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Abstract

:

The Jizhong Depression boasts rich geothermal resources with a lengthy history of geothermal exploitation. Buried hill geothermal reservoirs, which serve as primary thermal sources for hydrothermal resource exploitation, are prevalent in this region and have advantages such as extensive development potential, significant geothermal reservoir capacity, superior water quality, and straightforward recharge. This study investigates the formation and evolution of deep geothermal water in the Jizhong Depression by analyzing the hydrochemical and isotopic data of geothermal water samples collected from buried hill geothermal reservoirs in the northern part of the depression. The findings reveal that the subsurface hot water samples from the carbonate geothermal reservoirs in this region were predominantly weakly alkaline water with a pH ranging between 6.61 and 8.87. The hot water samples collected at the wellhead exhibited temperatures varying from 33.9 °C to 123.4 °C and total dissolved solids (TDS) lying between 473.9 mg/L and 3452 mg/L. Based on the δ2H-δ18O stable isotope analysis, the geothermal fluids in the Jizhong Depression are predominantly sourced from atmospheric precipitation and exist in a somewhat isolated hydrogeological environment, exhibiting pronounced water–rock interactions and deep water circulation (with depths ranging from 1324 m to 3455 m). Through a comparison of various methods, it is deduced that the most appropriate geothermometer for deep karst geothermal reservoirs in the Jizhong Depression is a chalcedony geothermometer, and when using it, the deep reservoir temperature was estimated at 63–137.6 °C. The precipitation in the adjacent mountainous areas enables the groundwater to infiltrate and descend deep into the earth along piedmont faults. Subsequently, lateral runoff over extended periods replenishes the groundwater into the depression. This process allows for the groundwater to fully absorb heat from deep heat sources, resulting in the formation of the deep geothermal reservoirs in the northern Jizhong Depression. The insights obtained from this study offer a theoretical and scientific foundation for the exploitation and utilization of regional geothermal resources and the transformation of the energy structure in China.
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1. Introduction


Energy is foundational and propels the advancement of human civilization [1,2]. Currently, China stands as the world’s largest energy consumer, and its energy structure is characterized by fossil energy and a large-scale energy system, among others [3]. Consequently, China faces significant challenges in maintaining its current situation and developmental trend of energy security [4,5,6,7]. In September 2020, President Xi Jinping announced a pivotal strategy for achieving peak carbon dioxide emissions by 2030 and carbon neutrality by 2060. This strategy represents China’s approach to combating climate change, fostering green transitions, and ensuring energy security. Geothermal energy, epitomizing green, low-carbon, renewable energy, offers manageable and sustainable extraction. Its utilization is instrumental in reshaping the energy structure, advancing energy conservation and emission reduction, and enhancing environmental quality. Therefore, geothermal energy serves as a critical pillar for China’s energy security [8]. It is projected that China’s recoverable hydrothermal resources is equal to approximately 1.865 billion tons of coal, highlighting considerable exploitation potential [9]. The ancient buried hill-type geothermal reservoirs that are prevalent in North China, which are pivotal for hydrothermal geothermal exploitation, constitute roughly 70–80% of China’s total hydrothermal geothermal resources. Consequently, the expansive exploration and harnessing of this type of geothermal reservoir have emerged as primary focal points in China’s recent geothermal resource initiatives.



The Jizhong Depression is located in the northwest of the Bohai Bay Basin, with abundant geothermal resources and many years of geothermal development history. Carbonate thermal reservoirs distributed in this area generally have the advantages of a large development scale, large thermal storage capacity, high quality of water, and easy recharge [10,11,12]. In recent years, geochemical methods such as hydrochemistry and isotope have had unique advantages in revealing the recharge source of geothermal water [13,14,15,16,17,18], deducing the water–rock reaction process, and discussing the formation mechanism of geothermal water. Many scholars have used geochemical methods to study the recharge sources, thermal storage temperature, and groundwater mixing in the Jizhong Depression (such as the Xiong’an New Area) [19,20,21,22]. However, the whole region lacks systematic and comprehensive research. On the basis of collecting previous research results, this paper selects the northern part of the Jizhong Depression as the research object and analyzes the characteristics of the hydrochemical components. Combined with the water supply of the underground hot water, the thermal storage temperatures were estimated by using a geochemical temperature scale, a multi-mineral balance diagram, and the silicon–enthalpy equation. This research provides a theoretical and scientific basis for the development and utilization of regional geothermal resources and the transformation of energy structure.




2. Geological Setting


The Jizhong Depression, situated in the northwest of the Bohai Bay Basin, is bordered by the Yanshan Uplift to the north, the Xingheng Uplift to the south, the Taihangshan Uplift to the west, and the Cangxian Uplift to the east, stretching in a northeast orientation [23] (Figure 1a). Regionally, the Jizhong Depression has undergone multiple tectonic phases, resulting in a concave–convex structural pattern. It is segmented into southern, central, and northern zones by two transform zones: the nearly WE Wuji-Hengshui zone and the NWW Xushui-Anxin-Wenan zone [24]. This study focuses on the northern Jizhong Depression, encompassing six fourth-order tectonic units, namely the Beijing, Dachang, and Langgu depressions, as well as the Daxing, Niutuozhen, and Rongcheng uplifts. Faults are distributed in the study area, exhibiting an NE trend overall and predominantly including extensional faults such as the Taihang Mountains piedmont, Tongxian-Nanyuan, Daxing, Rongcheng, Rongdong, and Niudong faults from the northwest to southeast (Figure 1b). These faults significantly influence the distribution of regional secondary tectonic units. The Daxing fault, with its varied orientation, exhibits distinct geological and tectonic characteristics in different segments [25]. Specifically, its northern segment has an NNE strike and is connected to the boundary fault that dictates the Dachang Depression to the north; its middle segment has a NE strike, governing the boundary between the Daxing Uplift and the Langgu Depression; and its southern segment has varied orientations, reflecting the variability of the fault activity. The Rongcheng fault, which extends to the crystalline basement, is a growth fault influencing the development of Neoproterozoic strata [26]. The Rongdong fault with a strike of NNE delineates the boundary between the Niutuozhen and Rongcheng uplifts. The Niudong fault impacts both the Niutuozhen Uplift and the Baxian Depression, serving as a deep-seated, long-term active fault penetrating the crystalline basement [27]. Collectively, these faults shape the regional tectonic framework and play pivotal roles in geothermal resource formation by acting as thermal and water conduits. Additionally, predominant deposits in the study area comprise Archean metamorphic rock, Upper-Middle Proterozoic carbonate rock, Ordovician–Cambrian, Neogene sandstone, and Quaternary sediment from bottom to top [28]. The Cenozoic cover primarily consists of sandstone, mudstone, and sandy mudstone. The primary geothermal reservoirs are mainly carbonate rocks, with the top interface influenced by regional basement tectonics and the lithology characterized by gray dolomite and muddy dolomite [23]. The rock fissures, due to their advanced development and superior thermal properties, underscore the Jizhong Depression’s geothermal resource potential.




3. Material and Methods


In this study, 25 groups of water samples and an additional 7 groups were collected, totaling 32 groups. The distribution of samples across tectonic units is as follows: three from the Daxing Uplift, four from the Beijing Depression, two from the Langgu Depression, eleven from the Niutuozhen Uplift, seven from the Rongcheng Uplift, two from the Gaoyang Low Uplift, one from local rainfall, and two from the Taihang Mountains’ mountainous areas (Figure 1c). During field sample collection from geothermal wells, the geographic locations, coordinates, and geological structures of the sample sites were recorded. Furthermore, the water temperature at wellhead was gauged using an infrared geothermometer, while pH, oxidation–reduction potential (ORP), and TDS were measured using a multi-parameter water quality analyzer. The water samples were collected into thrice-cleaned 500 mL volumetric flasks, sealed for preservation, and then dispatched to the Key Laboratory of Groundwater Science and Engineering, Ministry of Land and Resources for comprehensive hydrochemical analysis. Cation concentrations in the samples were detected via the ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry) method, while anions were assessed using the ion chromatography method (Dionex-500), ensuring an accuracy of 0.02 mg/L for both anions and cations and an equilibrium error below 5%. SiO2 (dissolved) was gauged via spectrophotometry. The δ2H and δ18O values were determined as per the DZ/T 0184.19-1997 standard [30], using a water isotope analyzer (Picarro2140-i), with detection accuracies of 0.1 and 0.3, respectively, and the analytical error was maintained at ±0.5%. The chemical composition results of hot water samples from the underground carbonate geothermal reservoirs in the study area are detailed in Table 1.




4. Results and Discussion


4.1. Hydrochemistry


The Aquachem software (V 4.0 ) [32] was utilized to plot Piper trilinear diagrams for the water sample locations (Figure 2). Based on these diagrams and the hydrochemical test results (Table 1) [33,34], it can be determined that the spring water in the zone with exposed carbonate rocks in the Taihang Mountains’ mountainous area has an average temperature of 14 °C, a pH of 7.69–7.92, a TDS between 458 and 501.9 mg/L, and a hydrochemical type of HCO3-Ca·Mg. Carbonate reservoirs primarily comprise thickly laminated dolomite, with carbonate minerals such as calcite and dolomite serving as the primary sources of Ca2+, Mg2+, and HCO3− [35]. A total of 29 geothermal water samples from the study area’s carbonate reservoirs were mostly weakly alkaline, with a pH ranging from 6.61 to 8.87, with an average of 7.7. The hot water samples collected at the wellhead exhibited temperatures spanning from 33.9 to 123.4 °C, a TDS from 473.9 to 3452 mg/L, and a dissolved SiO2 content ranging from 20.08 to 150.31 mg/L. The samples from both the Daxing Uplift and the Beijing Depression displayed diverse hydrochemical types, predominantly comprising Na·Mg-HCO3, Ca·Na·Mg-HCO3·SO4, Na·Ca·Mg-HCO3·SO4, and Na-HCO3·Cl·SO4. In contrast, the water samples from the Langgu Depression, Niutuozhen Uplift, Rongcheng Uplift, and Gaoyang Low Uplift primarily showed two hydrochemical types: Na-Cl and Na-Cl-HCO3.



Comparing the water sample data from the Taihang Mountains, Daxing Uplift, Beijing Depression, Langgu Depression, Niutuozhen Uplift, Rongcheng Uplift, and Gaoyang Low Uplift, there is a sequential increase in the groundwater TDS from the recharge zone to the runoff zone and then to the discharge zone. Accordingly, the hydrochemical type changes, with the Na+ cation becoming gradually predominant. Water–rock interactions cause Mg2+ and Ca2+ in the geothermal water to replace Na+ in the surrounding minerals and then be adsorbed by the reservoir rock. The HCO3− and Cl− contents increase progressively (Figure 3). Among them, HCO3− originates from the dissolution and filtration of carbonate minerals, while Cl− exhibits significant migration and solubility [20]. The decreasing SO42− content from the recharge to discharge areas suggests the gradual closing of the geothermal water space and a shift from an oxidizing to a reducing environment, with desulfurization leading to H2S production (Figure 4).



In the study area, the Li+ concentrations in the water samples ranged from 0.151 to 1.97 mg/L. As per GB8537-2018 [36], all water samples met the criteria for lithium mineral water, except for the JZ06 and 07 samples. The Sr2+ concentration in the samples spanned from 0.296 to 2.692 mg/L, fulfilling the criteria for strontium mineral water. The F− concentrations varied between 4.65 and 19.22 mg/L. The high fluoride concentration in the underground hot water is primarily ascribed to the weakly alkaline environment, water temperature, and water–rock interactions.
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Figure 4. Contour map of the phreatic pressure level elevation in the Jizhong Depression [37]. 
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4.2. Isotopic Composition of Water


Studying the isotope characteristics of groundwater hydroxides allows for the determination of the groundwater origins [21] and the understanding of groundwater circulation pathways based on the varied distributions of the hydroxide isotope data in the diagram (Figure 5) showing the δ2H-δ18O relationships. In this research, the local meteoric water line (LMWL) [26] was used to plot the δ2H and δ18O values of the water samples (Table 2) on the relationship diagram. The hydroxide isotope data of the water samples from the study area roughly fell on one side of the GMWL. A strong correlation between the δ2H and δ18O values indicates that the geothermal water in the study area’s paleo-submerged geothermal reservoirs is recharged by atmospheric precipitation infiltrating them (Figure 5). When compared to the Taihang Mountains and the Beijing Depression, the hydrogen and oxygen isotope data from the Niutuozhen Uplift and Rongcheng Uplift deviate more significantly from the GMWL, displaying a pronounced oxygen drift. This suggests a progressively enclosed environment and increasingly deep carbonate geothermal reservoirs from the recharge to discharge areas. Furthermore, there exist intense isotope exchanges in the regions with elevated temperatures.




4.3. Geothermal Reservoir Temperature Estimation


The geothermal reservoir temperature is crucial for understanding the geothermal activity. This temperature serves as a fundamental basis for categorizing the genetic type of geothermal resources, assessing resource potential, and choosing the appropriate exploitation and utilization approach [38]. In the absence of boreholes or when boreholes fail to reach the geothermal reservoirs, geothermometry offers an avenue to estimate the temperature of deep geothermal reservoirs [39]. The current prevalent geothermometers encompass both the cationic geothermometers and the SiO2 geothermometers. Additionally, the multi-mineral equilibrium diagram, along with the silicon–enthalpy equation method that considers cold water mixing, can address the shortcomings of geothermometers [40]. As such, they are also widely applied to the estimation of the geothermal reservoir temperature.



4.3.1. Combination of Empirical Chemical Geothermometers


Utilizing geothermometers to estimate the temperatures of a geothermal system of low- to medium-temperature carbonate geothermal reservoirs poses multiple challenges [41]. Among these are the underestimation of geothermal reservoir temperatures, the difficulties in reaching the equilibrium of hydrothermal alteration minerals in geothermal fluids, and the limitations associated with controlling hydrochemical component minerals [42]. In the current study, a range of geothermometers were first employed to predict the deep geothermal reservoir temperature in the study area (Table 3). Notably, the derived values of geothermal reservoir temperatures using these diverse methods displayed substantial variations, necessitating a comprehensive examination of the applicability of each method.



The commonly used cationic geothermometers include Na-K, Na-K-Ca, and K-Mg geothermometers [43,44,45,46,47]. Typically, when these cationic geothermometers are used to estimate the temperatures of deep thermal reservoirs, the Na-K-Mg triangular diagram proposed by Giggenbach (1988) [47] is frequently adopted to determine whether the geothermal fluids have reached an equilibrium state in the water–rock interactions. As illustrated in Figure 6, the water sampling points predominantly fall within the zone of immature water. This finding illuminates that the deep reservoir temperature inferred using the Na-K thermometer, which works based on the K+-to-Na+-concentration ratio in the geothermal fluid, was markedly elevated compared to the temperature determined through direct measurements. The K+-to-Na+-concentration ratio is heavily dependent on the ion exchange reactions transpiring between potassium and sodium feldspars [42]. Although the Na-K geothermometer is more applicable to the estimation of temperatures of high-temperature reservoirs, specifically those above 200 °C, it encounters challenges in achieving ion-exchange equilibrium between potassium and sodium feldspars when used to estimate temperatures of moderate- and low-temperature geothermal reservoirs (below 200 °C) [48]. This finding accounts for the pronounced deviation from the equilibrium line that is observed for a plethora of sample points from moderate- and low-temperature geothermal reservoirs. While K-Mg equilibrium is relatively easier to achieve [47], the influence of mixing could potentially skew the K-Mg geothermometer outcomes, with the computational accuracy yet to be accurately evaluated. Furthermore, the Na-K-Ca geothermometer, proposed by Fournier and Truesdell (1973) [45], originates from empirical data. Yet, when employed in the study area, its predictions were typically lower than the observed water temperatures. Collectively, these observations insinuate that utilizing cationic geothermometers to predict the temperatures of geothermal fluids in deep carbonate geothermal reservoirs in the study area might not be the most pragmatic approach.



SiO2 geothermometers are constructed upon the solubility characteristics of SiO2 minerals. Remarkably, SiO2 dissolved in water is relatively immune to the vagaries of ionic interactions, the evapotranspiration of other complexes, and dilution. The solubility of SiO2 and other minerals increases with the temperature and, inversely, their precipitation accelerates when the temperature declines; therefore, different mineral contents mirror respective geothermal fluid temperatures [21]. Among the SiO2 geothermometers that are commonly used today include quartz and chalcedony geothermometers. The analysis in this study (Table 4) suggests that the chalcedony geothermometer predictions are more aligned with the directly measured water temperatures at the wellhead. Furthermore, the research underpins the notion that in a geothermal system with a temperature below 180 °C, chalcedony, rather than quartz, is predominantly responsible for overseeing the dissolution kinetics of SiO2 in the geothermal medium [49]. In culmination, the chalcedony geothermometer is more applicable to the study area than the quartz geothermometer, projecting the temperatures of carbonate geothermal reservoirs in the study area to range between 63 and 137.6 °C.




4.3.2. Modeling of Multi-Mineral Saturation States


The multi-mineral equilibrium method used for geothermal systems represents a reservoir temperature calculation technique grounded on the simulation of multi-component chemical equilibrium in a geothermal system [50,51,52,53,54]. This method works on the principle that saturation indices (SIs) (SI = log(Q/K)) for an array of minerals synchronously converge to SI = 0 at a specific temperature [55]. Therein, Q denotes the ion activity product of the water sample, and K denotes the equilibrium constant (Reed) [53]. This temperature is identified as the fluid–mineral equilibrium temperature, which corresponds to the estimated reservoir temperature of a geothermal system [50].



In this study, the saturation indices of seven distinct minerals, namely dolomite, fluorite, quartz, chalcedony, calcite, gibbsite, and illite, at varying temperatures, were computed using the Phreeqc software (V 3.6) [56]. Subsequently, the log(Q/K) vs. T equilibrium diagrams for the water samples from the study area were constructed. The temperature intervals at which the curves of multiple minerals converge on the straight line with the vertical coordinate, log(Q/K) = 0, denote the temperatures of deep geothermal reservoirs.



An inspection of Figure 7 reveals that merely a minor segment of the mineral SI curves aligns with the straight line with the vertical coordinate, log(Q/K) = 0. The convergence temperature intervals appear rather dispersed, a phenomenon that is potentially attributed to the influence of cold water mixing occurring as the geothermal water ascends to the surface. Underground hot water undergoes modifications due to processes like precipitation, dissolution, and mixing during its ascent. Such alterations can result in an unbalanced appearance in the mineral SI curves [57]. Within this data set, the equilibrium diagrams for quartz, chalcedony, and calcite exhibited a more pronounced intersection with the straight line corresponding to the horizontal coordinate, log(Q/K) = 0. The reservoir temperature intervals determined by these intersections closely approach equilibrium. Furthermore, the Phreeqc software offers a limited temperature estimation range. Based on the findings presented in Figure 7 (these curves are optimized to fit the mineral data for each location), the reservoir temperature in the study area ranges between 80 and 140 °C.




4.3.3. Silica–Enthalpy Mixing Models


Fault development in the study area provides favorable runoff conditions, with the potential mixing of deep fluids with the near-surface cold water in the stage of geothermal water circulation. This study employed the silicon–enthalpy equation method [56,58,59] to analyze the hot water mixing conditions, constructing two distinct equations for the initial enthalpy of deep hot water [60]:


ScX1 + Sh(1 − X1) = Ss



(8)






SiO2cX2 + SiO2h(1 − X2) = SiO2s



(9)




where Sc is the enthalpy of the near-surface cold water, set at the local average annual temperature of 17.5 °C [20]; Sh denotes the initial enthalpy of the deep hot water; Ss is the final enthalpy of the hot water; SiO2c represents the SiO2 concentration in the near-surface cold water, established as 17.15 mg/L [20]; SiO2s is the SiO2 concentration in the deep hot water; and SiO2h is the initial SiO2 concentration in the deep hot water, and it is a function of Sh. X1 is the proportion of mixed surface cold water with respect to enthalpy formation; X2 is the proportion of mixed surface cold water with respect to SiO2 content formation.



Substituting the specific enthalpies and the SiO2 contents of underground hot water (Table 5) at designated temperatures in the study area into the equations yielded a series of X1 and X2 values (Table 6). Furthermore, the relationship between the hot water temperature and the cold water mixing ratio was plotted (Figure 8). The temperatures at the points of intersection between the X1 and X2 curves represent the highest reservoir temperatures before geothermal fluid mixing with cold water, as determined using the silicon–enthalpy equation method. As illustrated in Figure 8, the reservoir temperatures estimated using the silica–enthalpy equation method ranges from 100 °C to 150 °C.



This study estimated the deep reservoir temperature in the study area using the classical geothermometers, multi-mineral SI simulation, and the silicon–enthalpy equation method. The Si-enthalpy equation method operates under the ideal condition that no heat loss occurs in underground hot water prior to cold water mixing and takes into account the influence of cold water mixing on temperature reduction. However, the actual environment of deep geothermal reservoirs is more complex, and it is virtually impossible to achieve the ideal state. Furthermore, SiO2 minerals, such as quartz, calcite, opal, and so on, are pervasive in natural rocks, and water-soluble SiO2 is immune to common ionic effects, complex formation, and volatilization. Based on a thorough comparison of wellhead temperatures, geothermometers (Table 4), multiple mineral equilibrium diagrams, and the silicon–enthalpy equation method, it can be determined that the chalcedony geothermometer, which suggested deep reservoir temperatures ranging between 63 and 137.6 °C (Table 4), offered the most accurate estimation.





4.4. Circulation Depth


The Jizhong Depression, situated in the North China Plain, represents a sedimentary basin type of geothermal resources. In this region, the temperature of the underground hot water shows a positive correlation with the depth of thermal circulation. The following equation can be employed to approximate the depth of hot water circulation [61]:


  H =     t   1   −   t   2     I   + h  



(10)




where H is the depth of hot water circulation; t1 is the reservoir temperature (°C); t2 is the multi-year average air temperature (°C); I is the geothermal gradient (°C/100 m); and h is the depth of the constant temperature zone (m). For the study area, the reservoir temperature was estimated from the results derived using a chalcedony geothermometer. Furthermore, the annual average temperature was set at 17.5 °C, the geothermal gradient was chosen as 3.5 °C/100 m [24], and the constant temperature zone depth was based on the regional value of 25 m [60]. Using these parameters, the thermal circulation depth for the deep geothermal reservoirs in the study area was estimated to range between 1324 m and 3455 m (Table 7).





5. Conceptual Genetic Model


The destruction of the North China Craton led to the thinned lithosphere and pronounced tectonic and thermal activity, facilitating the upward heat conduction from deeper sections. Carbonate rocks, possessing high thermal conductivity, refract this heat. Furthermore, heat flow migrates from depression zones with a low thermal conductivity to elevated areas with higher conductivity. By combining these mechanisms with favorable conditions, geothermal reservoirs that are abundant in deep geothermal resources are formed within the carbonate rock strata characterized by extensive karst fissures [62,63,64]. Based on the geochemical characteristics of thermal fluids in the geothermal reservoirs of ancient buried hills in the northern Jizhong Depression, as well as the geothermal geological conditions in the study area, this study established a conceptual model for the deep karst geothermal system; atmospheric precipitation in mountainous areas permeates through faults, journeying deep due to gravity. Over prolonged recharge via lateral runoff, this water enters the interior of the depression, fully absorbing significant heat from deeper sources. As a result, deep geothermal reservoirs form in the northern Jizhong Depression. Concurrently, regional tectonic faults offer optimal pathways for the transfer of deep water and heat sources. Furthermore, the deep groundwater circulation promotes the formation of geothermal anomalies (Figure 9).




6. Conclusions


The following conclusions can be drawn:



(1) Underground hot water samples from the deep carbonate geothermal reservoirs in the study area generally exhibit weak alkalinity. The total dissolved solids (TDS) in underground water increase progressively from the recharge area to the runoff area and finally to the discharge area. Concurrently, the hydrochemistry transitions from an oxidizing environment to a reducing environment. The primary recharge source for deep geothermal reservoirs is atmospheric precipitation in mountainous areas. As the depth of carbonate geothermal reservoirs increases, the environment becomes increasingly isolated, with intensified water–rock interactions and pronounced isotope exchange in warmer zones.



(2) The most suitable geothermometer for deep karst geothermal reservoirs in the study area is the chalcedony geothermometer. The estimated deep reservoir temperature ranges between 63 °C and 137.6 °C.



(3) Atmospheric precipitation in mountainous areas permeates through piedmont faults, journeying deep due to gravity. Regional tectonic faults provide favorable channels for the transfer of deep water and heat sources. Furthermore, deep groundwater circulation promotes the formation of geothermal anomalies.
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Figure 1. (a) Tectonic units of Bohai Bay Basin. (b) Distribution map of faults in the Jizhong Depression. (c) Distribution map of geothermal fluids in the study area (modified from [28,29]). 
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Figure 2. Geothermal fluid Piper trilinear diagram. 
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Figure 3. Diagram of anion and cation content of geothermal fluids in the study area. 






Figure 3. Diagram of anion and cation content of geothermal fluids in the study area.



[image: Water 15 03881 g003]







[image: Water 15 03881 g005] 





Figure 5. Plot of δ2H (‰) and δ18O (‰) of geothermal fluids in the study area. 
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Figure 6. Diagrammatic representation of the Na-K-Mg equilibrium of geothermal fluids. 
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Figure 7. SI-T diagram of geothermal fluids in the study area. 
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Figure 8. Silica–enthalpy mixing models of geothermal fluids in the study area. 
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Figure 9. Distribution map of geothermal fluids in the study area [21,23]. 
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Table 1. Hydrochemical analysis data of the geothermal water from different aquifers in the study area (mg/L).
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Sample No.

	
Station

	
Longitude

	
Latitude

	
T (°C)

	
TDS

	
pH

	
K+

	
Na+

	
Ca2+

	
Mg2+






	
JZ01 *

	
Taihang Mountains

	
115°12′35.04″

	
39°04′13.37″

	
14.0

	
458

	
7.69

	
0.7

	
9.02

	
70.6

	
25.2




	
JZ02 *

	
Taihang Mountains

	
115°47′36.9″

	
39°19′51.1″

	
14.0

	
501.9

	
7.92

	
2.3

	
15.6

	
80.8

	
23.5




	
JZ03

	
Daxing Uplift

	
116°46′55″

	
39°55′02″

	
33.9

	
619.6

	
8.37

	
19

	
136.5

	
8.7

	
18.7




	
JZ04

	
Daxing Uplift

	
116°57′40″

	
40°00′02″

	
59.2

	
675.8

	
7.93

	
24.7

	
128

	
28.6

	
12.5




	
JZ05

	
Daxing Uplift

	
116°47′57″

	
39°53′21″

	
37.9

	
670.2

	
7.85

	
19.3

	
153.5

	
13.4

	
9.6




	
JZ06 *

	
Beijing Depression

	
/

	
/

	
36.4

	
498.4

	
8.2

	
9.5

	
57.1

	
67.4

	
23.5




	
JZ07 *

	
Beijing Depression

	
/

	
/

	
67.0

	
473.9

	
7.9

	
9.2

	
74.9

	
46.7

	
19.9




	
JZ08 *

	
Beijing Depression

	
/

	
/

	
45

	
711

	
8.2

	
18.6

	
177.5

	
39.3

	
14.4




	
JZ09 *

	
Beijing Depression

	
/

	
/

	
58

	
1520

	
8.3

	
36.3

	
533.8

	
13.2

	
5.7




	
JZ10

	
Langgu Depression

	
116°12′44″

	
39°29′05″

	
74.4

	
3076

	
7.24

	
54.6

	
954.4

	
41.9

	
22.6




	
JZ11

	
Langgu Depression

	
116°03′53″

	
39°07′03″

	
82

	
3267.4

	
7.64

	
55.1

	
1019

	
40.8

	
24.8




	
JZ12

	
Niutuozhen Uplift

	
116°21′47″

	
39°14′51″

	
86

	
2940

	
7.13

	
55.6

	
970

	
43.7

	
26.5




	
JZ13

	
Niutuozhen Uplift

	
116°19′59″

	
39°12′34″

	
86

	
2842

	
7.57

	
50.6

	
915.9

	
41.6

	
21.7




	
JZ14

	
Niutuozhen Uplift

	
116°16′35″

	
39°13′42″

	
80

	
2971.9

	
7.61

	
53.6

	
958.7

	
47.3

	
24.8




	
JZ15

	
Niutuozhen Uplift

	
116°17′12″

	
39°13′47″

	
80

	
2899.3

	
7.15

	
51.3

	
950.1

	
50

	
22.6




	
JZ16

	
Niutuozhen Uplift

	
116°20′15″

	
39°13′12″

	
88

	
2958

	
7.42

	
56.1

	
934.4

	
41.9

	
19.3




	
JZ17

	
Niutuozhen Uplift

	
116°19′47″

	
39°13′14″

	
91

	
2871

	
7.5

	
53.8

	
851.1

	
47.5

	
22.2




	
JZ18

	
Niutuozhen Uplift

	
116°17′41″

	
39°14′08″

	
81

	
3137.2

	
7.6

	
52.5

	
989.5

	
71.4

	
36.1




	
JZ19

	
Niutuozhen Uplift

	
116°20′38″

	
39°13′39″

	
87

	
3044

	
7.31

	
51

	
933.2

	
42.4

	
21




	
JZ20

	
Niutuozhen Uplift

	
116°21′54″

	
39°15′08″

	
85

	
2787.6

	
8.2

	
51.6

	
855

	
49

	
23




	
JZ21

	
Niutuozhen Uplift

	
116°11′41″

	
39°08′40″

	
83

	
2991

	
7.3

	
54.8

	
914.3

	
48.1

	
23.3




	
JZ22

	
Niutuozhen Uplift

	
116°01′12″

	
38°56′15″

	
84

	
/

	
7.34

	
47.3

	
831.9

	
39.6

	
23.7




	
JZ23

	
Rongcheng Uplift

	
115°50′55″

	
39°03′08″

	
55

	
2881

	
7.61

	
44.6

	
841.5

	
65.6

	
30.4




	
JZ24

	
Rongcheng Uplift

	
115°52′53″

	
39°02′56″

	
50

	
2505

	
7.33

	
50.5

	
844.5

	
63

	
38.8




	
JZ25

	
Rongcheng Uplift

	
115°51′22″

	
39°02′42″

	
52

	
2734

	
8.87

	
41.1

	
800.3

	
62

	
31.5




	
JZ26

	
Rongcheng Uplift

	
116°55′03″

	
39°03′19″

	
53.1

	
3452

	
6.61

	
43

	
839.5

	
176.9

	
85.4




	
JZ27

	
Rongcheng Uplift

	
115°51′45.00″

	
38°59′07.59″

	
72

	
2787

	
7.4

	
43.2

	
782.6

	
55.4

	
29




	
JZ28

	
Rongcheng Uplift

	
115°52′59.11″

	
39°00′55.24″

	
62

	
2914

	
7.1

	
47

	
827.1

	
62.6

	
32




	
JZ29

	
Rongcheng Uplift

	
115°52′40.63″

	
39°05′29.03″

	
70.8

	
2704

	
7.32

	
41.8

	
774.3

	
48.9

	
26




	
JZ30

	
Gaoyang Low Uplift

	
115°56′37.91″

	
38°52′22.24″

	
109.2

	
2606

	
7.94

	
47.8

	
769.2

	
35.5

	
9.1




	
JZ31

	
Gaoyang Low Uplift

	
115°57′24″

	
38°47′09″

	
123.4

	
2980

	
8.48

	
64

	
920.6

	
17

	
4.3




	
JZ32 *

	
Rain Sample

	
115°55′42.36″

	
38°58′39.22″

	
20

	
26.88

	
7.85

	
1.2

	
4.4

	
54.3

	
19




	
Sample No.

	
Station

	
Li+

	
Sr2+

	
HCO3−

	
Cl−

	
SO42−

	
SiO2

	
F−

	
Hydrochemical Type




	
JZ01 *

	
Taihang Mountains

	
/

	
0.1

	
276.5

	
11.32

	
17

	
/

	
/

	
HCO3-Ca·Mg




	
JZ02 *

	
Taihang Mountains

	
/

	
0.38

	
261.1

	
17.95

	
68.1

	
/

	
/

	
HCO3-Ca·Mg




	
JZ03

	
Daxing Uplift

	
0.36

	
0.17

	
310.6

	
50.9

	
22.1

	
21.6

	
19.2

	
HCO3-Na·Mg




	
JZ04

	
Daxing Uplift

	
0.34

	
0.23

	
366

	
45.3

	
40.5

	
22.4

	
7.9

	
HCO3-Na




	
JZ05

	
Daxing Uplift

	
0.43

	
0.3

	
300.8

	
63.7

	
72.2

	
20.1

	
14.3

	
HCO3·Cl-Na




	
JZ06 *

	
Beijing Depression

	
0.15

	
1.89

	
271.5

	
33.5

	
133.8

	
73.4

	
4.7

	
HCO3·SO4-Ca·Na·Mg




	
JZ07 *

	
Beijing Depression

	
0.19

	
0.96

	
213.6

	
47.5

	
110.7

	
61.8

	
4.8

	
HCO3·SO4-Na·Ca·Mg




	
JZ08 *

	
Beijing Depression

	
0.3

	
1.14

	
348.4

	
105.5

	
129.8

	
58.9

	
7.2

	
HCO3·Cl·SO4-Na




	
JZ09 *

	
Beijing Depression

	
0.76

	
0.88

	
774.9

	
394.7

	
36.8

	
63.2

	
13.4

	
HCO3·Cl-Na




	
JZ10

	
Langgu Depression

	
1.97

	
1.89

	
529.4

	
1345

	
14.83

	
72.9

	
9.8

	
Cl-Na




	
JZ11

	
Langgu Depression

	
/

	
/

	
530.9

	
1453.4

	
90.9

	
68.8

	
11.6

	
Cl-Na




	
JZ12

	
Niutuozhen Uplift

	
1.51

	
1.65

	
476

	
1350

	
7.7

	
73.6

	
10

	
Cl-Na




	
JZ13

	
Niutuozhen Uplift

	
1.31

	
1.48

	
479.2

	
1215

	
8.58

	
57.7

	
17

	
Cl-Na




	
JZ14

	
Niutuozhen Uplift

	
1.85

	
1.66

	
488.1

	
1318.9

	
6

	
68.5

	
8.1

	
Cl-Na




	
JZ15

	
Niutuozhen Uplift

	
1.91

	
1.62

	
457.4

	
1289.3

	
4.8

	
60.5

	
9.7

	
Cl-Na




	
JZ16

	
Niutuozhen Uplift

	
1.72

	
1.69

	
481.5

	
1296

	
10

	
63.7

	
9.6

	
Cl-Na




	
JZ17

	
Niutuozhen Uplift

	
1.64

	
1.73

	
492.5

	
1288

	
6

	
57.9

	
10

	
Cl-Na




	
JZ18

	
Niutuozhen Uplift

	
1.87

	
1.6

	
452.3

	
1457

	
10.1

	
60.3

	
10.1

	
Cl-Na




	
JZ19

	
Niutuozhen Uplift

	
1.91

	
1.86

	
466

	
1418

	
3.89

	
60.2

	
9.5

	
Cl-Na




	
JZ20

	
Niutuozhen Uplift

	
1.61

	
1.47

	
472.4

	
1259.3

	
4

	
52.5

	
10

	
Cl-Na




	
JZ21

	
Niutuozhen Uplift

	
1.24

	
1.94

	
505.2

	
1375.6

	
3.9

	
46.9

	
2.1

	
Cl-Na




	
JZ22

	
Niutuozhen Uplift

	
/

	
/

	
482.1

	
1240.8

	
2.7

	
43

	
9.6

	
Cl-Na




	
JZ23

	
Rongcheng Uplift

	
1.25

	
2.17

	
585

	
1084

	
40.4

	
107.4

	
8.2

	
Cl·HCO3-Na




	
JZ24

	
Rongcheng Uplift

	
1.32

	
1.3

	
702.43

	
1095.4

	
14.1

	
150.3

	
7.5

	
Cl·HCO3-Na




	
JZ25

	
Rongcheng Uplift

	
1.21

	
1.62

	
618.8

	
1033

	
24

	
28.4

	
8

	
Cl·HCO3-Na




	
JZ26

	
Rongcheng Uplift

	
1.35

	
2.3

	
699.8

	
1450

	
43

	
50.2

	
7.3

	
Cl·HCO3-Na




	
JZ27

	
Rongcheng Uplift

	
1.56

	
/

	
704.3

	
1085

	
2.2

	
34.4

	
7.4

	
Cl·HCO3-Na




	
JZ28

	
Rongcheng Uplift

	
1.41

	
2.65

	
735

	
1118

	
4.2

	
41.6

	
6.5

	
Cl·HCO3-Na




	
JZ29

	
Rongcheng Uplift

	
1.36

	
2.51

	
645.2

	
1076

	
4.1

	
40.9

	
7.6

	
Cl·HCO3-Na




	
JZ30

	
Gaoyang Low Uplift

	
1.33

	
2.57

	
540.7

	
1041

	
12.8

	
46.3

	
7.3

	
Cl·HCO3-Na




	
JZ31

	
Gaoyang Low Uplift

	
1.75

	
2.32

	
448.7

	
1271

	
5.4

	
46.4

	
11.1

	
Cl-Na




	
JZ32 *

	
Rain Sample

	
/

	
0.15

	
17.9

	
1.74

	
1.6

	
21.6

	
/

	
HCO3-Ca·Mg








Note: “*” indicates the data collected from [21,31].













 





Table 2. δ2H (‰) and δ18O (‰) isotopic data of geothermal fluids in the study area.






Table 2. δ2H (‰) and δ18O (‰) isotopic data of geothermal fluids in the study area.





	Sample No.
	Station
	δ2H
	δ18O





	JZ01
	Taihang Mountains
	−61.64
	−8.4



	JZ02
	Taihang Mountains
	−67
	−9.3



	JZ06 *
	Beijing Depression
	−74
	−9.8



	JZ07 *
	Beijing Depression
	−81
	−10.2



	JZ08 *
	Beijing Depression
	−80
	−10.5



	JZ09 *
	Beijing Depression
	−80
	−10.2



	JZ17
	Niutuo Uplift
	−73
	−8.5



	JZ20
	Niutuo Uplift
	−73
	−8.6



	JZ25
	Rongcheng Uplift
	−74.62
	−8.79



	JZ27
	Rongcheng Uplift
	−74
	−8.8



	JZ28
	Rongcheng Uplift
	−75
	−9



	JZ29
	Rongcheng Uplift
	−75
	−9



	JZ30
	Gaoyang Low Uplift
	−71.99
	−8.44



	JZ31
	Gaoyang Low Uplift
	−73
	−8.5



	JZ32
	Rain Sample
	−75
	−10.5







Note: “*” indicates the data collected from [22].













 





Table 3. Geothermal temperature scale formula of the hot water.






Table 3. Geothermal temperature scale formula of the hot water.





	Geothermometers
	Formulas
	Numbers





	Na-K
	   T ( ° C ) =   1217   1.483   −     lg  ⁡    N a / K         −   273.15   
	(1)



	K-Mg
	   T   ° C   =   4410   14.0   −     lg  ⁡      K   2   / M g         −   273.15   
	(2)



	Na-K-Ca
	  T ( ° C )   =     1647   5.217   +     lg  ⁡    N a / K       +     2   3   l g ⁡ (  C a  / N a )     − 273.15
	(3)



	Quartz
	   T   ° C   = − 42.198 + 0.288   31 S i   O   2     −   3.6686 ×   10   − 4         S i   O   2       2     

   + 3.1665 ×   10   − 7       S i   O   2       3   + 77.0341 l g S i   O   2     
	(4)



	Quartz (no steam loss)
	   T ( ° C ) =   1309   5.19   −     lg  ⁡    S i O   2         −   273.15     
	(5)



	Quartz (maximum steam loss)
	   T ( ° C ) =   1522   5.75   −     lg  ⁡    S i O   2         −   273.1   
	(6)



	Chalcedony
	   T ( ° C ) =   1032   4.69   −     lg  ⁡    S i O   2         −   273.1   
	(7)







(According to [43,44,45,46]).













 





Table 4. Estimated temperature of the geothermal reservoir based on wellhead measurements and geothermometers.






Table 4. Estimated temperature of the geothermal reservoir based on wellhead measurements and geothermometers.





	
Sample

No.

	
Measured Water Temperatures

(°C)

	
Cationic Geothermometers

	
SiO2 Geothermometers




	
(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)

	
(7)






	
JZ07

	
67

	
238.0

	
56.7

	
29.9

	
112.3

	
112.0

	
111.3

	
82.9




	
JZ08

	
45

	
223.6

	
76.3

	
41.8

	
109.9

	
109.6

	
109.3

	
80.3




	
JZ09

	
58

	
188.3

	
105.8

	
60.3

	
113.4

	
113.1

	
112.3

	
84.1




	
JZ10

	
74.4

	
175.5

	
98.1

	
55.3

	
121.0

	
120.8

	
118.9

	
92.5




	
JZ12

	
86

	
175.6

	
96.4

	
55.3

	
120.8

	
120.6

	
118.7

	
92.3




	
JZ14

	
80

	
173.9

	
96.3

	
53.6

	
109.9

	
109.6

	
109.3

	
80.3




	
JZ15

	
80

	
171.4

	
96.4

	
52.0

	
113.4

	
113.1

	
112.3

	
84.1




	
JZ16

	
88

	
179.0

	
100.9

	
56.3

	
120.5

	
120.3

	
118.4

	
91.9




	
JZ19

	
87

	
172.2

	
97.1

	
53.5

	
117.4

	
117.1

	
115.7

	
88.5




	
JZ21

	
83

	
178.9

	
97.8

	
54.5

	
113.7

	
113.4

	
112.6

	
84.5




	
JZ23

	
55

	
170.1

	
88.8

	
46.8

	
99.2

	
98.8

	
100.0

	
68.7




	
JZ26

	
53.1

	
167.6

	
75.0

	
37.1

	
102.4

	
102.0

	
102.8

	
72.1




	
JZ28

	
62

	
175.1

	
89.5

	
48.8

	
93.9

	
93.4

	
95.3

	
63.0




	
JZ30

	
109.2

	
181.6

	
107.0

	
55.2

	
141.4

	
141.2

	
136.1

	
115.0




	
JZ31

	
123.4

	
189.9

	
127.0

	
69.3

	
161.6

	
161.3

	
152.9

	
137.6








Note: “(1)–(7)” indicates Equations (1)–(7) in Table 3.













 





Table 5. Relationship between temperature, enthalpy, and SiO2 contents.






Table 5. Relationship between temperature, enthalpy, and SiO2 contents.













	T

(°C)
	Enthalpy

(×4.1868 J/g)
	SiO2 (mg/L)
	T

(°C)
	Enthalpy

(×4.1868 J/g)
	SiO2 (mg/L)





	50
	50
	13.5
	200
	203.6
	265



	75
	75
	26.6
	225
	230.9
	365



	100
	100.1
	48
	250
	259.2
	486



	125
	125.4
	80
	275
	289
	614



	150
	151
	125
	300
	321
	692



	175
	177
	185
	
	
	







(According to [56]).













 





Table 6. Results of X1 and X2 of the hot water.






Table 6. Results of X1 and X2 of the hot water.





	
T (°C)

	
50

	
75

	
100

	
125

	
150

	
175

	
200

	
225

	
250

	
275

	
300






	
X1

	
JZ07

	
−0.52

	
0.14

	
0.40

	
0.54

	
0.63

	
0.70

	
0.75

	
0.79

	
0.83

	
0.86

	
0.90




	
JZ09

	
−0.25

	
0.30

	
0.51

	
0.63

	
0.70

	
0.76

	
0.80

	
0.83

	
0.87

	
0.90

	
0.93




	
JZ10

	
−0.75

	
0.01

	
0.31

	
0.47

	
0.58

	
0.65

	
0.71

	
0.75

	
0.80

	
0.84

	
0.87




	
JZ23

	
−0.15

	
0.35

	
0.55

	
0.65

	
0.72

	
0.77

	
0.81

	
0.85

	
0.88

	
0.91

	
0.94




	
JZ26

	
−0.10

	
0.38

	
0.57

	
0.67

	
0.74

	
0.79

	
0.82

	
0.86

	
0.89

	
0.92

	
0.95




	
JZ31

	
−2.26

	
−0.84

	
−0.28

	
0.02

	
0.21

	
0.34

	
0.44

	
0.52

	
0.59

	
0.64

	
0.70




	
X2

	
JZ07

	
13.23

	
−3.72

	
−0.45

	
0.29

	
0.59

	
0.73

	
0.82

	
0.87

	
0.90

	
0.93

	
0.93




	
JZ09

	
13.62

	
−3.88

	
−0.49

	
0.27

	
0.57

	
0.70

	
0.81

	
0.87

	
0.90

	
0.92

	
0.93




	
JZ10

	
16.48

	
−4.98

	
−0.83

	
0.10

	
0.48

	
0.64

	
0.77

	
0.84

	
0.88

	
0.91

	
0.92




	
JZ23

	
9.14

	
−2.14

	
0.04

	
0.53

	
0.72

	
0.79

	
0.88

	
0.91

	
0.94

	
0.95

	
0.96




	
JZ26

	
10.05

	
−2.50

	
−0.07

	
0.47

	
0.69

	
0.77

	
0.87

	
0.90

	
0.93

	
0.94

	
0.95




	
JZ31

	
37.48

	
−13.09

	
−3.32

	
−1.12

	
−0.23

	
0.20

	
0.46

	
0.62

	
0.72

	
0.78

	
0.80











 





Table 7. Estimation circulation depth of the hot water.






Table 7. Estimation circulation depth of the hot water.





	Sample No.
	I/(°C/100 m)
	t1/°C
	t2/°C
	h/m
	H/m





	JZ07
	3.5
	82.9
	17.5
	25
	1979



	JZ08
	3.5
	80.3
	17.5
	25
	1820



	JZ09
	3.5
	84.1
	17.5
	25
	1928



	JZ10
	3.5
	92.5
	17.5
	25
	2167



	JZ12
	3.5
	92.3
	17.5
	25
	2162



	JZ14
	3.5
	80.3
	17.5
	25
	1820



	JZ15
	3.5
	84.1
	17.5
	25
	1928



	JZ16
	3.5
	91.9
	17.5
	25
	2151



	JZ19
	3.5
	88.5
	17.5
	25
	2053



	JZ21
	3.5
	84.5
	17.5
	25
	1939



	JZ23
	3.5
	68.7
	17.5
	25
	1488



	JZ26
	3.5
	72.1
	17.5
	25
	1586



	JZ28
	3.5
	63.0
	17.5
	25
	1324



	JZ30
	3.5
	115.0
	17.5
	25
	2811



	JZ31
	3.5
	137.6
	17.5
	25
	3455
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