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A B S T R A C T

Carbonate aquifers probably constitute the most important thermal water resources in non-volcanic areas, and
are characteristic of great energy potential and easier production as the most ideal targets for development in the
future. The thermal waters in the aquifers within Southeast Chongqing (SEC) of China occur in an extensive
region with an area of 198,000 km2, which are mainly hosted in the Cambrian and Ordovician carbonate-eva-
porite rocks. The thermal waters are mainly in pristine conditions and their genesis has not yet been fully
understood. The occurrence of thermal waters in SEC is closely related to the presence of deep-seated faults
which constitute pathways for the hydrothermal circulation. In this study, an investigation of water major ions
and environmental isotopes from 14 hot springs and three drilled wells was carried out to examine their hy-
drogeochemical evolution and to estimate reservoir temperature. The thermal waters have outflow temperatures
from 19 to 54.2 °C. They are divided into two hydrochemical groups with the Yushan Fault as a boundary: Group
A, located to the west of the fault, are characterized by facies of chloride sodium waters with higher TDS; Group
B, to the east of the fault, are more complicated sulfate-bicarbonate-chloride alkaline-earth waters with lower
TDS. The hydrochemical processes such as dissolution of carbonate, gypsum and/or anhydrite, and halite, the
common ion effect, and dedolomitization are evident based on the major ions and δ34SSO4 and δ18OSO4. The δ18O
and δD compositions of the thermal waters suggest a meteoric recharge in a relatively wetter and colder climatic
condition. The silica geothermometers show that the average reservoir temperatures are 63 ± 18 °C for Group
A, and 82 ± 15 °C for Group B. The corresponding average reservoir depths are estimated to be 2.5 ± 0.7 km
for Group A, and 3.2 ± 0.7 km for Group B. The corrected 14C ages of the thermal waters average at 14.8 ka BP,
corresponding to the late Pleistocene. A conceptual circulation model is proposed for the thermal waters. Driven
by gravity of topographic gradients, the percolating groundwater circulates at a specific depth, reaching a higher
temperature and interacting with the host carbonate with imbedded evaporitic minerals (gypsum and/or an-
hydrite, and additional halite for Group A) to be saline deep-seated thermal fluids. The fluids rise along faults
and emerge at the surface as thermal springs. The slow renewability rate of the thermal aquifers highlights the
importance of assessing the resource before groundwater exploitation and extraction.
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1. Introduction

The occurrence of thermal water is associated with lithostrati-
graphic and structural conditions. The most intensively studied thermal
water systems are those associated with active volcanic areas (e.g.
Dobson et al., 2018; Kalacheva et al., 2018; Kavouridis et al., 1999;
McMillan et al., 2018). However, carbonate aquifers probably con-
stitute the most important thermal water resources outside of volcanic
areas, which have received attention for their value in space heating,
electric power generation, and recreational purposes (Goldscheider
et al., 2010). Although there is no detailed and reliable global assess-
ment of thermal water resources (Goldscheider et al., 2010), deep
carbonate aquifers characterized by great energy potential and easier
production are the most ideal targets for development (Kong et al.,
2014; Pang et al., 2012, 2014). The thermal water resources in con-
tinental carbonate rock aquifers are normally related with deep and
regional flow systems and characterized by trans-formational hydraulic
continuity (e.g. Goldscheider et al., 2010; Tóth, 1995; Yang et al.,
2013). Groundwater circulation in these situations can be described as a
regional flow system which is generally gravity-driven by topographic
gradients (Jiang et al., 2012; Mádl-Szőnyi and Tóth, 2015; Tóth, 1963;
Yang et al., 2017). The precipitation falling in the higher-elevation
regions percolates into the aquifer, and is heated to result in deep-se-
ated thermal fluids. Ascending thermal fluid paths are generally con-
trolled by faults and fracture zones. which represent zones of enhanced
permeability (Qiu et al., 2018; Stober et al., 2016).

However, most of the carbonate thermal waters at great depths with
deep water circulation are often poorly understood (Goldscheider et al.,
2010). Geochemistry and isotopes are indispensable tools for studying
the hydrogeologic structure and functioning of these systems. Geo-
chemical and isotopic techniques applied during stages of exploration
and evaluation of geothermal resources, as well as monitoring studies,
are particularly important because of the information they provide re-
latively fast and at low cost (D'Amore and Arnórsson, 2000a; Fournier,
1977). Moreover, thermal waters including springs and well water
potentially provide information on geochemical processes acting deep
within aquifers (Gunn et al., 2006). As such, investigation of the geo-
chemical and related isotopic characteristics of thermal waters is al-
ways one of first steps in the evaluation of the geothermal potential of
an area. The basic approaches of studying thermal waters are to use the
major ions, stable isotopes and radioisotope data to define hydro-
chemical characteristics, the source of major ions and water, ground-
water residence time and other hydrodynamic features (e.g. Aquilina
et al., 2003; Gunn et al., 2006; Ma et al., 2011; Utting et al., 2013; Yang
et al., 2017). The application of geochemical and isotopic methods in
thermal exploration thus can provide very useful information on geo-
chemical evolution, water circulation, and water-rock interactions
within the carbonate aquifers that are difficult to obtain by other
techniques.

Moreover, a crucial point in the exploration of thermal water re-
sources is to know the precise temperature at depth of a particular
geothermal reservoir. The most reliable temperatures are obtained by
static bottom-hole temperature surveys for exploratory or production
wells. However, this way of temperature surveying, although often in-
evitable, is the most expensive approach due to the costly investment
for exploratory drilling (Adam and Jan, 2009). The application of
chemical and isotopic groundwater temperature indicators, the so-
called geothermometers, is based on temperature-dependent water–-
rock chemical equilibrium (chemical reactions or isotope equilibrium
fractionation relations) from which the equilibrium temperatures can
be estimated (D'Amore and Arnórsson, 2000b). The geothermometrical
methods mainly include cation geothermometers (e.g. Fournier and
Truesdell, 1973; Giggenbach, 1988; Verma and Santoyo, 1997), silica
geothermometers (e.g. Fournier, 1977; Verma and Santoyo, 1997),
isotopic geothermometers (e.g. Blasco et al., 2018; Lloyd, 1968), and
the theoretical geothermometer based on chemical thermodynamic

modelling (e.g. Pang and Reed, 1998). The estimated temperatures for
the deep reservoir allow reducing the cost of geothermal exploration.

In China, geothermal resources of the major basins are
24,964.4× 1018 J, which is equivalent to 8531.9× 108 tons of stan-
dard coal. The geothermal resources within the Sichuan basin ac-
count for the largest portion, calculated to be as much as 31% of the
total geothermal resources in China (Wang et al., 2013). Located in east
Sichuan basin, Chongqing Municipality has 107 areas that include
thermal water resources, and some of them are stored in Triassic car-
bonate rock aquifers within the urban area (e.g. Ta et al, 2019; Xiao
et al., 2018; Yang et al., 2017, 2019). The hydrogeochemistry of the
carbonate thermal water within the urban area of Chongqing were in-
vestigated in detail, showing that high concentrations of Ca2+ and
SO4

2− in the thermal waters are derived from the dissolution of gypsum
and/or anhydrite (Xiao et al., 2018; Yang et al., 2017, 2019), and re-
servoir temperatures were estimated to be 64.8–93.4 °C, averaging at
82 °C (Yang et al., 2017). However, compared to the urban area, the
hydrogeochemistry and geothermometry of the carbonate thermal
waters within southeastern Chongqing (SEC) are still unknown and no
literature about the hydrothermal characteristics is available, which is
probably attributable to the remote location and complex geology of
the area. Moreover, the social and economic development value will be
elevated as the construction for the high-speed rail connecting the
urban area and the SEC (Fig. 1a) will be completed in 2024. The de-
mand for thermal water resources will inevitably be increasing within
SEC, which requires a thorough investigation of the hydrothermal
aquifers for their potential and renewability for exploitation. This task
is impossible to achieve without knowledge of the hydrogeochemistry
and geothermometry within SEC. It is therefore highly necessary to
bridge the gap of knowledge for the thermal aquifers within SEC. The
study mainly aims to (1) characterize the hydrochemical properties of
the thermal waters, (2) understand the water-rock interaction processes
occurring at depth, (3) determine the recharge times, and estimate the
geothermal reservoir temperatures and their corresponding depths, and
(4) propose a conceptual hydrogeological model for genesis of the
thermal waters. To achieve these objectives, a combination of methods
including geochemistry (major ions), isotopes (34SSO4, 18OSO4, 18OH2O,
2HH2O, 13CDIC, 14CDIC), and geothermometers were used to study the
hydrothermal systems.

The methodological approaches utilized in this study are more re-
levant and useful in similar geological, hydrogeological, and geo-
chemical frameworks characterized by fault-controlled, low-tempera-
ture carbonate hydrothermal systems.

2. Study area

2.1. Geographical settings

Geographically, the SEC is located in the southeast part of
Chongqing Municipality (Fig. 1a). It includes the Districts of Qianjiang
and Wulong, Counties of Shizhu, Youyang, Pengshui, and Xiushan. The
local mean annual air temperature and rainfall are approximately
16.6 °C and 1300mm, respectively. The landscape is dominated by hilly
terraces with a relative elevation difference of 500–1000m. Func-
tioning as the local base level of erosion, several rivers run through the
study area, such as Wu River, Zhufo River, and A’peng River. In this
study, for chemical and isotopic analysis, a total of 14 hot spring sites
and three geothermal drilled wells from SEC were obtained during
December 2017 and June 2018. All of the sample points and their
sampling nos. are shown in Fig. 1a. The original set of chemical and
isotopic data of thermal fluids discharge from a region with an area of
19,800 km2 which accounts for approximately 20% of Chongqing mu-
nicipality, comprised between N 28°–30° and E 107.5°–109.3°, as shown
in Fig. 1a.
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2.2. Geological and hydrogeological settings

The SEC is characterized by a series of parallel and trending NE–SW
folds with alternating anticlines and synclines (Fig. 1b).

Stratigraphically, the outcropping formations include Paleozoic to
Quaternary sedimentary layers, lacking the Upper Silurian, Devonian,
Carboniferous formations due to paleo erosion. The Lower Cambrian
stratum consists of siltstone and shale with a thickness of> 373m

Fig. 1. (a) Generalized geology and location of the thermal waters within SEC; (b) Schematic hydrogeological and structural cross-sections of A–A′ reported in (a).
The study area is characterized by a series of parallel anticlines and synclines trending NE–SW. Most of the thermal waters align along the faults and rivers.
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(GBSP, 1979). The Upper and Middle Cambrian strata are limestone
and dolomitic limestone with a thickness of 1044–1322m, which are
imbedded with evaporites (halite, gypsum and/or anhydrite), in-
dicating the transition to a paralic continental environment. The Lower
Ordovician formations are composed of limestone, dolomite and bio-
clastic limestone with a thickness of 228–294m. The Middle and Upper
Ordovician, Middle and Lower Silurian strata mainly consist of shale
and sandstone, up to 2000m thick. The Permian and Triassic strata are
composed of shale, marl, and limestone containing chert nodules, with
a thickness of 1190–2009m. The Jurassic and Cenozoic formations are
composed of shale, sandstone, and breccia, which were uplifted and
partially eroded. The Quaternary formation is distributed sporadically.
Faults are well-developed with the NE–SW trend and dip to the
northwest at around 60° in the study area. Most faults are developed in
limbs of the anticlines and cut through the Ordovician and Cambrian
carbonate formations at depths more than 3 km (Fig. 1b).

Accounting for almost 55% of the study area, the carbonate aquifers
mainly consist of limestone and dolomite with resurgences via hot and
shallow karst springs with an average runoff of 4.5 L/s per km2. The
hydrothermal systems within SEC are manifested by hot springs
emerging around the faults at elevations of 184–960m a.s.L.. These hot
springs are artesian and issue from Cambrian and Ordovician carbonate
rocks mainly aligned along the faults (Fig. 1a). The deep-seated faults
are assumed to be major controls on groundwater flow, and act as
preferential pathways for thermal water ascent. Stratigraphically, the
hot springs are located at the flanks of anticlines. In the context of this
study, the Upper and Middle Cambrian and the Lower Ordovician
carbonate-evaporite rocks are of special interest in the study area as
they constitute the potential geothermal reservoir for the thermal
springs. These geothermal formations are affected by a highly devel-
oped deep-seated fault system which could be responsible for the re-
gional hydrothermal activities, especially where permeability is en-
hanced by well-developed faulting, fracturing, and karstification
processes. The geothermal reservoir is highly permeable with a hy-
draulic conductivity of 11.5m/d calculated by the pumping test from
the aquifer around sample no. 12. The thermal cover layer consists of
the Middle and Upper Ordovician, Silurian, Permian, and Triassic strata
more than 3000m thick. The Lower Cambrian stratum below the car-
bonate-evaporite rocks serves as the semi-confining bed underlying the
thermal reservoir. The regional terrestrial heat flow and average geo-
thermal gradient are about 53.7 ± 8.7mW/m2 (Jiang et al., 2019) and
21 °C/km with depth (see Section 5.3), respectively. The hydro-
geochemistry and possible sulfate sources of the shallow karst
groundwaters in the study area were investigated by Pu et al. (2013).

Most hot springs are not used, and discharge into the rivers, except
samples nos. 9 and 10 which are used for spa and therapeutic purposes
by the local residents. In recent years, three geothermal wells (samples
nos. 3, 12 and 13) were drilled and provide thermal water for the
commercial spa.

3. Methodology and materials

3.1. Sampling and measurements

Water temperature, pH, and specific conductivity (spC) were di-
rectly measured in the field using a WTW Multi3630 probe (WTW,
Germany), with accuracies of 0.1 °C, 0.01pH unit, and 1μS/cm, re-
spectively. The HCO3

− concentration was determined in the field by
titration with an alkalinity kit (Merck, Germany), with an accuracy of
0.61mg/L.

Prior to sampling, the water was filtered with φ0.45 µm membrane
filters and injected into 15, 500, 500, and 4500mL high-density poly-
ethylene bottles, respectively for measuring δD and δ18O, cations, an-
ions, and sulfur and oxygen isotope compositions of dissolved sulfate
(δ34SSO4 and δ18OSO4). The water samples for analyzing radiocarbon
activity concentrations (A14CDIC) and stable carbon isotope composition

of dissolved inorganic carbon (δ13CDIC) were promptly sampled in a 1 L
high-density polyethylene bottle to avoid mixing with air CO2. Before
collecting thermal water samples, all sampling bottles were flushed
with the same thermal water which was to be sampled later. The
samples for cation measurement were acidified by adding nitric acid to
make the pH < 2 immediately after sampling. All sample bottles were
carefully sealed with airtight caps and were refrigerated at 4 °C to
minimize bacterial growth.

Major cations were determined by 5110 inductively coupled
plasma-optical emissions spectroscopy (ICP-OES, Perkin Elmer, USA)
with an accuracy of 0.01mg/L. Major anions were measured by a T6
ultraviolet and visible spectrophotometer (Persee, China) with an ac-
curacy of 0.01mg/L. The above major ions were measured at
Geotechnical Engineering Testing Center of Chongqing, China. A total
of nine thermal water samples (nos. 1–4, 7, 8, 10, 16, and 17) were
analyzed for δ34SSO4, and seven samples (nos. 1–4, 7, 8, and 10) were
measured for δ18OSO4. Before measurement, the thermal water samples
were acidified to pH < 4 to remove bicarbonate. Then the water
samples were precipitated as BaSO4. The precipitate was recovered by
filtration, carefully washed with distilled water, and dried prior to
isotope analyses. The δ34SSO4 values are reported relative to the Vienna
Canyon Diablo Troilite standard (VCDT), and the δ18OSO4 values are
relative to Vienna Standard Mean Ocean Water (VSMOW). The mean
standard deviations were 0.2‰ for δ34SSO4 and 0.3‰ for δ18OSO4, re-
spectively. The δ34SSO4 and δ18OSO4 values were measured with a
DELTA V Plus isotope-ratio mass spectrometer (IRMS) at the State Key
Laboratory of Biogeology and Environmental Geology in Wuhan, China.
The A14CDIC, δ13CDIC, and δD and δ18O of five thermal water samples
(nos. 1, 2, 7, 10, and 16) were measured at Beta Analytic Inc. (Miami,
Florid, USA). The A14CDIC concentrations were determined by accel-
erator mass spectrometry (NEC, US) with 1σ. The A14CDIC contents are
reported in pMC (percent Modern Carbon). The δ13CDIC, δD and δ18O
were measured by Delta-Plus IRMS (Thermo Fisher Scientific, US) with
accuracies of 0.3‰, 2‰ and 0.3‰, respectively. While the δ13CDIC of
samples nos. 3, 4, 6, 8, 9, 13, and 17 were determined by MAT253
(Finnigan, Germany) with accuracies of 0.15‰ in the Institute of Karst
Geology, Chinese Academy of Geological Sciences, Guilin, China, their
corresponding δD and δ18O values were measured by a Liquid Water
Isotope Analyzer (Los Gatos Research Inc., USA), with mean standard
deviations of 0.3‰, 0.1‰ for δD and δ18O, respectively, which were
carried out in the Geochemistry and Isotope Laboratory, School of
Geographical Sciences, Southwest University, Chongqing, China. The
δ13CDIC values are relative to Vienna Pee Dee Belemnite (VPDB). The δD
and δ18O values are reported relative to VSMOW.

All major ion concentrations and isotopic data relative to the 17
thermal waters from SEC are reported in Table 1. The ionic charge
imbalance between the sum of major cations and anions, and saturation
indices (SIs) for the thermal water samples were calculated with a
geochemical PHREEQC code (Parkhurst and Appelo, 2013). The results
showed that all the samples have an ionic charge imbalance of
≤±5%.

3.2. Geothermometers

The application of geothermometers is based on several assump-
tions: that chemical equilibrium is established between the waters and
rock; there is an adequate supply of chemical reactants; and there is no
chemical re-equilibrium during ascent of the hot water (Fournier, 1977;
Fournier and Truesdell, 1974). The sulfate-water δ18O pair (δ18OSO4-

H2O) geothermometer is based on the assumption that two species are in
isotopic equilibrium with respect to oxygen and the isotope exchange is
a function of temperature (Lloyd, 1968), which was widely used in
some thermal aquifers (e.g. Adam and Jan, 2009; Awaleh et al., 2015;
Pang, 2001). The silica geothermometers, cation geothermometers, and
δ18OSO4-H2O geothermometer were employed in this study. Their
equations were expressed as follows:
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(1) Quartz (Fournier, 1977), tSiO2= [1309/(5.19− lgS)]− 273.15
(2) Improved SiO2 (Verma and Santoyo, 1997),

tSiO2=−44.119+0.24469S− 1.7414×10−4S2+ 79.305lgS
(3) K-Mg (Giggenbach, 1988), tK-Mg= 4410/[(14.0− lg(K2/

Mg)]− 273.15
(4) Na-K (Giggenbach, 1988), tNa-K= 1390/[1.75− lg(Na/

K)]− 273.15
(5) Na-K-Ca (Fournier and Truesdell, 1973), tNa-K-Ca= 1647/[lg(Na/

K)+ (4/3)lg(√Ca/Na)+ 2.24]− 273.15
(6) The pair sulfate-water δ18OSO4 and δ18OH2O (Lloyd, 1968),

lnα=3251/T2− 0.0056

where, t is the estimated reservoir temperature in °C; T is the esti-
mated reservoir temperature in Kelvin degree; S is the SiO2 con-
centration in mg/L; K, Mg, Na, and Ca are their corresponding con-
centrations in mg/L; α is the fractionation factor between 18OSO4 and
18OH2O.

4. Results

4.1. Hydrochemistry

The thermal waters have discharging temperatures from 19 to
54.2 °C (Table 1), with an average of 36.1 ± 10.8 °C, which is sig-
nificantly higher than the average annual local air temperature of
16.6 °C and belongs to low-temperature thermal water. The different
outlet temperatures of the thermal springs are probably ascribed to
local conditions depending on the velocity of water flow and time of
residence. Values of pH range between 6.8 and 8 (Table 1), averaging at
7.3 ± 0.3, which shows a neutral to weak alkaline aquifer condition.

A Piper triangular diagram is a useful method for plotting the results
of multiple analyses in the same graph, which can reveal grouping of
certain samples and show different hydrochemical characteristics
(Piper, 1944). A Schoeller diagram (Fig. 2b) illustrates how the main
variations appear precisely in these ions, in which two different cate-
gories of the thermal waters can also be recognized. On the basis of the
Piper plot (Fig. 2a) and Schoeller diagram (Fig. 2b), and the TDS values
(Fig. 2a, Table 1), the thermal waters of the study area are classified
into two hydrochemical categories, which showed strong variations in
the space divided by the Yushan Fault: Group A (nos. 11–17) within the
west of Yushan Fault is characterized by facies of chloride sodium
waters with higher TDS, ranging from 766 to 23,956mg/L and aver-
aging at 10,619 ± 7784mg/L, while Group B (nos. 1–10) within the
east of Yushan Fault is dominated by complex geochemical facies with
sulfate-bicarbonate-chloride alkaline-earth waters with relatively lower
TDS, ranging between 363 and 2364mg/L and averaging at
1088 ± 768mg/L. Specifically, the chemical compositions of Group B
are highly variable, including SO4–Ca·Mg (nos. 1, 4, 7 and 8),
HCO3·SO4–Ca·Mg (nos. 3, 5, 6, 9), HCO3·SO4–Ca (no. 10), and
SO4·Cl–Ca·Na (no. 2). Hydrogeologically, the two totally different facies
confirm the influence of the geological formations dominated by
Cambrian carbonate-evaporite rocks, and separate groundwater flow
systems.

The mineral composition of the thermal waters reflects the geolo-
gical formations (Chenaker et al., 2018). For cations, the Ca2+ con-
centrations are in the range of 70.7 to 680mg/L, averaging at
442 ± 234mg/L for Group A, and 57.8 to 500mg/L, averaging at
204.6 ± 170mg/L for Group B. The Mg2+ concentrations range from
3.0 to 201mg/L, averaging at 92 ± 74.3 mg/L for Group A, and 2.5 to
114mg/L, averaging at 44.6 ± 35.6 mg/L for Group B. The Na+

concentrations vary from 842 to 8160mg/L, averaging at
3722 ± 2357mg/L for Group A, and from 0.14 to 180.9 mg/L aver-
aging at 21.6 ± 56.1 mg/L for Group B. The K+ concentrations range
from 18.8 to 171.9 mg/L, averaging at 82 ± 47mg/L for Group A, and
from 0.68 to 18.7 mg/L, averaging at 6.5 ± 5.4 mg/L for Group B. The
mean concentrations of the major cations for Group A are much higherTa
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than those of Group B. All the major cation concentrations of the
thermal waters are significantly higher than those of the shallow karst
groundwaters of the study area (n=11) from Pu et al. (2013), which
reported average concentrations of 54.2 mg/L for Ca2+, 13.8mg/L for
Mg2+, 1.7 mg/L for Na+, and 1.3mg/L for K+.

For anions, the Cl− concentrations vary from 1343 to 12,617mg/L,
with an average of 5897 ± 3607mg/L for Group A, and from 0.44 to
295mg/L, averaging at 33.2 ± 91.9mg/L for Group B. The halite
dissolution causes the significantly higher Cl− and Na+ concentrations
of Group A (see Section 5.1). The SO4

2− concentrations range from 187
to 1953mg/L, with a mean value of 1164 ± 628mg/L, and from 56.1
to 1520mg/L, averaging at 536 ± 560mg/L for Group B. The SO4

2−

concentrations in the thermal waters are remarkably higher than those
of the shallow karst groundwaters of the study area measured at a mean
of 19.6 mg/L by Pu et al. (2013). This is in agreement with the high
sulfate concentrations that frequently occur in thermal springs that
discharge from carbonate aquifers (Blasco et al., 2017; Bouchaou et al.,
2017; Goldscheider et al., 2010; Yang et al., 2017). The HCO3

− con-
centrations vary between 120 and 220mg/L, averaging at
176 ± 39mg/L for Group A, and between 116 and 247mg/L, aver-
aging at 170 ± 43mg/L for Group B, which is similar with those of the
shallow karst groundwaters of the study area measured at 183mg/L
averagely by Pu et al. (2013). The average NO3

− concentrations are
1.8 ± 2.5mg/L for Group A, and 1.5 ± 1.6mg/L for Group B, which
is remarkably lower than those of the shallow karst groundwaters

measured at 12.7 mg/L in average by Pu et al. (2013), indicating that
the thermal aquifers are “isolated” from anthropogenic contamination.

According the classification of water based on TDS (Carpenter,
1977), the TDS values show that most thermal waters in Group A can be
classified into brackish or saline water, except sample no. 11 which
indicates fresh water with a TDS value of 766mg/L. Among Group B,
samples nos. 1, 2, 4 and 8 are brackish, while others are characterized
as fresh water. Generally, Cl− and Na+ are the major constituents that
generate the overall salinity, followed by SO4

2−, Ca2+, and Mg2+ in
Group A, while SO4

2−, Ca2+, Mg2+, and HCO3
− are the main con-

stitutes generating the brackish condition in Group B. The chemical and
physical properties of water depend on the amount and compositions of
dissolved materials, the migration depth, the residence time of the
water in the migration pathway, and rock-water interactions in for-
mations (Chenaker et al., 2018). Most major element concentrations
and TDS in the thermal waters are remarkably higher than those of
shallow karst groundwaters (Pu et al., 2013), suggesting that existence
of totally different hydrogeological environments between the thermal
waters and the shallow karst groundwater. Generally, the occurrence of
these thermal waters, as well as their chemical characteristics, seem to
indicate the existence of large-scale/regional deep-seated groundwater
flow systems, while the shallow karst groundwaters represent the local
flow systems (Tóth, 1963).

Fig. 2. (a) Piper plot and (b) Schoeller diagram of the thermal waters. The diagrams show that the thermal waters can be classified into two distinct categories: Group
A has facies of chloride sodium waters with higher TDS values; Group B is characterized by complex geochemical facies with bicarbonate-sulfate-chloride alkaline-
earth waters and relatively lower TDS values.

Table 2
Saturation indices of the thermal waters within SEC.

Sampling ID SIa (Anhydrite) SIc (Calcite) SId (Dolomite) SIg (Gypsum) SIh (Halite) SIq (Quartz)

1 −0.3 0.0 −0.3 −0.1 −10.1 0.8
2 −1.0 0.1 −0.4 −0.8 −5.9 1.1
3 −2.0 0.0 −0.1 −1.7 −10.8 0.5
4 −0.3 0.3 0.1 −0.1 −9.4 0.8
5 −1.9 0.1 −0.1 −1.7 −9.4 0.7
6 −1.3 0.7 1.3 −1.0 −9.0 0.7
7 −1.0 −0.2 −0.8 −0.7 −8.7 0.8
8 −0.7 −0.3 −1.1 −0.5 −9.5 0.9
9 −2.2 −0.2 −0.5 −1.9 −11.1 0.7
10 −1.8 −0.4 −2.1 −1.5 −9.4 0.8
11 −0.7 0.0 −1.8 −0.4 −3.8 0.9
12 −0.5 −0.1 −0.6 −0.3 −3.5 0.7
13 −0.5 −0.1 −0.7 −0.3 −3.5 0.7
14 −0.6 0.2 −0.1 −0.4 −2.8 0.7
15 −0.9 0.3 −0.4 −0.7 −3.1 0.5
16 −1.5 0.8 1.0 −1.3 −4.6 0.2
17 −1.7 −0.6 −0.4 −1.5 −3.6 0.4

P. Yang, et al. Journal of Hydrology 579 (2019) 124116

6



4.2. Saturation indices

The calculated thermodynamic equilibrium SIs of the thermal wa-
ters are presented in Table 2. The SIs of anhydrite, gypsum and halite of
the samples are undersaturated, indicating that these minerals are an-
ticipated to dissolve. SIs of calcite and dolomite are negative and po-
sitive, showing that the solution varies between oversaturation and
undersaturation. Samples are almost oversaturated with respect to
quartz.

4.3. Isotopic compositions

The δ18O values range from −9.2 to −7.0‰ (a mean value of

−8.1‰) for Group A (n= 2), and from −9.7 to −7.9‰ (a mean value
of −9.0 ± 0.6‰) for Group B (n= 9). The δD values vary between
−62.1 and −41.8‰ with an average of −52.0‰ for Group A (n=2),
and between −65.0 and −50.0‰ with an average of −59.5 ± 5.4‰
for Group B (n= 9). All of the thermal waters are situated along the
Global Meteoric Water Line (GMWL) defined by Craig (1961) and the
Chongqing Local Meteoric Water Line (CLMWL: δD=8.3
δ18O+15.46) carried out by Li et al. (2010) (Fig. 3) without indica-
tions of evaporation or water-rock interactions (i.e., enrichment of 18O).
This suggests that the thermal waters originate from local meteoric
water.

The δ34SSO4 values are from 29.6 to 32.1‰, with an average of
30.9‰ for Group A (n= 2), and from 25.3 to 37.4‰, with an average
of 31.6 ± 3.7‰ for Group B (n=7) (Table 1). The average δ34SSO4
values of both Group A and Group B are significantly higher than those
of shallow karst groundwaters reported at a mean of 6.6‰ by Pu et al.
(2013). None of the thermal waters of Group A were measured for
δ18OSO4, while the δ18OSO4 values range from 9. 2 to 16.2‰ averaging
at 13.7 ± 2.3‰ for Group B (n=7).

In Group A, the δ13CDIC values are in the range of −13.1 to −9‰,
with an average of −11 ± 2‰ (n= 3). For Group B, the δ13CDIC data
are in the range between −9.7 and −5.6‰, with an average of
−7.2 ± 1.6‰ (n= 9). The A14CDIC concentrations of sample no.16
sample is 83.9 pMC in Group A, and values range from 4.4 to 20.4 pMC
with an average of 11.6 ± 7.8 pMC for Group B (n=4) (Table 1). The
uncorrected ages of the thermal water range from 13 to 25 ka BP, ex-
cept for sample no. 16 with a value of 1.4 ka BP (Table 1). Except for
sample no. 16, thermal waters (n=4) are characterized by low A14CDIC

and high δ13CDIC values, suggesting a deep-seated fluid flow path and
generally longer residence time, or dilution with dead carbon produced
by carbonate dissolution (Clark and Fritz, 1997), where a consequent
isotopic exchange with the Cambrian carbonate matrix has occurred. It
is worth mentioning that sample no. 16 has high A14CDIC and low
δ13CDIC values (−13.1‰) reflecting a mixture of high fraction modern
water, and an important modern recharge with arrival of very “young”
14CDIC even related to the “nuclear epoch” (normally tritium-bearing
groundwater), which is verified by the relatively lower values of water
temperature and Cl− concentration, and a relatively higher NO3

−

concentration (Table 1).

4.4. Geothermometry

The estimated temperatures of the thermal waters from the study
area use the following geothermometers (Table 3 and Fig. 4): quartz

Fig. 3. δD vs. δ18O of the thermal waters within SEC. The thermal waters dis-
tribute near the Global Meteoric Water Line (Craig, 1961) and Chongqing Local
Meteoric Water Line (Li et al., 2010), suggesting that the thermal waters ori-
ginate from local meteoric water. The depleted 18O and 2H isotopes comparison
with local river waters suggests that the thermal waters are recharged at a re-
latively cooler and wetter climate condition.

Table 3
Calculated reservoir temperatures using different geothermometers and circulation depth. The average temperature (T) is based on the quartz and improved SiO2

geothermometers. The circulation depth is in km; all other values are in °C.

Sampling ID Quartz geothermometer
(Fournier, 1977)

improved SiO2 (Verma
and Santoyo, 1997)

Average T K-Mg (Giggenbach,
1988)

Na-K (Giggenbach,
1988)

Na-K-Ca (Fournier and
Truesdell, 1973)

Circulation
depth

1 81.7 82.5 82.1 37.6 323 −24.4 3.1
2 115.4 115.7 115.5 67.7 1544 69.9 4.7
3 57.0 57.2 57.1 9.1 297 −8.2 2.0
4 83.9 84.7 84.3 40.1 425 −18.5 3.3
5 79.1 79.9 79.5 40.5 524 50.7 3.0
6 76.2 77.0 76.6 41.3 529 34.8 2.9
7 80.5 81.3 80.9 41.9 609 21.0 3.1
8 94.5 95.2 94.9 50.5 331 1.3 3.8
9 70.2 70.9 70.5 13.4 447 6.9 2.6
10 80.3 81.1 80.7 48.8 719 16.3 3.1
11 89.6 90.4 90.0 136.0 6025 413.9 3.5
12 74.3 75.0 74.6 82.4 24,869 366.1 2.8
13 73.6 74.4 74.0 82.9 24,011 367.8 2.8
14 66.6 67.1 66.8 107.5 18,619 501.6 2.4
15 53.8 53.7 53.8 120.1 24,834 525.8 1.8
16 37.0 35.1 36.1 69.1 13,846 457.6 0.9
17 48.3 47.7 48.0 79.4 7873 2158.0 1.5
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geothermometer (Fournier, 1977), improved SiO2 geothermometer
(Verma and Santoyo, 1997), K-Mg geothermometer (Giggenbach,
1988), Na-K geothermometer (Giggenbach, 1988), Na-K-Ca geotherm-
ometer (Fournier and Truesdell, 1973), and δ18OSO4-H2O geotherm-
ometer (Lloyd, 1968). The estimated reservoir temperatures by the
quartz geothermometer (Fournier, 1977) vary in the range of 37–90 °C
(averaging at 63 ± 18 °C) for Group A, and 57–115 °C (averaging at
82 ± 15 °C) for Group B. The estimated temperatures measured by the
improved SiO2 geothermometer (Verma and Santoyo, 1997) are
35–90 °C (averaging at 63 ± 19 °C) for Group A, and 57–116 °C
(averaging at 83 ± 15 °C) for Group B. The K-Mg geothermometer
(Giggenbach, 1988) is indicative of the temperatures ranging from 69
to 136 °C, with an average of 97 ± 25 °C for Group A, and from 9 to
68 °C, with an average of 39 ± 17 °C for Group B. The geotherm-
ometers of Na-K (Giggenbach, 1988) and Na-K-Ca (Fournier and
Truesdell, 1973) yield abnormal temperatures. The temperatures esti-
mated by the δ18OSO4-H2O geothermometer of the seven selected
thermal water samples from Group B vary from 39 to 80 °C (Fig. 4).

5. Discussion

5.1. Principal geochemical processes

Ionic ratios are useful in providing insight into the geochemical
processes governing the water major ion chemistry (e.g. Marques et al.,
2013; Yang et al., 2017). The ionic analysis makes it possible to conduct
a preliminary screening of the geochemical reactions that occur in the
thermal aquifers.

Dissolution of halite releases equal mole concentrations of Na+ and
Cl− in the solution, and its corresponding reaction can be expressed as
Eq. (1), in which a Na+/Cl− equivalent ratio approximately equaling to
1 as a result of the halite dissolution. The plot of Na+ vs. Cl− has been
widely used to identify the mechanism of salinity (Dixon and Chiswell,
1992). The mmol/L ratio of Na+ vs. Cl− for all thermal waters plot
around the 1:1 line (Fig. 5a), indicating that the Na+ and Cl− derive
their salinity from the dissolution of halite within host sedimentary
formations. Indeed, a drilling report in 1970 s showed that the Middle
Cambrian carbonate aquifer within Group A was imbedded with
a >300m salt depositing layer (GBSP, 1979). Moreover, the SIs values
of halite are undersaturated (Table 2), indicating the thermal waters
could dissolve more halite. The saline springs characterized by the

hydrochemical facies of chloride sodium were widely found in the ad-
jacent areas in Sichuan basin, as a result of dissolution of the halite
formations (Guo et al., 2019). The existence of antecedent NaCl-type
water can also be found in the thick, dominantly siliciclastic low-per-
meability confining layer of confined carbonates (Mádl-Szőnyi and
Tóth, 2015).

NaCl→Na++Cl− (1)

The (Ca2++Mg2+) vs. (HCO3
−+SO4

2−) can be employed to in-
vestigate the main geochemical processes (Fu et al., 2018). If these ions
are controlled by carbonate and gypsum equilibrium, the equivalent
ratio of (Ca2++Mg2+)/(HCO3

−+SO4
2−) would be a 1:1 relation-

ship. All thermal water samples of the study are clustered closer to the
1:1 line (Fig. 5b), indicating that the dissolution of both carbonate and
gypsum (and/or anhydrite) is the predominant hydrochemical process
influencing water quality and is the main source of Ca2+, Mg2+,
HCO3

−, SO4
2− (Fisher and Mullican, 1997). Chemically, the dissolu-

tion of limestone and dolomite are characterized by mmol/L ratios of
1:2 and 1:4 for Ca2+/HCO3

− and Mg2+/HCO3
−, respectively, ex-

pressed as Eqs. (2) and (3). However, the mmol/L ratios of Ca2+/
HCO3

−, Mg2+/HCO3
− for most samples plot farther away from lines

1:2 (Fig. 5c) and 1:4 (Fig. 5d), respectively, suggesting that the Ca2+,
Mg2+ in the waters are not derived mainly from the dissolution of
limestone and dolomite.

CO2+H2O+CaCO3⇌ Ca2++2HCO3
− (2)

CaMg(CO3)2+ 2CO2+2H2O⇌ Ca2++Mg2++4HCO3
− (3)

The mmol/L ratios of Ca2+/SO4
2− of the thermal waters plot

around the 1:1 line of the theoretical slope of a gypsum and/or anhy-
drite solution in equilibrium (Fig. 5e) as written by Eq. (4), which
suggests that they are from the dissolution of evaporitic sulfate mi-
nerals. The SO4

2− concentrations of Group A are two times higher than
those of Group B (Table 1), because the solubility of gypsum is boosted
with the presence of NaCl in solution, up to three times (Klimchouk,
2000). In addition, the HCO3

− concentrations are not increasing with
the elevating Ca2+ concentrations, with a negative relationship be-
tween them (Fig. 5c) and negative correlation between HCO3

− and
SO4

2− (Fig. 5f), suggesting that the geochemical processes were con-
trolled by the common ion effect as expressed by Eq. (5) which in-
dicates dissolution of gypsum and/or anhydrite and forces calcite pre-
cipitation (Clark and Fritz, 1997; Jin et al., 2010). In Eq. (5), one mole
of SO4

2− is produced when gypsum and/or anhydrite dissolves, and
two moles of HCO3

− are lost as one mole of CaCO3 forms. This effect
was widely found in many carbonate hydrothermal systems (e.g. Yang
et al., 2017, 2019).

CaSO4·nH2O→ Ca2++ SO4
2−+nH2O (4)

2HCO3
−+CaSO4·nH2O→ CaCO3 ↓+CO2 ↑+SO4

2−+(1+n)H2O
(5)

where, the dissolution reaction for gypsum (n=2) and anhydrite
(n= 0).

It should be noted that the mean Mg2+ concentrations of Group A
and Group B are 3.2 and 6.7 times higher than those of shallow karst
groundwaters with a mean value of 13.8mg/L reported by Pu et al.
(2013), respectively. When dolomite is combined with the dissolution
of gypsum and/or anhydrite in aquifers, the process of dedolomitization
may take place, resulting in elevated concentrations of Mg2+ and
SO4

2−, and calcite precipitation (Appelo and Postma, 2005; Bischoff
et al., 1994; Jacobson et al., 2010), expressed as Eq. (6). This type of
reaction was described in other carbonate aquifers imbedded with
evaporitic sulfates (gypsum and/or anhydrite), such as carbonate
aquifers in Taiyuan, northern China (Ma et al., 2011), northeastern
Spain (Bischoff et al., 1994), southwestern Oklahoma (Raines and
Dewers, 1997), and southern Dakota, USA (Jacobson et al., 2010).

Fig. 4. Reservoir temperatures estimated by the δ18OSO4-H2O geothermometer.
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Thus, the high Mg2+ concentrations coupled with the positive re-
lationship between Mg2+ and SO4

2− (r= 0.64, n=17, not shown),
and no obvious relationship between Mg2+ and HCO3

− (Fig. 5d,
n=17), suggests that the Mg2+ in the thermal waters is derived from

dedolomitization driven by the dissolution of gypsum and/or anhydrite
rather than the dissolution of dolomite by CO2. Raines and Dewers
(1997) have reported that dedolomitization can occur only when
gypsum approaches equilibrium under slow-flow conditions, when time

Fig. 5. Ionic ratio plots of the major ions: (a) Cl−/Na+, (b) (HCO3
−+SO4

2−)/(Ca2++Mg2+), (c) HCO3
−/Ca2+, (d) HCO3

−/Mg2+, (e) SO4
2−/Ca2+, and (f)

HCO3
−/SO4

2− in the thermal waters from SEC.
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scales of the various mineral reaction rates approach each other.

CaMg(CO3)2+ CaSO4·nH2O→Mg2++SO4
2−+2CaCO3↓+nH2O

(6)

where, the dissolution reaction for gypsum (n=2) and anhydrite
(n=0).

The relationship between (Na+− Cl−) and
[(2SO4

2−+HCO3
−)− 2(Ca2++Mg2+)] (mmol/L) can determine

whether cation (sodium-calcium) exchange occurs (Carol et al., 2009;
Chen et al., 2014). If cation exchange dominates the geochemical
processes, the relationship between the two parameters should be linear
with a slope of 1. The (Na+− Cl−) vs.
[(2SO4

2−+HCO3
−)− 2(Ca2++Mg2+)] is plotted in Fig. 6, which

shows that the samples are not distributed around the slope of 1. This
suggests that the major cations do not participate in the cation ex-
change. Indeed, there are no feldspar, sodium-bearing minerals im-
bedded in the host carbonate rocks.

Since analysis of chemical compositions and ratio can only provide
the concentration of sulfate and its potential source, but not its definite
source, further analyses of isotopic 34SSO4 and 18OSO4 were carried out
to decipher the origin of the sulfate content. Because SO4

2− from dif-
ferent sources is characterized by distinct “fingerprints” (Clark and
Fritz, 1997), the dual stable isotopes of sulfate have been widely em-
ployed to determine the origin of SO4

2− in water, groundwater evo-
lution and water-rock interactions occurring in groundwater (thermal)
systems (e.g. González-Ramón et al., 2017; Grasby et al., 2000; Marques
et al., 2013; Xiao et al., 2018). This approach was particularly suc-
cessful when both the sulfur and oxygen isotope abundance ratios in the
sulfate ion were determined.

Pu et al. (2013) found that the shallow karst groundwaters in the
studied region ranged from 1.3 to 14‰ with an average of 6.2‰ for
δ34SSO4 and 6.7–45.1 mg/L with an average 19.6 mg/L for SO4

2, and
suggested multi-sulfur sources including atmospheric acid deposition,
dissolution of gypsum, oxidation of sulfide mineral, and contributions
from coal-containing strata or anthropogenic inputs. The δ34SSO4 and
SO4

2− in the thermal waters of this study are many times higher than
that of shallow groundwaters reported by Pu et al. (2013), suggesting
that they are governed by different sulfur sources and different

controlling mechanisms.
The SO4

2− in the thermal waters could result from isotopic ex-
change in the system SO4

2−–H2S, sulfate reduction, sulfide oxidation,
dissolution of evaporitic sulfate (gypsum and/or anhydrite), dissolution
of sedimentary sulfides (i.e., pyrite). The δ34SSO4 values of the thermal
waters (Table 1 and Fig. 7) are among the range of δ34SSO4 values in the
seawater during Cambrian times (around 30‰; Strauss, 1997), near the
values of 34 to 53‰ for phosphorites and carbonates within the
Yangtze Platform, China (Goldberg et al., 2005), and similar to the
range of 28.2 to 33.7‰ in Cambrian and Ordovician carbonate thermal
waters of the Tangshan hydrothermal system near Nanjing, China (Lu
et al., 2018). The δ18OSO4 values of the thermal waters (from 9.2 to
16.2‰, averaging at 13.7 ± 2.3‰) are in agreement with published
δ18OSO4 values of 14‰ from Cambrian evaporitic calcium sulfates
(Claypool et al., 1980) and correspond with isotopic compositions of
marine sulfate with a range of 12 to 15‰ throughout the period of late
Neoproterozoic to early Cambrian in Yangtze Platform, China
(Goldberg et al., 2005). Moreover, the dissolution of gypsum or anhy-
drite occurs without measurable isotope effects relative to the eva-
poritic sulfate minerals (Clark and Fritz, 1997). Thus, in combination
with the result of ionic ratios mentioned above, the SO4

2− in the
thermal waters are interpreted to be derived from the dissolution of
gypsum and/or anhydrite formed in the Cambrian and Ordovician
periods, which were found in the deeper regional formations within the
aquifer (GBSP, 1979). Gypsum dissolution has produced significant
tertiary porosity and permeability in the aquifers, which is an essential
precursor to the development of karstic drainage (Gunn et al., 2006).

Although there is no evidence from the ionic ratios showing the
dissolution of carbonate (limestone and/or dolomite), the HCO3

− ex-
isting in the thermal waters firmly suggests that the dissolution of
carbonate derived by CO2 occurs, which is covered by the other hy-
drochemical processes mentioned above. Thus, the dissolution of car-
bonate, gypsum and/or anhydrite and halite, common ion effect, and
dedolomitization mainly control the hydrochemical processes in the
carbonate-evaporite thermal aquifers of SEC. The occurrence of these

Fig. 6. Plot of (Na+− Cl−) vs. [(2SO4
2−+HCO3

−)− 2(Ca2++Mg2+)]
suggesting no cation exchange in the thermal waters in SEC.

Fig. 7. A plot of δ34SSO4 vs δ18OSO4 suggests that the sulfate in the thermal
waters is derived from the dissolution of Cambrian and Ordovician evaporites.
The isotopic range from oxidation of reduced inorganic sulfur is adapted from
Mayer and Krouse (2004), while the isotopic range of Cambrian and Ordovician
evaporites is base on the data from Strauss (1997), Goldberg et al. (2005), Lu
et al. (2018), and Claypool et al. (1980).

P. Yang, et al. Journal of Hydrology 579 (2019) 124116

10



thermal waters, as well as their diverse chemical characteristics, seem
to indicate that large-scale deep-seated groundwater flow systems exists
in the karstic aquifers.

5.2. Origin of the thermal waters

The potential water origin can be traced using stable oxygen and
hydrogen isotopes (Dansgaard, 1964). Except for sample no. 16, the
thermal waters have mean values of −9.0, −59.8‰ for δ18O and δD,
respectively, and very isotopically depleted compared to the water
samples from four rivers (Fig. 1) with a mean value of −6.3 and
−38.5‰ for δ18O and δD, respectively (unpublished data), suggesting
a paleoclimatic signature in the thermal waters (Dansgaard, 1964; Fu
et al., 2018; Huang et al., 2017a), and meaning that the recharging
meteoric water was recharged at a relative wetter and colder climatic
condition than present time. Except for sample no. 16, the corrected
A14CDIC dating of the thermal waters show that the average age is ap-
proximately 14.8 ka BP (see Section 5.4), corresponding to the late
Pleistocene. This confirms the depleted 18O and 2H characteristics of the
thermal waters. Thus, there is a positive relationship between δ18O and
A14CDIC (Fig. 8), because the less A14CDIC concentrations in the thermal
waters, the more residence time and more negative δ18O values are
(Stute and Deak, 1989). Dansgaard (1964) has reported that the δ18O
and δD values show a positive correlation with the temperature with a
slope of 0.69‰ per °C for δ18O and 5.6‰ per °C for δD. From this
information, it can be inferred that the thermal waters were recharged
under a paleoclimate characterized by a mean of 3.8 °C colder than the
present-day annual average temperature. This result is confirmed by
many studies in China. For example, lower winter temperatures in the
late Pleistocene as compared to modern times where demonstrated
during a study of the mammalian fauna from a cave in the Three Gorges
Area (Pang et al., 2017), approximately 200 km north away from the
study area; and the recharge temperatures in the late Pleistocene of
about 2–3 °C cooler than the modern mean annual air temperature
within the Minqin Basin, NW China (Edmunds et al., 2006).

Among the thermal waters, the isotopic enrichment of 18O and 2H of
sample no. 16 is associated with recent “younger” water recharge,
which is confirmed by high A14CDIC (as mentioned in Sections 4.3 and
5.4).

5.3. Reservoir temperature and circulation depth

The Na-K-Mg triangular plot proposed by Giggenbach (1988) was
introduced as a powerful tool in the interpretation of geothermal geo-
chemistry. In this plot, waters are divided into three groups, including
fully equilibrated water, partially equilibrated water, and immature
water, allowing a clear distinction to be made between waters suitable
or unsuitable for the application of cation geothermometers
(Giggenbach, 1988). The thermal waters of the study area are super-
posed on the Na-K-Mg Giggenbach plot shown in Fig. 9. Except for
sample no. 16, the thermal waters of Group A are located at the par-
tially equilibrated zone, whereas the samples of Group B plot near to
the Mg2+ corner and correspond to immature waters. This suggests that
the ascending deep-seated thermal fluids of Group B along with sample
no. 16 are mixing with cold water and/or re-equilibrating along their
circulation and thus unsuitable for the evaluation of cation equilibra-
tion. Moreover, in a sedimentary environment, the mineralogy of the
host rocks and the low prevailing temperatures (< 150 °C) lead to slow
kinetics, with the result that cation solute geothermometers based on
equilibrium with K-feldspars and Ca-bearing silicates cannot be applied
(Levet et al., 2006). Hence, all the temperatures given by the cation
solute geothermometers are baseless, which are characterized by un-
realistically high or negative equilibration temperatures (Table 3).

Most SIs of the thermal waters are undersaturated except for the
quartz values which are oversaturated (Table 2), which suggests that
the quartz equilibrium is established between the thermal waters and
host rock. So, the silica geothermometers may be most suitable for the
thermal waters from the study area. Best-estimated temperatures by the
quartz geothermometer (Fournier, 1977), and improved SiO2 geo-
thermometer (Verma and Santoyo, 1997) average at 63 ± 18 °C and
63 ± 19 °C for Group A, and average at 82 ± 15 °C and 83 ± 15 °C
for Group B. The estimated temperatures by these two geotherm-
ometers yield similar results and are within the uncertainty range
of± 20 °C, which is generally acceptable in geothermometrical calcu-
lations (Tole et al., 1993), and are consistent with estimated tempera-
tures averaging at 80 °C based on a chemical thermodynamic model
(unpublished data). The classical chemical geothermometers including
silica geothermometers provide good results in high temperature
(> 180 °C) systems hosted in rocks with feldspars and aluminosilicates
with which the waters have reached equilibrium, and these geo-
thermometers sometimes are not expected to be suitable for low-tem-
perature and/or carbonate-evaporite aquifers in some cases (Blasco
et al., 2018; Fournier and Truesdell, 1973). However, they can provide

Fig. 8. Relationship between δ18O and A14CDIC, indicating the more residence
time, the more depleted 18O in the thermal waters.

Fig. 9. Na-K-Mg Giggenbach plot of the thermal waters hosted by the fault area
within SEC.
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rational, consistent and verified results in some low-and medium-tem-
perature cases of carbonate systems (Bozdag, 2016; Renac et al., 2009;
Yang et al., 2017), and serve as a reliable estimation of the reservoir
temperature for thermal waters with high cation concentrations
(Shestakova and Guseva, 2018). As such, the reservoir temperatures
estimated by silica geothermometers in the study should be applicable
and reliable.

Most of the temperatures of Group B estimated by δ18OSO4-H2O

geothermometer are between 50 and 60 °C (Fig. 4), with one up to
80 °C. These results seem to be a little lower than those temperatures
calculated by silica geothermometers reported above, probably im-
plying an isotopic disequilibrium between δ18OSO4 and δ18OH2O for low-
temperature reservoirs. There are likely two reasons contributing to the
isotopic disequilibrium. The first one, the ascending deep-seated
thermal fluids mix with the shallow groundwater characterized by
lower concentration SO4

2− and enriched 18OH2O. The second one, the
exchange rates of oxygen isotope in the sulfate-water system are ex-
tremely slow. At earth-surface conditions it requires up to
100,000 years to approach near isotopic oxygen equilibrium between
dissolved sulfate and water (Lloyd, 1968). Hence, the δ18OSO4-H2O

geothermometer probably does not reflect the real reservoir tempera-
ture.

Moreover, the water oxygen signature from the thermal springs does
not show an enrichment of 18O (positive δ18O shift) with respect to that
of the regional and global meteoric water (Fig. 3). As meteoric water
infiltrates through the ground into the geothermal reservoir, isotopic
equilibrium with the surrounding rock matrix and the extent of isotopic
exchange are controlled by the temperature (Geyh, 2001). Isotopic
exchange of oxygen isotopes between the meteoric water and the car-
bonate or silicate formations with unchanged hydrogen isotope in high
temperature aquifers was widely documented around the world (e.g.
Gat, 2010; Tian et al., 2018; Wang et al., 2016). However, the water-
rock interaction has little effect on δ18O in groundwater at reservoir
temperatures< 90 °C (Mook, 2000). The lack of positive δ18O shift for
the thermal waters within SEC implies that the reservoir temperature
should be< 90 °C, which strangely suggests that the mean tempera-
tures estimated by silica geothermometers are rational, compared to the
temperatures estimated by other chemical geothermometers.

The maximum circulation depth of the thermal waters can be cal-
culated by an equation shown in Eq. (7). The estimated reservoir
temperature (t) is set to the average temperature estimated by the two
silica geothermometers, including the quartz geothermometer
(Fournier, 1977), and improved SiO2 geothermometer (Verma and
Santoyo, 1997). The local mean annual air temperature (t0) is 16.6 °C.
The depth of constant temperature zone (d) is assumed to be 0.03 km
according to Yang et al. (2019). The geothermal gradient (g) is from the
average value calculated by an equation as expressed by Eq. (8). The
bottom-hole temperature (tb), and the well depth (dw) in km are listed
in Table 4. Thus, the calculated g values of samples nos. 3, 5 and 12
(drilled wells) are 22.9, 21.1, and 19.5 °C/km, respectively (Table 4),
with an average of 21 °C/km, slightly below the average of the earth
crust (30 °C/km). These values are consistent with the thermal anomaly
described in this area with an average geothermal gradient value
of< 25 °C/km (Chen, 1994). The reservoir temperatures by silica
geothermometers in conjunction with the average geothermal gradient
of 21 °C/km indicate that the circulation depth ranges from 1.5 to

3.5 km with an average of 2.5 ± 0.7 km for Group A except for sample
no. 16, and 2 to 4.7 km with an average of 3.2 ± 0.7 km for Group B.
Although these values cannot be confirmed or rejected, they are the
most reliable data for the study area.

= − +D (t t )/ g d0 (7)

where, D is the circulation depth in km; t is the estimated reservoir
temperature in °C; t0 the local mean annual air temperature in °C; g is
the geothermal gradient in °C/km; and d is the depth of constant tem-
perature zone in km.

= −g (t t )/db 0 w (8)

where, g and t0 are same as in Eq. (7); tb is the bottom-hole temperature
in °C; dw is the well depth in km.

5.4. Residence time of the thermal waters

Estimating groundwater age is important and useful for any
groundwater resource assessment. Because numerous studies have re-
ported that the carbonate thermal waters are more than several thou-
sands of years old (Ettayfi et al., 2012; Mao et al., 2018; Yang et al.,
2017), the A14CDIC concentrations rather than the tritium dating of the
thermal water samples were measured in this study. The half-life of
5730 years for A14CDIC makes it highly useful for dating carbon-bearing
materials allowing measurement to almost 60,000 years, which is
considered to be a universal and reliable groundwater dating method
(Clark and Fritz, 1997), and provides information and facilitates studies
of archeological materials (Goldscheider and Drew, 2007; Meredith
et al., 2016) and groundwater recharge mechanism (Huang et al.,
2017b; Kulongoski et al., 2008).

In addition to radioactive decay, the A14CDIC content can be affected
by many geochemical and physical processes (Han et al., 2014), which
controls the isotope geochemistry of carbon during water infiltration
through the unsaturated zone (interactions in an open system) and
within the aquifer system itself (interactions in a closed system)
(Kattan, 2002). During transit in the aquifer, these processes modify the
initial A14CDIC content (14C0) in groundwater because the ancient rocks
are free of A14CDIC (dead carbon) which inevitably increases the cal-
culated groundwater ages without correction. The measured A14CDIC

contents thus should be reassessed during the use of radiocarbon dating
for thermal groundwater if additional dead carbon exists in the water
(Aquilina et al., 2003; Mao et al., 2018). There is a negative relationship
between δ13CDIC and A14CDIC of the thermal waters within SEC
(Fig. 10), which may suggest additional dead carbon. Thus, it’s neces-
sary to correct the ages of the thermal water samples of the SEC based
on the measured A14CDIC.

The vegetation in the study area is dominated by C3 (Calvin C3
photosynthesis cycle). The δ13C values of most C3 range from−24‰ to
−30‰, with an average of −27‰ (Vogel, 1993). Due to the high
concentration gradient, the degassing of soil CO2 makes the 13CCO2

fractionation as much as ~4‰ (Cerling et al., 1991; Jin et al., 2014).
Thus, the δ13CCO2 in the soil should be −23‰. When the soil CO2

dissolved the carbonate aquifer, half of the DIC in aquifer is from the
soil, and the other half is derived from the host carbonate rocks which
results in an enrichment factor (ɛ) of δ13CDIC with an ɛ13CDIC-CO2(g)

value of ~9‰ at 15 °C (Clark and Fritz, 1997). Hence the δ 13CDIC as a
result of C3 plants in the carbonate aquifer should be −14‰ at 15 °C.
On the basis of these assumptions, a mixing model was proposed as
shown in Fig. 10, in which the DIC in the thermal waters is a result of
mixture of the dissolution of Cambrian carbonates in the thermal re-
servoir (δ13CDIC=~0‰, A14CDIC= 0 pMC) and CO2 from soil re-
spiration (δ13CDIC=−14‰ at 15 °C, A14CDIC= 100 pMC).

Numerous calibrated models have been employed to estimate the
radiocarbon ages of DIC in groundwater systems (e.g. Evans et al.,
1979; Han et al., 2014; Huang et al., 2017a; Tamers, 1975). Generally,
these models can be categorized into two types; processes of chemical

Table 4
Geothermal gradient of the thermal drilled wells within SEC. The meaning and
units of dw, tb, and g are same as in Eqs. (7) and (8).

Sampling ID dw tb g

3 1.645 54.23 22.9
12 1.866 56 21.1
13 1.455 45 19.5
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and isotopic mixing, and chemical mixing with isotopic exchange
(Clark and Fritz, 1997). However, the calculated δ13CCO2 values in the
thermal waters range from −5.7‰ to −20.7‰ (averaging at
−12.7‰) based on a linear regression between δ13CDIC and δ13CCO2 as
expressed by Eq. (9) from Deines et al. (1974). Except for samples nos.
16 (−20.7‰) and 17 (−19.0‰), most of the calculated δ13CCO2 values
of the thermal waters are much higher than that of the theoretical value
in the soil (−23‰). The higher δ13CCO2 values together with the higher
δ13CDIC values of the thermal waters suggest that the solutions in the
thermal aquifers occur chiefly under closed groundwater systems,
which is confirmed by the “isolated” thermal aquifers based on the
lower nitrate concentrations compared with those of the shallow karst
groundwaters reported by Pu et al. (2013). A widely used correction
model, ALK model (Tamers, 1975), was employed to correct the ages in
this study. Because this model is based on initial and final carbonate
(DIC) concentrations, and was proposed for groundwater in which
calcite is dissolved under closed system conditions. Moreover, this
model assumes fully closed system conditions without exchange of soil

CO2 during calcite dissolution (Tamers, 1975). The corrected ages by
the ALK model are listed in Table 1. Generally, most of the corrected
14CDIC ages (n= 5) are much younger than the uncorrected 14CDIC ages.
Except for sample no.16, the corrected ages are from 9 to 21 ka BP, with
an average of 14.8 ka BP. The corrected age of sample no. 16 is negative
and irrational because of mixture with younger water. Although the
corrected 14CDIC ages may deviate from the real ages to some extent, it
is believed to be more accurate than the uncorrected ages and can in-
dicate the age level of the thermal waters.

= + − ×δ δC C 4.54 1.099 10 /T13
CO2

13
DIC

6 2 (9)

where, T is the temperature of thermal water in Kelvin degree.
The estimation of renewable groundwater resources and under-

standing of related hydrological processes are critically dependent upon
determining the presence and age of modern groundwater (Aggarwal,
2002). Deep groundwater characterized by more than 1 ka ages is
considered non-renewable paleo water, without the possibility of sig-
nificant replenishment under present climatic conditions (Huang et al.,
2017a). Generally, the depletion of δ18O and δD in the thermal waters
compared to modern recharge, coupled with the low A14CDIC con-
centrations and their corresponding corrected ages suggest that the
renewability rate for most of the thermal water resources in the aquifers
is characterized by a hydraulic continuity on an order of ~14.8 ka.
Thus, aquifer renewability needs to be fully considered and assessed
before groundwater exploitation and extraction.

5.5. Conceptual circulation of the thermal waters

According to the hydrogeochemical and geothermometrical results
above, a conceptual hydrogeological model was reconstructed as
schematically depicted in Fig. 11, which is a qualitative, schematic
representation of (or part of) reality. The poorly known or unknown
characteristics of the hydrothermal aquifer systems of interest, such as
the precise location of the infiltration areas as well as the geometry of
the geological bodies hosting most of the hydrogeological flow path, are
roughly shown in Fig. 11.

The thermal waters originate from common meteoric water at a
relative wetter and colder climate in the late Pleistocene. Assuming a
geothermal gradient of 21 °C/km, the meteoric water infiltrates into the
subsurface at maximum depth at roughly 2.5 and 3.2 km for Group A
and Group B, respectively, to acquire the heat from deep rock through
conductive transfer during their circulation and form the deep-seated
thermal fluids characterized by temperatures of approximately 63 and
83 °C for Group A and Group B, respectively. The fluids are character-
ized by cross-formational hydraulic continuity. At the same time, the

Fig. 10. The negative relationship between δ13CDIC and A14CDIC of the thermal
waters within SEC, showing two sources, including the aquifer carbonate with a
high δ13CDIC value, and soil CO2 with a low δ13CDIC value.

Fig. 11. Conceptual hydrogeological model
of the formation for hydrothermal systems
within SEC, in which the arrows indicate
flow direction, and blue to red colors show
cold to hot water temperatures. The
Meteoric water infiltrates deeply into the
carbonate-evaporite rocks and extracts heat
from the rocks resulting in deep-seated
thermal fluids. The fluids gain salinity by
interaction with the evaporitic deposits. The
origin of the hot springs is due to deep-
ground water circulation controlled by
faults in the subsurface reservoir. The
thermal flow is primarily driven by topo-
graphic head difference between the re-
charge area and the hot springs. Free
thermal convection can take place in the
deeper part of the hydrothermal systems.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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fluids interact with evaporitic deposits composed of halite and sulfate
minerals at depth, which results in high salinity, particularly the en-
richment of Na+ and Cl− in Group A. The fluids returning flow to the
surface is mainly driven by topographic head difference (Tóth, 1963)
between the recharge area in the limestone mountains and the thermal
water resurgences. Free thermal convection may affect the deeper part
of the midline and the discharge zone of the hydrothermal systems as
well (Szijártó et al., 2019). The local tectonic setting represented by the
presence of the deep-seated faults in this area enhances the perme-
ability and plays an important role in the circulation and upwelling of
deep-seated thermal fluids toward the surface. The deep-seated thermal
fluids move up along the faults and mix with different proportions of
colder waters to form the hot springs. This mixing accounts for the
variations in temperatures and chemical compositions among in-
dividual springs or drilled well waters, such as sample no. 16 char-
acterized by a high mixture fraction of modern water. There are pos-
sible similar hydrologic environments between Group A and Group B
indicated by the chemical identification, but there are differences in the
halite imbedded in the aquifers and circulation depths between the two
groups.

Although the mechanism of the geothermal flow dynamics to some
extent remains speculative, the conceptual hydrogeological model is
the most rational based on the analyses of hydrogeological settings, and
the hydrogeochemical and geothermometrical data.

6. Conclusions

This paper is the first to present the hydrogeochemistry and geo-
thermometry of the thermal waters from carbonate-evaporite aquifers
hosted by deep-seated faults in Southeast Chongqing, China, where
thermal fluids discharge from Cambrian and Ordovician carbonate-
evaporite rocks, representing the main potential thermal reservoir.

Major ions and isotopes (34SSO4, 18OSO4, 18O, 2H, 13CDIC, and
A14CDIC) were employed to constrain the hydrogeochemistry and geo-
thermometry of the thermal waters from carbonate-evaporite aquifers
hosted by deep-seated faults in the study area. The low-temperature
hydrothermal systems are manifested by hot springs emerging around
the faults. The groundwater interaction with carbonate-evaporite rocks
explains the two distinct chemical compositions of the thermal waters
characterized by the chloride sodium waters with higher TDS (Group
A), and sulfate-bicarbonate-chloride alkaline-earth waters with relative
lower TDS (Group B) in the study area. The dissolution of carbonate,
gypsum and/or anhydrite and halite, common ion effect, and dedolo-
mitization control the hydrochemical processes in the carbonate-eva-
porite thermal aquifers. The thermal waters originate from meteoric
water. The reservoir temperature appears to be 63 ± 18 °C for Group A
and 82 ± 15 °C for Group B, as indicated by silica geothermometers.
The corrected 14CDIC ages average at 14.8 ka BP, corresponding to late
Pleistocene, which suggests that the renewability rate of most of the
thermal waters are on an order of ~14.8 ka. Thus, the slow renewability
rate of thermal water resources in the study area inevitably provides a
challenge to the future utilization for social and economic development.

Monitoring the major ions and isotopic compositions of thermal
waters can provide important indications as to the formational me-
chanisms of the carbonate-evaporite hydrothermal systems. Indeed,
such monitoring provides valuable information of the thermal waters to
define the hydrogeochemistry and geothermometry of the aquifers, and
lays a solid foundation for future efficient utilization, management, and
implementation of water conservation policies for the thermal water
resources in the study area. The methodological approachs utilized in
this research may also be applied to other fault-controlled, low-tem-
perature carbonate hydrothermal systems in other non-volcanic zones
of China and other nations.
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