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Abstract
Thermal water is an important natural resource. The hydrogeochemistry and geothermometry of thermal water from 
the Qianyi well (TWQW), which is associated with the Tongjing Warm Springs located in the Eastern Sichuan Fold Belts 
in Chongqing, SW China, was investigated. The reservoir of this region consists of upper and middle Triassic carbonate and 
evaporite rocks. The TWQW was of Ca–Mg–SO4 type with water temperature of 47.3 °C. Plotting on the Giggenbach Na–K–
Mg diagram indicates that the TWQW was immature due to a mixing of shallow karst groundwater and thermal water. The 
mixing model indicates that the TWQW was composed of 49% deep thermal water and 51% shallow karst groundwater. Geo-
thermometers suggest a reservoir temperature of about 79 °C, locating this aquifer at a depth of ~ 2.5 km. The δD and δ18O 
values plot near the local meteoric water line, suggesting that the TWQW originates from local meteoric water at recharge 
elevations of ~ 780–1160 m a.s.l.. A conceptual model of the genesis for Tongjing Warm Springs was developed. Rainfall 
infiltrates via karst outcrops in the elevated areas of the northern Tongluoxia anticline, extracts heat from reservoir rocks 
at depth, dissolves minerals and becomes thermal water. The thermal water is driven by gravity, flows through the carbon-
ate–evaporite aquifer, and follows the Tongluoxia anticline of the Eastern Sichuan Fold Belts to the southwest. The thermal 
water ascends to the surface along the incision created by the Wentang River and mixes with shallow karst groundwater to 
create warm springs. This study may be relevant to other karst geothermal reservoirs in China.

Keywords  Carbonate–evaporite · Thermal water · Reservoir temperature · Mixture fraction · Geothermometer · Tongjing, 
China

Introduction

Geothermal resources are extensively distributed in China 
with diverse categories and rich capacity (Wang et al. 2013). 
Since 2006, the Chinese government has encouraged the 

development of geothermal energy along with other renew-
able energy sources (Zheng et al. 2010). China was one of 
the five countries with the greatest installed capacity and 
the greatest annual energy use in 2010 (Lund et al. 2011). 
Hydrothermal systems are widely distributed in China 
(Kong et al. 2014; Lu et al. 2018). Among these hydrother-
mal resources, karst thermal reservoirs are thought to have 
great energy potential and more economical production 
value, thus the karst geothermics in China has attracted sig-
nificant attention of researchers and developers (Pang et al. 
2018). Kong et al. (2014) pointed out that deep karst aquifers 
containing hot water are the most ideal targets for develop-
ment due to their favorable characteristics including high 
single-well yield, low salinity, easy reinjection, and fewer 
environmental impacts when exploited.

Southwest China’s Chongqing municipality, with a pop-
ulation of 33.9 million, is known throughout the country 
for its thermal waters. The geothermal field of Chong-
qing is a non-volcanic karst hydrothermal system, which 
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is located in the eastern Sichuan Basin. The geothermal 
resources of the Sichuan Basin account for the highest 
portion (up to 31.2%) of the total geothermal resources in 
China (Wang et al. 2013). Li and Liu (2011) documented 
the presence of 107 proven thermal waters, including 
26 spring groups, 16 mining waters, and 65 well waters 
within the city. The Nan Warm Springs, Bei Warm Springs 
and Dong Warm Springs in Chongqing have been explored 
for hundreds of years. However, historical thermal water 
resources in this region are becoming depleted due to 
excessive extraction and destruction of surrounding areas. 
Examples include the cessation of flow from the Xi Warm 
Springs in 1986, the drying up of the Nan Warm Springs 
and Xiao Warm Springs in the early 1990s, diminished 
flow and temperatures or the cessation of flow from the 
Dong Warm Springs, and considerable decreases in dis-
charge, temperatures and water levels in the Bei Warm 
Springs (Li and Liu 2011).

Currently, with rapid growth of the economy, the people 
of Chongqing are demanding more thermal water resources, 
which will consequently intensify the exploitation. In this 
context, investigation and knowledge of thermal water 
resources in the city, particularly their hydrogeochemistry 
and genesis, will become increasingly important. Despite 
this interest, little literature has been published on the ther-
mal waters in Chongqing, except for the work of Li and Liu 
(2011), Luo et al. (2006a, b), Cheng et al. (2015), Yang et al. 
(2017), and Xiao et al. (2018). They discussed the distribu-
tion, recharge, groundwater flow, discharge and geochemis-
try of thermal waters in Chongqing and offered insight into 
the thermal water resources available in this region.

The Tongjing Warm Springs include warm springs 
and drilling well waters which are famous scenic spots in 
Chongqing due to their clean water, high temperatures and 
excellent water quality for physical therapy and spa use. The 
thermal water from the Qianyi well (TWQW), one of the 
Tongjing thermal water resources, is now the main supply 
for commercial utilization (i.e., outdoor and indoor pools for 
swimming, physiotherapy and other health-care facilities). 
It attracts more than 400,000 bathers each year. In better 
understand the functioning of the thermal reservoir, the goal 
of this paper was to characterize the hydrogeochemistry of 
the TWQW, quantify the mixing fraction of cold water with 
the thermal water, determine the reservoir temperature, and 
describe the genesis of origin and migration for the thermal 
water. The present study contributes to a better understand-
ing of the thermal waters in the region and will aid in the 
long-term planning, management and use of the thermal 
water resources of the Tongjing Warm Springs, and the 
karst thermal water in Chongqing. Moreover, the widespread 
middle-to-low temperature karst geothermal reservoirs in 
China (Kong et al. 2014), coupled with the prevalence of 
geothermal utilization worldwide, suggest that this study can 

help understand the genesis and better management of other 
karst reservoirs globally, in particular for China.

Description of the study area

Geographical setting

The Tongjing Warm Springs are located in the Wentang 
River canyon in Tongjing Town, approximately 40 km from 
the downtown area of Chongqing (Fig. 1a). In 1982, the 
area of the Tongjing Warm Springs was designated a sce-
nic exploration and preservation region by the Chongqing 
Municipal Government.

The area has a subtropical humid monsoon climate with 
a mean annual air temperature and precipitation of 17.3 °C 
and 1152 mm, respectively. The majority of the annual pre-
cipitation (53%) falls in May through September. The Wen-
tang River, functioning as the local base level of erosion, 
runs through the study area from west to east (Fig. 1b).

Regional geological and hydrogeological 
framework

The study area is in the Eastern Sichuan Fold Belts charac-
terized by folds with an alternating anticline and syncline 
distribution trending NE–SW. In this region, there are anti-
clines including Libixia, Wengtangxia, Guanyinxia, Ton-
gluoxia, and Mingyuexia from west to east (Fig. 1a). The 
topography often coincides with the folds: anticlines form 
ridges, while synclines form valleys (Yang et al. 2017).

The Tongjing Warm Springs are situated on the east limb 
of the southern Tongluoxia anticline (Fig. 1b). The geologi-
cal succession outcropping from the anticline axis to the 
limbs is made up of (1) the lower Triassic Jialingjiang for-
mation (T1j) and middle Triassic Leikoupo formation (T2l) 
composed of carbonate and evaporite rocks (gypsum and/or 
anhydrite), > 650 m thick; (2) the upper Triassic Xujiahe for-
mation (T3xj) characterized by sandstone and shale ranging 
172–1090 m thick; (3) Jurassic shale and clayed mudstone 
with a thickness ranging 1402.7–2498 m (Zeng 2012). Only 
in the axis of the anticline is a large part of the carbonate 
eroded, which is completely confined by standstones and 
shales of the T3xj (Fig. 1b, c; modified from Zeng 2012). 
Because of the well-developed karst, two subterranean 
rivers, three shallow karst springs, and a cluster of arte-
sian warm springs (Tongjing Warm Spring) are dispersed 
through the region with a total discharge of 8641 m3/day 
(Zeng 2012).

The geothermal water system in this area consists of a 
low-heat conductive cap (cover), a karstified reservoir, and 
an underlying semi-confining bed. The Jurassic shale and 
clayed mudstone and the sandstone and shale of T3xj make 
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up the overlying low-heat conductive cap characterized by 
low thermal conductivity. The T2l and T1j host the thermal 
reservoir characterized by karstification, high connectiv-
ity, and intense groundwater circulation. The lower Trias-
sic Feixianguan formation (T1f), unexposed in the surface 
(Fig. 1c) and consisting of mudstone interbedded with lime-
stone, serves as the semi-confining bed underlying the ther-
mal reservoir and is greater than 500 m thick. The regional 

terrestrial heat flow is ~ 50 mW/m2, with an average thermal 
gradient of ~ 25°C/km with depth (Wang et al. 1990).

Qianyi well description

The thermal fluids of the Tongjing Warn Springs, which 
originally flowed out through artesian springs, now mainly 
flow from the Qianyi well. The total depth of the Qianyi well 
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Fig. 1   a Map showing the geologic structure and thermal waters of 
the Eastern Sichuan Fold Belts. The Eastern Sichuan Fold Belts con-
sist of a series of parallel anticlines and synclines trending NE–SW. b 
Hydrogeological sketch map of the area around the Tongjing Warm 
Springs. c Geologic section A–A′ crossing Tongjing Warm Springs. 
T1f  is the lower Triassic Feixianguan formation, mudstone interbed-
ded with limestone, serving as the semi-confining bed underlying the 

thermal reservoir, T1j + T2l is the  lower Triassic Jialingjiang forma-
tion and middle Triassic Leikoupo formation, carbonate and evapo-
rite  rocks that form the  thermal reservoir, T3xj is the upper Triassic 
Xujiahe formation, sandstone and shale, forming the heat cover layer, 
J is the  Jurassic formation, shale and clayed mudstone, also serving 
as a heat cover layer
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is as much as 486 m with a surface elevation of 194 m a.s.l.. 
It was drilled into the carbonate–evaporite aquifer of the T1j 
unit, starting from the Section III of T1j (T1j3), through Sec-
tion II of T1j (T1j2), and ending at the upper portion of T1j 
(T1j1) (Fig. 2). As the drilling log shows, T1j3 is primarily 
composed of thick-bedded limestone with thinner beds of 
dolomitic limestone and is 105 m thick. T1j2 consists of dol-
omitic limestone, limestone, and gypsum and/or anhydrite 
breccia with a thickness of 360 m. The T1j1 portion of the 
well consists of limestone and interbedded, thinner layers of 
argillaceous limestone and is 11 m thick.

The diameters of the Qianyi well range from 349.3 to 
152.4 mm from top to bottom as shown in Fig. 2. A hydrau-
lic conductivity value of 1.9 m/day was calculated for the 
aquifer based on measurements from a pumping test. During 
drilling of the well, drilling fluid was lost at a rate of 26 m3/s 
at a depth of 61.8 m, and all of the drilling fluid escaped 
when a depth of 83.54 m was reached, without return of 

any cuttings. Small caves at depths of 175.14–175.64 m 
and 343.57–343.77 m were encountered during the drill-
ing (Fig. 2). A maximum pumping rate of 3600 m3/day was 
recommended as a result of pumping test.

Methodology

The thermal water samples were collected and physical and 
chemical measurements were conducted from the outflow of 
the Qianyi well. The implicit assumption is that the meas-
ured temperatures represent the subsurface bottom well tem-
perature (with negligible experimental errors or at least very 
small errors as compared to the geothermometer errors) where 
the geothermal fluids equilibrated for its chemical and iso-
topic components and did not change since then (Verma and 
Santoyo 1997). A shallow karst groundwater (SKG; Fig. 1) 

Fig. 2   Lithostratigraphic log for 
the Qianyi well
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overlying the thermal reservoir was also sampled in compari-
son with the TWQW.

Field sampling

Water samples for cation analysis were collected in sterile 
60-mL sample bottles. The samples were acidified to a pH of 
< 2 by adding two drops of ultrapure nitric acid in the field. 
The water samples for anion analysis were collected in 1-L 
polyethylene narrow-mouth, screw-cap bottles. Water samples 
for δD and δ18O analyses were collected in 20-mL clean PETE 
bottles held underwater to prevent the inclusion of air bubbles. 
All water samples were refrigerated at 4 °C until analysis and 
were analyzed in the laboratory within 10 days of sampling.

Monthly water sampling was conducted from July 2014 
through June 2015. Sampling of the SKG was conducted in 
July and August 2014 and April 2015 (Table 1).

Measurement of physical and chemical parameters

The pH, temperature and dissolved oxygen values of the 
TWQW and SKG were measured in  situ using a WTW 
Multi-3430 (WTW Co., Ltd.) with the corresponding accura-
cies of 0.01 pH units, 0.1 °C and 0.01 mg/L, respectively. The 
HCO3

− concentrations were titrated in the field using an alka-
linity kit (Merck Co., Ltd.) with an accuracy of 0.1 mmol/L. 
The concentrations of cations were determined using an induc-
tively coupled plasma optical emission spectrometer (Perki-
nElmer Ltd.) with a stability of RSD < 1% over 1 h and a stand-
ard deviation of RSD ≤ 0.5%. The concentrations of anions 
were measured using the GB/T 8538 − 1995 standard method 
(State Bureau of Technical Supervision of China 1995). The 
anion–cation balance was examined with relative errors of less 
than 5%. The concentration of total dissolved solid (TDS) was 
calculated from the cation and anion concentrations.

The δD and δ18O were analyzed via an LGR laser spec-
troscopy, LWIA-30d liquid–water analyzer (Los Gatos 
Research, Inc.). Repeated analyses of several internal water 
standards showed that the precisions of δD and δ18O meas-
urements were better than 0.5‰ and 0.3‰, respectively. 
The results are reported in the delta (δ) notation relative to 
the V-SMOW standard and expressed in per mil (‰).

All measurements were conducted at the Laboratory of 
Geochemistry and Isotopes, Southwest University, Chong-
qing, China.

Results and discussion

Chemical composition

Table 1 lists the physical, chemical and isotopic composition 
of both the TWQW and SKG. Because thermal water mixed 

with the overlying SKG as it moved upward (described in 
detail in “Mixing fraction of shallow karst groundwater”), it 
is necessary to describe the physical and chemical properties 
of the SKG. The physical and chemical compositions of the 
TWQW were remarkably stable, as were those of the shal-
low karst groundwater (Table 1).

Chemical composition of the overlying karst groundwater

The SKG had an average water temperature of 17.4 °C and 
a pH of 7.3, indicating a weak alkaline pH. Among the cati-
ons, Ca2+ had the highest concentration, with an average 
of 104 mg/L (5.19 meq/L) and represented 74.8% of the 
total cations. Mg2+ had the second highest concentration, 
with an average of 19.8 mg/L (1.63 meq/L) and represented 
23.5%. Small amounts of Na+, K+ and Sr2+ were also pre-
sent in the water. Among the anions, HCO3

− had the highest 
concentration, with an average of 323.3 mg/L (5.3 meq/L), 
and represented 78.6% of the total anions. SO4

2− had the 
second highest concentration, with an average of 61 mg/L 
(1.27 meq/L), and represents 18.8%. Small amounts of 
Cl− and NO3

− were also present. Therefore, the hydrochemi-
cal facies of SKG was of Ca–Mg–HCO3 (Fig. 3), which is 
one of the typical geochemical facies in karst environments 
(Ford and Williams 2007). The dissolved oxygen and SiO2 
concentrations of the water were 7.72 mg/L and 5.37 mg/L, 
respectively. A TDS of 530 mg/L indicates that the sam-
ple was fresh water. The mean values of δ18O and δD were 
− 8.91‰ and − 59.79‰, respectively.

Chemical composition of the thermal water

The mean water temperature of the TWQW was 47.3 °C, 
and the pH was 6.8, indicating a neutral pH. Among the 
cations, the Ca2+ concentration was the highest, 513 mg/L 
(25.6 meq/L), which represented 66.6% of the total cations. 
The Mg2+ concentration was the second highest, 106.9 mg/L 
(8.8 meq/L) and represented 22.9%. The concentrations of 
Na+ and K+ were 62.9 mg/L (2.74 meq/L) and 37.7 mg/L 
(0.96 meq/L), respectively, and these cations represented 
7.1% and 2.5% of the total cations, respectively. The Sr2+ 
concentration was 13.7 mg/L (0.31 meq/L). Among the 
anions, SO4

2− had the highest concentration, 1521 mg/L 
(31.69 meq/L), and represented 88.2% of the total anions. 
HCO3

−, unlike as a dominant anion in the SKG, had the 
second highest concentration, 209.4 mg/L (3.43 meq/L), and 
represents 9.4%. Small amounts of Cl− and NO3

− were also 
present. The dissolved oxygen and SiO2 concentrations in 
the water were 2.55 mg/L and 16.81 mg/L, respectively. The 
thermal water was of Ca–Mg–SO4 type (Fig. 3).

Carbonate thermal waters are frequently characterized 
by high Ca2+ and SO4

2− concentrations due to dissolution 
of gypsum and/or anhydrite in the host rock (Goldscheider 
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et al. 2010; Yang et al. 2017; Xiao et al. 2018). The gypsum 
and anhydrite minerals develop in the well at depth (Fig. 2). 
The high Ca2+ and SO4

2− concentrations in the TWQW, 
therefore, are derived from the dissolution of gypsum and 
anhydrite in the host rock, which is confirmed by Xiao 
et al. (2018) using sulfate isotope in Qingmuguan Warm 
Springs and Bei Warm Springs (Fig. 1a). The relatively 
lower HCO3

− concentrations in TWQW are ascribed to the 
common ion effect (Jin et al. 2010; Yang et al. 2017), which 
is characterized by a higher concentration of Ca2+ derived 
from the dissolution of gypsum and/or anhydrite strongly 
inhibiting the dissolution of carbonate (calcite and dolo-
mite). Notably, the TDS in TWQW was 2493 mg/L, almost 
five times that of the SKG, indicating that the TWQW is 
brackish. The δD and δ18O values of the TWQW ranged 
from 50.3 to 61.8‰ and from 7.7 to 9.1‰, respectively, 
with mean values of − 55.5‰ and − 8.2‰, respectively.

Mixing fraction of shallow karst groundwater

The Na–K–Mg diagram of Giggenbach (1988) has been 
widely used to evaluate the water–rock equilibrium in ther-
mal waters. Based on its hydrochemistry, the TWQW was 
plotted on a Na–K–Mg diagram (Fig. 4). The water plotted 
in the immature field, suggesting the addition of a significant 
quantity of cold water (shallow karst groundwater) as the 
deep hot (thermal) water moves upward, which is typical of 
such systems worldwide (e.g., Pastorelli et al. 1999; Pirlo 
2004; Cruz and Franca 2006; Tassi et al. 2010; Cinti et al. 
2011; Guo and Wang 2012). This finding makes it important 

to calculate how much cold water is mixed with the deep hot 
water during its upwelling.

The thermal water ascends from depth along a permeable 
channel and, from a certain initial temperature, cools during 
this ascent. The rising deep hot water encounters cold water 
from a permeable stratum, and pressure induces the cold 
water to enter the deep hot water channel (e.g., Audra et al. 
2010; Stober et al. 2016). Subsequently, the mixed water 
flows from the ground and discharges as warm springs, or 
well waters. The SiO2 dissolved by the deep hot water in the 
deep reservoir follows the quartz solubility curve, and higher 
temperatures result in greater SiO2 solubility (Fournier and 
Truesdell 1974). The oversaturated SiO2, however, does not 
precipitate out of the thermal water with decreasing tempera-
ture (unlike when the amorphous SiO2 solubility is reached). 
Thus, the thermal water can “remember” its initial high tem-
peratures (Fournier and Truesdell 1974). Accordingly, the 
cold–hot water mixing inevitably causes the initial enthalpy 
and initial SiO2 concentration of the deep hot water to drop 
to the final enthalpy and SiO2 concentration of the thermal 
water. If the thermal water is saturated in dissolved SiO2, the 
temperature and SiO2 concentration in the thermal water are 
two different functions of the initial enthalpy of the thermal 
water, as expressed below (Fournier and Truesdell 1974):

 where Sc is the enthalpy of the cold water, Sh is the enthalpy 
of the deep hot water, St is the enthalpy of the thermal water, 

(1)ScX + Sh(1 − X) = St,

(2)SiO2cX + SiO2h(1 − X) = SiO2t,
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Fig. 3   Piper plot of the TWQW and SKG in Chongqing, SW China. 
Due to stabilization, all physical and chemical data overlap in the plot

Fig. 4   The TWQW plotted on the Na–K–Mg diagram of Giggenbach 
(1988). The TWQW is immature due to the mixing of the deep ther-
mal water and shallow karst groundwater. Due to stabilization, all 
physical and chemical data overlap in the plot
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SiO2c is the SiO2 concentration of the cold water, SiO2h is 
the SiO2 concentration of the deep hot water, SiO2t is the 
SiO2 concentration of the thermal water, and X is the mixture 
fraction of the cold water and deep hot water.

In Eqs. (1) and (2), only the cold water mixture fraction 
and the initial enthalpy of the deep hot water are unknown. 
The direct solution of these equations would be complex. 
However, the solutions can be calculated using a diagram-
matic method. According to Eqs. (1) and (2), the solutions of 
the cold water mixing fraction X can be obtained as follows 
(Fournier and Truesdell 1974):

and

Here, X1 and X2 are the two solutions of the mixture 
fraction of cold water to deep hot water. The other symbols 
are the same as those defined earlier. The point of intersec-
tion gives the estimated temperature of the reservoir and the 
fraction of cold water.

The SiO2 concentration of TWQW (SiO2t) used in the 
calculation is the measured concentration of 16.8 mg/L. This 
concentration demonstrates the thermal water is slightly 
saturated in dissolved SiO2 relative to quartz, and is far 
undersaturated in amorphous SiO2, which is suggested by 
the relationship between temperature and SiO2 (Fig. 5). The 
SiO2 concentration of the cold water (SiO2c) was 5.37 mg/L, 
obtained from the SKG. The enthalpies of the cold water 
(Sc) and thermal water (St) are obtained from Table 2 based 
on the temperatures of 18.5 °C and 47.3 °C of SKG and 
TWQW, respectively. Each of the enthalpies and SiO2 con-
centrations corresponding to the various temperatures in 
Table 2 were substituted in Eqs. (3) and (4) to produce the 

(3)X1 = (Sh − St)∕(Sh − Sc)

(4)X2 = (SiO2h − SiO2t)∕(SiO2h − SiO2c).

mixing proportion of cold water and to plot the diagram in 
Fig. 6. As shown in Fig. 6, the point of interpolated inter-
section of X1 and X2 shows that the 51% of shallow karst 
groundwater mixes with 49% of deep hot water. The fraction 
of the shallow karst groundwater is much lower than that of 
some karst geothermal systems (e.g., Lu et al. 2018). Karst 
sinkholes, shafts and fissures that connect the surface and 
shallow groundwater are common in the Eastern Sichuan 
Fold Belts (Yang et al. 2013, 2017). In addition, subter-
ranean rivers are widely distributed in Chongqing, which 
are abundant in shallow karst groundwater (Pu et al. 2012). 
These karst features allow the rising deep hot water to mix 
with cold shallow karst groundwater.

Fig. 5   Temperature vs. SiO2 graph indicating the dissolved SiO2 of 
the TWQW is slightly saturated and amorphous SiO2 is far undersat-
urated (modified from Majumdar et al. 2009). Due to stabilization, all 
physical and chemical data overlap in the plot

Table 2   Enthalpies of water and quartz solubilities at selected tem-
peratures (Fournier and Truesdell 1974)

Temperature (°C) Enthalpy (× 4.1868 J/g) SiO2 (mg/L)

50 50 13.5
75 75 26.6
100 100.1 48
125 125.4 80
150 151 125
175 177 185
200 203.6 265
225 230.9 365
250 259.2 486
275 289 614
300 321 692

Fig. 6   A mixing model indicates the fraction of shallow karst ground-
water and calculated reservoir temperature. The point of interpolated 
intersection of X1 (black line with squares) and X2 (red line with cir-
cles) gives the estimated temperature of the reservoir and the fraction 
of cold water. The value of the horizontal dotted line indicates 51% of 
the SKG mixing the hot water at depth, and the value of the vertical 
dotted line represents 79 °C of the reservoir temperature
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Thermal reservoir temperature

The thermal reservoir temperature is a crucial parameter in 
evaluating the potential of a geothermal field to utilize as 
a possible source of energy. Due to the above-mentioned 
mixing of shallow karst groundwater and deep hot water, the 
measured temperature at the outflow of the well in situ does 
not represent the real original temperature of the heat res-
ervoir, an important parameter indispensable for evaluating 
geothermal resources. From the mixing model, the reservoir 
temperature is approximately 79 °C (Fig. 6).

Moreover, it is possible to calculate the reservoir tem-
perature using a geothermometer, which assumes that hydro-
thermal fluids will reach chemical equilibrium with minerals 
under the reservoir temperature and this equilibrium remains 
even when the temperature of the thermal water decreases 
during its upward movement (Pirlo 2004).

Geothermometers presently used include cation geother-
mometers, e.g., K–Mg (Giggenbach 1988), Na/K (Ibrahim 
2002), Na–K–Ca (Fournier and Truesdell 1973) and Na–Li 
thermometers (Fouillac and Michard 1981), silica (quartz 
and chalcedony) geothermometers (Fournier 1977), isotope 
geothermometers (Millot and Négrel 2007) and gas geo-
thermometers (D’Amore et al. 1993). Since TWQW was 
immature and a result of the mixing of deep hot water and 
shallow karst groundwater (Fig. 4), the cation geothermom-
eter cannot be applied reliably to calculate the reservoir 
temperature. In this study, the silica-based geothermometer 
described by Fournier (1977) was selected to calculate the 
reservoir temperature.

Table 3 presents the calculated reservoir temperatures 
based on a silica geothermometer. The temperature from 
amorphous silica resulted in an unreliable negative value, 
which is attributed to the far unsaturation with respect 
to amorphous silica (Fig. 5). It is theoretically reliable to 
estimate the reservoir temperature using a quartz thermom-
eter (Fournier 1977) in the carbonate reservoir of Chong-
qing (Yang et al. 2017). However, the temperatures resulting 
from quartz geothermometers were much lower relative to 
the reservoir temperature calculated by the mixing model 
mentioned above. This is mainly because the contribution 

of SiO2 concentration in the mixing shallow karst ground-
water to the deep hot water is not excluded. It is therefore 
necessary to eliminate the mixing fraction of shallow karst 
groundwater and restore the real SiO2 concentration of the 
reservoir. According to the shallow karst groundwater mix-
ing fraction of 51% during the upward movement of thermal 
water, the pre-mix initial SiO2 concentration in the reservoir 
can be substituted into the respective silica geothermometers 
to calculate the initial reservoir temperature. The reservoir 
temperature can also be inverted by deducting the mixing 
fraction of shallow karst groundwater from the measured 
temperature in situ at the spring outlet, as given in Table 3. 
The restored temperatures from quartz-no steam loss 
(77.6 °C) and quartz-maximum after steam loss (81.5 °C) 
are nearly the same temperatures as the results from the 
methods of recovered measurement in situ (76.3 °C) and 
mixing model (79 °C). As such, the reservoir temperature 
used for the study area is assigned a mean value of 79 °C 
based on the four methods mentioned above. The calculated 
reservoir temperature of the study site is confirmed by a 
geological survey in Chongqing with a range of 64–104 °C 
(average 84 °C; Chongqing Municipal People’s Government 
2010) and the main urban areas of Chongqing with a range 
of 64.8–93.4 (average 82 Yang et al. 2017). In addition, the 
reservoir temperature of the study site is similar to that of 
other karst reservoir temperatures, such as in Tangshan, 
Nanjing (Lu et al. 2018), and northern Jinan, China (Wang 
et al. 2015).

Circulation depth of the thermal water

The groundwater circulation depth is an important con-
straint on the thermal water temperature. Assuming that the 
elevated temperature of the thermal water is due to heating 
during deep circulation, the circulation depth of the thermal 
water was calculated based on the reservoir temperature. The 
circulation depth of the thermal water was obtained using 
the following equation:

where d is the reservoir circulation depth in km, t is the res-
ervoir temperature in °C, t0 is the local average annual air 
temperature in °C, a is the geothermal gradient in °C/km, 
and h is the depth of the constant temperature zone in km.

The reservoir temperature (t) is roughly taken as 79 °C. 
The local mean annual air temperature (t0) is 17.3 °C, and 
the geothermal gradient (a) in Chongqing is thought to be 
25 °C/km (Wang et al. 1990). The depth of the constant tem-
perature zone is arbitrary to some extent and assumed to be 
0.03 km. Thus, Eq. 5 yields a reservoir circulation depth of 
2.5 km below the region. In 1983, well Tong-5 was drilled 
approximately 2.5 km east of the Qianyi well by the Sichuan 
Petroleum Administration to explore for natural gas in the 

(5)d = (t − t0)∕a + h,

Table 3   Reservoir temperatures based on different methods

Temperature (T) in °C

Method T Restored T

Quartz-no steam loss (Fournier 1977) 57 77.6
Quartz-maximum after steam loss (Fournier 

1977)
63.2 81.5

Amorphous silica (Fournier 1977) − 51.3 − 34.4
Mixing model (Fournier and Truesdell 1974) 89 –
Measured temperature in situ 47.5 76.3
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Carboniferous strata in the area. A hydraulic connection was 
shown to exist between Tongjing Hot Springs and Tong-5 
(Luo 2000). Deep thermal water at a stable temperature 
of 62 °C was encountered at depth ranging 1763–2003 m. 
Artesian flow from well Tong-5 was as much as 7200 m3/
day (Luo 2000). Therefore, if the reservoir temperature at a 
depth of 1.76 km is 62 °C, a reservoir temperature of 79 °C 
is likely at a depth of 2.4 km. This estimation is consistent 
with the calculated reservoir circulation depth of 2.5 km 
described in the previous section and confirms that the esti-
mated reservoir temperature of 79 °C is quite reasonable.

Elevation and temperature of the recharge zone 
based on isotopic composition

Condensation and evaporation cause different degrees of iso-
topic fractionation in natural waters during the transport of 
water masses, leading to characteristic δD and δ18O values 
(Craig 1961; Timsic and Patterson 2014). Since the global 
meteoric water line (GMWL) was established by Craig in 
1961 (Craig 1961), δD and δ18O values have been widely 
used to study water circulation. The effects of altitude 
(Dansgaard 1964) and temperature (Yao et al. 1996) on δD 
and δ18O values can be used to estimate the elevation and 
annual air temperature of the recharge area.

The δD and δ18O values of the TWQW varied more than 
the physical and chemical parameters. The δD and δ18O val-
ues of the TWQW plot along the Local Meteoric Water Line 
of Chongqing (Fig. 7, δD = 8.3 δ18O + 15.46; Li et al. 2010), 
suggesting that the thermal water is recharged primarily by 
local meteoric water. This is consistent with other studies 
demonstrating meteoric origins for thermal water around the 
world (e.g., Lee et al. 2011; Moreira and Fernández 2015), 
especially in carbonate reservoirs (e.g., Goldscheider et al. 
2010; Mao et al. 2015). Because no δD and δ18O data are 
available for the local rain water, Eq. (6) (Zhou et al. 2010), 
which is commonly used in China, was used to calculate the 
elevation of the recharge area:

Here, ALT is the elevation of the recharge zone in m a.s.l..
The δD values were substituted in Eq.  (6), yielding 

recharge elevations for the thermal water of 780–1160 m 
a.s.l. These recharge elevations agree well with the con-
clusions of Luo et al. (2006b), who estimated elevations 
of 800–1215 m for the recharge area of the Qingmuguan 
Warm Springs, which are located in a similar geologi-
cal and hydrogeological setting in the Eastern Sichuan 
Fold Belts (Fig. 1a). The 14C datum showed that the age 
of thermal water from well Tong-5 was 10,800 a (Luo 
2000), which indicates that meteoric recharge occurred in 
the early Holocene (Kutzbach 1981; Hudspith et al. 2015). 
Due to some uncertainty in extrapolating the relationship 

(6)�D = −0.03ALT − 27.

between recharge altitude and isotopic concentration back 
through time, the calculated recharge elevations are there-
fore only considered broad estimations (Wang et al. 2015).

The temperature effect of China’s meteoric water δD 
values was calculated using the following equation (Zhou 
et al. 2010):

where T is the mean annual air temperature of the 
recharge area in °C.

The resulting estimated mean annual air temperature 
of the recharge area is in the range of 10.1–13.9 °C. The 
mean NO3

− concentration of 0.67 mg/L in the TWQW is 
significantly lower than that of the shallow karst ground-
water (4.61 mg/L, Table 1). Nitrate is the most frequently 
introduced nutrient into groundwater systems from anthro-
pogenic sources (Umezawa et al. 2008; Allums et al. 2012; 
Opazo et al. 2016). This difference in nitrate concentra-
tions between TWQW and the SKG (Table 1) indicates 
that pristine ecologic environments are present in the 
recharge area.

The northern part of the Tongluoxia anticline, located 
north of the study site, shares similar geological structures 
and hydrogeological settings with the study area and exhibits 
the calculated elevations, mean annual air temperatures and 
ecologic environments. Because the δD and δ18O values of 
TWQW plot near the local meteoric water line of Chong-
qing (Fig. 7), little or no evaporation has affected the ther-
mal water. This further verifies that the recharge rainwater 
quickly percolates down to the groundwater zone. The set-
ting that possesses such characteristics is most likely a karst 
area (Ford and Williams 2007). Therefore, we assume that 
the ~ 100 km northeastern end of the Tongluoxia anticline 

(7)�D = 3T − 92,

Fig. 7   δD and δ18 O diagram for TWQW and SKG in Chongqing, 
SW China. GMWL global meteoric water line (δD = δ18O + 10; Craig 
1961); LMWL local meteoric water line of Chongqing (δD = 8.3 
δ18O + 15.46; Li et al. 2010)
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(Fig. 1a), where karst outcrops are well developed, is the 
recharge zone for the thermal water in the study area.

Genesis model of Tongjing Warm Springs

Based on the geologic, hydrogeologic, and chemical frame-
work of the study area (see above), the geothermal reservoir 
feeding the TWQW and nearby thermal water discharges 
is expected to be hosted in carbonate and evaporite rocks. 
Hence, we developed a conceptual model of the forma-
tion and migration of the thermal water in the Tongjing 
Warm Springs (Fig. 8). On a regional scale, groundwater 

movement from recharge to the discharge areas is gener-
ally gravity/topography driven (Tóth 1963; Jiang et  al. 
2012; Mádl-Szőnyi and Tóth 2015; Mádl-Szőnyi and Simon 
2016), and thermal karst groundwater is associated with the 
regional groundwater flow systems (Ma et al. 2011). The 
presence of a structurally weak zone, such as a permeable 
fault, is more favorable for the percolation of meteoric water 
to depths (Chandrajith et al. 2013). There is a Tongluoshan 
fault extending from northeast to southwest with a length of 
approximated 60 km across the northeast Tongluoxia anti-
cline (Fig. 1a). Carbonate rock outcrops are widely distrib-
uted in this area. The meteoric water percolates down into 

Fig. 8   Conceptual model of genesis for the hydrothermal system in 
the Tongjing Warm Springs which discharge from a regional ground-
water flow system driven by gravity/topography. Rainwater infiltrates 
in the northeastern Tongluoxia anticline at elevations ranging 780–
1160 m a.s.l. and descends to maximum depth of ~ 2.5 km below the 

region. The thermal water flows southward through the carbonate–
evaporite aquifer and ascends to the surface along the incision cre-
ated by the Wentang River or is drilled, and mixes with shallow karst 
groundwater to create warm springs. The carbonate and evaporite of 
T1j + T2l are exposed in the core of eroded anticlines
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the karst aquifer through karst sinkholes, shafts, fissures and/
or other permeable channels formed by the Tongluoshan 
fault connecting the surface to the subsurface at elevations 
of 780–1160 m a.s.l.. The water then percolates down into 
the carbonate and evaporite rocks of T1j and T2l, where it is 
heated by the rock. The carbonate–evaporite aquifer is lim-
ited at its base by the semi-confining and low-permeability 
mudstone interbedded with limestone of T1f. It thus forms 
a deep circulation within the carbonate–evaporite rocks 
at a circulation depth of ~ 2.5 km below the region. The 
water temperature rises to 79 °C and becomes deep ther-
mal water (Fig. 8). The substantial water–rock interaction 
between the deep thermal water and the surrounding rock 
causes a relatively high degree of mineralization, particu-
larly including ions derived from the dissolution of gypsum 
and/or anhydrite, such as Ca2+ and SO4

2−. Gypsum dissolu-
tion has produced significant porosity and permeability in 
the carbonate aquifer and this is an essential precursor to the 
development of karstic drainage (Gunn et al. 2006). Driven 
by the gravity/topography, the deep hot water originating 
from the recharge area is inferred to flow south-southward 
southwestward along the Tongluoxia anticline through the 
carbonate–evaporite aquifer of the T2l and T1j units.

Based on the observed structures and karst weathering, 
the shallow karst strata in the vicinity of the Tongjing Warm 
Springs contain abundant fissures, conduits, and channels 
connecting the surface and the aquifer. According to find-
ings observed in the Qingmuguan karst subterranean river 
system, which shares a similar geological setting, karst fis-
sures and other conduits can carry as much as 90% and 10% 
of the groundwater volume, respectively, in the shallow 
karst aquifer (Yang et al. 2013). The strata in the area of 
the Tongjing Warm Springs have been eroded by the Wen-
tang River (Fig. 1c). This erosion has caused a reduction in 
aquifer pressure, thereby providing hydrodynamics favoring 
the presence of warm springs. The deep hot water ascends 
along the karst fractures and mixes with the shallow karst 
groundwater characterized by low-temperature, low-TDS, 
and relatively high bicarbonate and nitrate concentrations, 
lowering the water temperature from 79 to 47.5 °C (Fig. 8). 
Hence the TWQW and its nearby warm springs discharge 
from a regional groundwater flow system from the northeast-
ern end of Tongluoxia anticline.

Conclusions

The geothermal reservoir feeding the TWQW and nearby 
thermal water discharges is expected to be hosted in carbon-
ate–evaporite rocks. The hydrochemical facies of TWQW 
was of Ca–Mg–SO4, whereas the overlying shallow karst 
groundwater was of Ca–Mg–HCO3. The chemical compo-
sition of the TWQW was immature. Deep hot water mixes 

with shallow karst groundwater during its ascent from the 
reservoir. According to the mixing model, the warm water 
consists of 49% deep hot water and 51% cold shallow karst 
groundwater. The reservoir temperature was approximately 
79 °C as calculated from the mixing model, recovered silica 
thermometers and in situ measurement with a reservoir cir-
culation depth of ~ 2.5 km. The δD and δ18O values of the 
TWQW suggest that the thermal water in the study area 
originates from local meteoric water at recharge elevations 
of 780–1160 m a.s.l. where mean annual air temperatures are 
10.1–13.9 °C. This recharge likely occurs at the northeastern 
end of the Tongluoxia anticline, where karst outcrops are 
well developed. Due to force by gravity, the hot water flows 
southwestward along the Tongluoxia anticline and reaches 
the surface as warm springs or is drilled through wells in 
areas where a relatively low pressure of the aquifer was 
incised by the Wentang River.

The sampling campaigns were carried out during normal 
weather. However, the hydrogeochemistry of the shallow 
karst groundwater is greatly impacted by storm events, espe-
cially in areas influenced by subterranean rivers (e.g., Vesper 
and White 2004; Yang et al. 2013). The physics and chem-
istry of both TWQW and SKG may be representative of the 
chemistry along a longer time interval in normal weather. 
Nevertheless, the genesis of the thermal water in the study 
area is accurate with the exception of mixing fraction which 
influenced during extreme weather.
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