model of geothermal geology-geophysics based on the physical structure of the deep earth with different depths and different physical attributes obtained from inversion calculation. Geophysical evidence shows that the Yellow River fault is an important heat-controlling fault in the study area, rising with the asthenosphere and Moho surface in the western margin of Ordos Basin. Under the background of regional extension and basin base uplift, a high-temperature melt was formed. In the late tectonic movement, the normal faults provided hot materials with the conduction channel, and the hot material energy was gathered and transferred in the local uplift area of the fault basin, finally resulting in the surface water thermal anomaly after circulating with the shallow water. Therefore, the spatial distribution system of the Yellow River fault and the local uplift of the basin provide the direction for further heat exploration in the study area.
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Figure 1. Distribution of Ordos Block and main blocks, basins and faults around it. The black box part is the study area. The black lines are the block boundaries, and red lines represent faults; DB1—Yinchuan Basin; DB2—Jilantai Basin; DB3—Linhe basin; DB4—Baiyanhua Basin; DB5—Huhe Basin; DB6—Daihai Basin; DB7—Datong Basin; DB8—Xinding Basin; DB9—Taiyuan Basin; DB10—Linfen Basin; DB11—Lingbao Basin; DB12—Yuncheng Basin; DB13—Weihe Basin; DB14—Jingyuan Basin; DB15—Haiyuan Basin. 
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Figure 2. Petroleum seismic profile used to interpretate the Moho surface (Adapted with permission from Ref. [28]. 2017, Springer Nature). 
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Figure 3. (a) pole magnetic anomaly; (b) upward continuation of 20 km from pole magnetic anomaly (a); (c) Curie depth map for Yinchuan Plain inverted from (b); (d) geothermal gradient inverted from (b). 
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Figure 4. The distribution of earthquake sources from different view. (a) Planar perspective profile of earthquake sources; (b) Partial planar perspective profile of earthquake sources; (c) Vertical perspective profile of earthquake sources. Area I and II are divided by the depth of earthquake source. 
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Figure 5. (a) Gravity anomalies in the study area; (b) Gravity anomalies in Tianshanhai area. 
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Figure 6. The horizontal section of the inversion results at (a) 2 km; (b) 4 km; (c) 6 km; (d) 8 km. 
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Figure 7. Vertical sections crossing the Tianshanhai area in (a) north-south direction; (b) east-west direction. 
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Figure 8. Three-dimensional display of inversion results. 
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Figure 9. The deep geothermal geological model of study area. The red arrows represent the property of the faults. The white arrows represent the direction of the heat flow. 
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