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ARTICLE INFO ABSTRACT

Editorial handling by Dr. I. Cartwright Chongging, located in the southwestern China, was named as “A spa city of the world”. It's most geothermal
reservoirs are developed in carbonate rock aquifers, and those thermal waters are characterized by high con-
centrations of sulfate and low HCO3 . However, little was known about the origin and genesis of those thermal

waters, which is necessary for their protection and determination of regime of exploitation. Therefore, thermal
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Hydrogeochemistry and surface waters were sampled seasonally and analyzed for hydrogeochemical and isotopic compositions

Triassic carbonate reservoir (8"80/8H; §3*S-S0,; 8'80-S0,) to decipher the origin of the thermal waters in the Triassic carbonate aquifers

ngmgqmg in Chongging area. Key questions include the relative significance of hydrothermal processes and solute supply.
ina

The results showed that: (1) the major chemical composition of analyzed the thermal waters from Chongqing
area was characterized by Ca-SOy; (2) the 82H and 8'®0 values of the thermal waters ranged from —48.6%o to
—63.1%0 with an average value of —54.2%o, and from —6.5%o to —9.2%o with an average value of —8.0%o,
respectively, indicating that the thermal waters originated from the local rain water with an elevation of 415 m
to 1453 m above mean sea level; (3) the estimated geothermal temperatures varied from 63.8 °C to 78.3 °C
(Quartz), indicating that the depth of the geothermal reservoir varied from 411 m to 1728 m, which is located in
the Lower Triassic Jialingjiang formation; (4) the 83*S-S0,% and 8'%0-50,% in the geothermal waters ranged
from 29.7%o to 34.1%o0 with a mean value of 32.1%o, and from 12.5%o to 16.5%0 with a mean value of 15.2%o,
respectively, suggesting that the high SO,>~ concentrations resulted mainly from the dissolution of gypsum in
the second part of the Lower Triassic Jialingjiang Formation; (5) three processes of water-rock interactions
(gypsum dissolution, carbonate dissolution by carbonic acid and carbonate dissolution by sulfuric acid) in the
thermal system were unveiled by the hydrogeochemical and isotopic models. Among these three processes,
gypsum dissolution seems to be primarily responsible for solute composition of the thermal water. This study
also indicates the integration of hydrogeochemical and isotopic data is very useful tool to decipher the origin and
genesis of the carbonate thermal waters.

1. Introduction

The carbonate thermal waters, which are characterized by Ca-sul-
fate, have been well known because they are used for curative purpose
since the Middle Ages in the world (Boschetti et al., 2005; Capecchiacci
et al., 2015). Meanwhile, the large changes of 83%S in carbonate-asso-
ciated sulfate (CAS) in limestones over geological time have been found
(Claypool et al., 1980; Kah et al., 2001, 2004; Bottrell and Newton,
2006), especially at the Permian-Triassic boundary. The extreme
changes of 8*S occurring over very short geological time scales have
long attracted special interest in the global sulfur cycle.

Chongqing City, the only municipality in southwestern China, holds
rich shallow geothermal resources, which are mostly distributed in the
core area of a series of eastern Sichuan parallel anticline developed in
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the Triassic-Jurassic strata. Because the exploitation of the shallow
geothermal resources is mainly for the spa leisure tourism, Chongqing
was named as “A spa city of China” in 2011 and “A spa city of the
world” in 2012. Some studies have been focused on the geochemical
characteristics of the thermal waters (Cao, 2007; Yang et al., 2017), and
results indicated that most thermal waters are found from the carbonate
aquifers and show very high concentrations of SO,>~ (more than
1000 mg/1) and low HCO3~ values (less than 200 mg/1) in Chongqing
area, which are very similar to other Triassic carbonate thermal waters
in the world (Boschetti et al., 2005; Capecchiacci et al., 2015). Never-
theless, little was known about the origin and genesis of thermal waters,
especially on the dominant sources of sulfur of thermal waters in
Chongqing area, which is necessary for their protection and determi-
nation of regime of exploitation.
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A wide range of approaches are used to study the origin and genesis
of thermal waters, including the applications of structural, hydraulic,
hydrogeochemical and isotopic methods, and the investigation of fluid
inclusions (Gonzalez et al., 2000; Rissmann et al., 2015). Sulfate is a
ubiquitous component in thermal waters, and is derived from a variety
of sources such as precipitation and oxidation of sulfide minerals in the
strata and dissolution of sulfate evaporates. Because of large S isotope
variation exists in Earth's rocks (~80-100%o) with small S isotope
fractionations (~1-2%o) during the oxidation/dissolution of S-bearing
minerals (Clark and Fritz, 1997; Szynkiewicz et al., 2015), the §3*S-S0,
can precisely pinpoint major sources of S participating in water-rock
interaction. Thus, in the past decades, §*S-S04> has been widely used
to trace the sources of sulfate in geothermal waters (Ohmoto, 1986;
Martinez, 1993; Jennifer et al., 2000; Kusakabe et al., 2000; Celmen
and Celik, 2009; Fatma et al., 2011; Peters et al., 2011; Risacher et al.,
2011; Dupalova et al., 2012; Loges et al., 2012; McDermott et al., 2015;
Rissmann et al., 2015), and formation characteristics of gypsifereous
units (Orti et al., 2002; Palmer et al., 2004; Celmen, 2008). Meanwhile,
some geothermal waters originated form the carbonates have been
studied such as the hot springs in Hungary (Dublyansky, 1995) and in
Italy (Boschetti et al., 2005; Capecchiacci et al., 2015) and the thermal
power stations in Kazakhstan and Germany (Keller, 1991; Berge and
Veal, 2005), and results indicated that the origin and genesis of the
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thermal waters from carbonates are more complex than those from
other thermal reservoirs.

Thus, seasonal variations in the concentrations of dissolved SO42~
and their isotopic compositions coupled with hydrochemical para-
meters, and §2H and 8'%0 of the thermal and surface waters were used
to determine the origin of the thermal waters, and discuss the potential
S042~ sources of the thermal waters derived from the carbonates in
Chongqing area. The purpose of this study is that hydrogeochemical
and isotopic data were integrated to decipher the origin of the carbo-
nate thermal waters and trace quantitatively the sources of the solute
compositions in these thermal waters. Three processes of water-rock
interactions (gypsum dissolution, carbonate dissolution by carbonic
acid and carbonate dissolution by sulfuric acid) in the carbonate
thermal system were quantitatively unveiled by the hydrogeochemical
and isotopic models, respectively. The results indicate that the gypsum
dissolution rather than the carbonate dissolution by carbonic acid or
sulfuric acid is the dominant control process for the solute compositions
of the thermal waters in the study area.

2. Outline of study area

Chongging municipality is located in the eastern Sichuan Basin,
southwest China (Fig. 1), the transitional area between the Qinghai-Tibet
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Fig. 1. Location, hydrogeological map and distribution of thermal water samples in Chongging.
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Fig. 2. Cross section of the Geological units and thermal springs.

1. Sandstone 2. Shale 3. Limestone 4. Dolomitic limestone 5. Dolomitic limestone with karst breccia 6. Dolomitic limestone with gypsum. 7. Mudstone. 8. hot spring. 9. fissures. 10.
Jurassic. 11. Xujiahe formation in upper Triassic. 12. Leikopo formation in middle Triassic and Jialingjiang formation in lower Triassic. 13. Feixianguan formation in lower Triassic.

(a): Nanwenquan gorge anticline and Tongluo gorge anticline, Yangtze River cross this region and develop a deep-cutting gorge which breaks down the static hydraulic connection in
neighbouring anticlines. (b): Wentang gorge anticline, The Jialingjiang River cross this region and develop a deep-cutting gorge which breaks down the static hydraulic connection in

neighbouring anticlines. (c): the host rock lithofacies division of study area.

Plateau and the middle and lower reaches of the Yangtze River plain. Its
geographical coordinate is 105°17'-110°11’E, 28°10'-32°13'N, covering an
area of about 8.24 x 10* km? of which carbonate rocks covering about
3.0 x 10* km? or 36.5% of the total area. The elevation of Chongqing
province is between 75 and 2800 m with a mean elevation of 400 m above
average sea level. The climate is primarily subtropical monsoonal with a
mean annual precipitation of 1200 mm and a mean air temperature of
17 °C. The monsoonal climate results in a rainy season from April to
September and a dry season from October to March next year.

Total volume of thermal water is about one billion cubic meters in
the downtown and suburb of Chongging metropolitan area (Liu, 2005),
which belongs to the fold bundle in the eastern of Sichuan, the sub-first
grade geotectonic unit-Sichuan Basin. The basic structure is made up of
a series of line shape pectination folds or box folds that are NE—NNE
trending approximate parallel and dissymmetry. Most of the fractures
are high-angle SEENWW trending thrust faults. The Jialingjiang River
and Yangtze River cross this region and develop a deep-cutting gorge
which breaks down the static hydraulic connection in neighbouring
anticlines (Fig. 1). Most thermal waters were exposed from the anti-
clinal axis, where the outcrops are carbonate rocks of the Lower Triassic
Jialingjiang Formation (T;j) with the thickness of about 510-1060 m
(average thickness of about 600 m), and include five parts, of which the
first and third part are limestone bedding with some dolomite limestone
and conglomeratic limestone, and the second and the forth part are
limestone, dolomite and some gypsum (Sichuan Geological Bureau,
1991). The anticlinal wings are carbonate rocks with some gypsum of
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the Middle Triassic Leikoupo Formation (T,l) with an average thickness
of 66 m, which overlie the Jialingjiang Group, and sandstones of the
Upper Triassic Xujiahe Formation (Tsxj), which is hundreds to thou-
sands meters thick and with an average of 450 m, and was divided into
7 parts, of which the first, third, fifth and seventh parts are mudstone
with some coal seams, and the second, fourth and sixth parts are
sandstone (Gao et al.,, 2009), which served as thermal-protective
coating (Fig. 2). The cataclastic rocks mingled with carbonate of the
Lower Triassic Feixianguan Formation (T;f) underlain the Jialingjiang
Group and serve as a wonderful water barrier. Thus, the carbonate
rocks of anticlinal axis (the Lower Triassic Jialingjiang Formation) are
comprised of the groundwater aquifer, and sandstones of the anticlinal
wings (the Upper Triassic Xujiahe Formation) with higher elevation are
the recharge area, and the Lower Triassic Feixianguan Formation un-
derlain the Jialingjiang Group serves as the aquitard.

3. Materials and methods

A total of 30 thermal springs samples from 12 representative
springs, of which four natural springs and eight drilling wells i.e.
Beiwenquan (BWQ), Shuiwenzhan (SWZ), Liugonggiao (LGQ),
Qingmuguanwenquan (QMGWQ) in Wentang gorge anticline,
Yishangwenquan (YS), Tianciwenquan (TC), Feicuihu (FCH),
Nanhaiwenquan (NH) in Guanyin gorge anticline, Nanwenquan (NWQ
and NWQ2), Tongjingwenquan (TJ) in Tongluoxia gorge anticline and
Dongquanredong (DQRD), Dongquanbayi (DQBY) in Mingyue gorge
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Table 1
Basic message of the sampling sites.
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Sampling sites Natural spring or drilling well ~ Structure

Exposed strata  Aquifer lithology = Exploitation Discharge (m®/d)

Beiwenquan (BWQ)
Shuiwenzhan (SWZ)
Cengjiang (CJ)
Yishangwenquan (YS)
Feicuihu (FCH)
Nanhaiwenquan (NH)
Tianciwenquan (TC)
Nanwenquan (NWQ)
Tongjingwenquan (TJ)
Nanwenquan 2(NWQ2)
Dongquanbayi (DQBY)
Dongquanredong (DQRD)

Natural spring
Natural spring
Drilling well
Drilling well
Drilling well
Drilling well
Drilling well
Natural spring
Drilling well
Natural spring
Drilling well
Drilling well

Wentang gorge anticline
Wentang gorge anticline
Wentang gorge anticline
Guanyin gorge anticline
Guanyin gorge anticline
Guanyin gorge anticline
Guanyin gorge anticline

Tongluo gorge anticline

Mingyue gorge anticline
Mingyue gorge anticline

Nanwenquan gorge anticline T,j

Nanwenquan gorge anticline T,j

T3Xj limestone Spa > 2213

Tsxj limestone Spa > 2233

T4j limestone Public Swimming Pool 1123

Tyj limestone Spa 1342

T4j limestone Community swimming pool 834

Tij limestone Spa 823

Tij limestone Spa 2389
limestone Spa 1198

T4j limestone Spa 2143
limestone Undeveloped use 512

Tyj limestone Public Swimming Pool 520

T4j limestone Undeveloped use -

anticline, were collected in January (winter dry season) and July
(summer rainy season) of 2009, and April (spring season) and October
(autumn season) of 2010, respectively (Fig. 1 and Table 1). Additional 5
surface waters (Jianglingjiang River) were collected.

Hand-held measurements of field parameters, including water
temperature (T), pH, dissolved oxygen (DO) and electrical conductivity
(EC), were taken during each sampling trip in situ, using HQ340d water
quality multimeter (HACH, America), with resolutions of 0.1 °C,
0.1 mg/1, 1 pS/cm, respectively. Ca®>* and HCO;~ were determined by
a test kit with a titration pipette (Aquamerck) in the field with re-
solutions of 2 mg/1 and 0.1 mmol/], respectively.

Water samples for ion analyses were collected by injection syringes
and were immediately filtered into pre-rinsed plastic containers
through 0.45 um filter membranes. NO;~ and SO~ were determined
by the ultraviolet—visible spectrometry, and Cl~ was analyzed by ti-
tration of silver nitrate. Resolutions of all anion analysis were 0.01 mg/
L. Nitric acid was added to samples which were collected in 100 ml
plastic containers to be acidified until pH < 2.0 for major cation
analysis (K*, Na™, SiO, and Mg>™") by an inductively coupled plasma
optimal emission of spectrometry (ICP-OES) with resolutions of
0.01 mg/1 at the Chongqing Key Laboratory of Karst Environment.

The samples for §34S-S0,> and §'0-S04> analysis were collected
in 500 ml plastic bottles and acidified with 5 ml 1:1 HCl and 5 drops of
HgCl,. Sulfate-S isotope was measured from the dissolved SO4>~. After
adding a 10% BaCl, solution, dissolved SO,~ was recovered by BaSO,
precipitation. The precipitate was collected on a 0.45 mm Millipore
membrane filter and dried. The §3*S-50,% and §'®0-SO,* isotope
composition was determined by an Elemental Analyzer (Carlo Erba
1108) coupled with an IRMS (Delta C Finningan Mat 251). Notation is
expressed in terms of 8 (%o) relative to the Vienna Canyon Diablo
Troilite (V-CDT) standard. The isotope ratios were calculated using
international and laboratory standards. The reproducibility of samples
calculated from standards systematically interspersed in the analytical
batches was + 0.2%o and + 0.5%o for 83*$-S0,% and §'%0-SO,%, re-
spectively. The isotope analyses were conducted at Wuhan Institute of
Geology and Mineral Resources (China).

The 82H and §'®0 isotopic ratios of water samples were analyzed by
high-precision laser spectroscopy (LWIA-24d, Los Gatos Research, USA)
at Key Laboratory of Karst Dynamics, MLR & Guangxi, Institute of Karst
Geology, Chinese Academy of Geological Sciences. All the hydrogen
and oxygen isotope values are expressed in permil (%o) deviations re-
lative to Vienna Standard Mean Ocean Water (V-SMOW). The overall
analytical errors are 0.8%o and 0.25%o for 8°H and 8'%0, respectively.
Analytical results were shown in Table 1S (Supporting Material).

4. Results
4.1. Hydrochemical characteristics of thermal waters

As shown in Table 1S and Fig. 3, the hydrogeochemistry of the

thermal waters were characterized by high concentrations of Ca®*,
Mg?* and SO,®~ and low concentrations of HCO3 ™. The obvious spa-
tial and seasonal variations of hydrogeochemistry of the thermal waters
were observed.

The thermal waters were neutral to alkaline, with pH values from
6.7 to 8.0 (average 7.3), and showed lower values in summer and au-
tumn than in spring and winter. Temperature of the thermal waters
varied from 28.5 °C to 53.5 °C with a mean value of 39.7 °C, and showed
higher values in summer and spring than in autumn and winter. The EC
values ranged between 2390 and 3400 pS/cm with a mean value of
2801 pS/cm, and higher values were observed in summer and winter.
The DO (Dissolved oxygen) values ranged between 0.0 and 0.3 mg/1
with a mean value of 0.1 mg/l. Ca>* was the most abundant cation,
varying from 514 to 729 mg/1 with a mean of 606 mg/l, and showed
higher concentrations in the winter and autumn and lower concentra-
tions in the summer and spring, followed by Mg?™*, varying from 104 to
149 mg/1 with a mean of 124 mg/], and showed higher concentrations
in the winter. SO4>~ was the most common anion, varying from 1340 to
1941 mg/1 with a mean of 1575 mg/l, and showed higher concentra-
tions in the spring and summer, followed by HCO3 ~, varying from 152
to 231.8 mg/l with a mean of 180.8 mg/l and also showed higher
concentrations in the spring and summer. Ca®* and SO4>~ were ac-
counted for 90% of the cations and anions, respectively. As shown in
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Fig. 3. Piper diagram for the thermal waters.
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Fig. 4. Relationships between major ions and saturation indexes.

Fig. 3, the hydrochemical facies of all the thermal waters were char-
acterized by Ca-SO, type.

In contrast, the surface waters from Jialingjiang River showed much
lower concentrations of Ca®>* (an order of magnitude lower, 52-70 mg/
D, Mg2+ (an order of magnitude lower, 8.9-16.7 mg/1) and S0427 (2.5
order of magnitude lower, 29.6-38.9 mg/1) than those in the thermal
waters, and the HCO5; ™~ concentrations are similar, with values of about
170 mg/1. The chemistry type of the surface water was Ca-HCO3.

Water-rock interaction is the major factor controlling the ground-
water chemistry. As shown in Fig. 4a, high linear correlation between
S0,> and Ca®* concentrations (R> = 0.76) was observed throughout
the observation period, suggesting that the main water-rock interaction
is evaporate dissolution. However, there is no correlation (R*> = 0.03)
between Ca?* and HCO;~, which implies that carbonate weathering
was not the main source of Ca?* in the thermal aquifer. The Anhydrite
SI (SIa), Calcite SI (SIc) and Dolomite SI (SId) were calculated by
PHREEQC and the results were shown in Fig. 4 (b, ¢, d). The Sla was
from —0.35 to 0.05, which is nearly saturated state. High linear cor-
relations between SO,2~ and Sla (R? 0.583), and Ca?* and Sla
(R?> = 0.792) were observed, suggesting that Ca>* and SO,*~ were
derived from the evaporate dissolution. The SIc and SId varied from 0 to
1.4 and —0.3 to 2.5, respectively. Low linear correlations between
Ca®™" and Slc (R* = 0.04), HCO;~ and SIc (R? = 0.23), Mg?" and SId
(R* = 0.005), and HCO3~ and SId (R* = 0.46) were observed, in-
dicating that carbonate weathering was not the main source of Ca®*,
Mg?" and HCO3 ™ in the thermal waters.
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4.2. §°H-H,0 and §'®0-H,0

As shown in Table 18, the 8°H and 8'80 values of the thermal waters
ranged from —48.6%o0 to —63.1%o with an average value of —54.2%o,
and from —6.5%0 to —9.2%0 with an average value of —8.0%o, re-
spectively, and showed subtle seasonal variations with lower values in
summer (—55.5%0 and —8.4%o, respectively). The values of 8%H and
8'80 of the surface water of JLJ river were wide distributed (—51.9%o
to —73.84%0, —9.99%0 to —7.4%o, respectively), and the values of
8180 of the surface waters in Qingmuguan area were about — 6.63%o
(Wang, 1991).

4.3. Isotopes of dissolved SO,

The 8%4S-S0,% and §'®0-S04% of the thermal waters varied from
29.7%o0 to 34.1%o0 with a mean value of 32.1%o and from 12.5%o to
16.5%o0 with a mean value of 15.2%o, respectively, and showed obvious
seasonal variations with lower values in summer. The surface water
showed much lower §3%$-S04> and §'%0-S0,%, having mean values of
16.3%o0 and 4.8%o, respectively.

5. Discussion
5.1. Source of thermal waters

Hydrogen and oxygen isotopes can be used to trace the circulation
of waters and are also applied to trace the origin of the thermal water
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Fig. 5. 82H -8'%0 plot of the thermal and surface waters from Chonggqing.

(Chandrajith et al., 2013; Yang et al., 2017). According the relation-
ships between the §?H-8"80 of the thermal waters and §?°H-8'%0 of local
meteoric waters, the origin of the thermal waters can be determined. Li
et al. (2010) had given the Chongqing Local Meteoric Water Line
(CLMWL):

8%H = 8.73 8'%0+15.73 2 = 0.97 @

As shown in Fig. 5, all the data points are very close to the CMWL,
indicating that local precipitation is the major origin of the thermal and
surface waters.

The d-excess is defined as d-excess = §2H-85'20, and can be used to
explain the evaporation effect of the surface and thermal waters. When
d-excess < 10%o, the waters would have evaporation effect (Juske
et al.,, 2008). The average values of d-excess of thermal and surface
waters are 10.3 and 7.3, respectively, indicating there is little eva-
poration effect for the thermal waters.

The hydrogen and oxygen isotopic compositions of precipitation
have obvious altitude effect (Wang, 1991), and the recharge elevation
can be calculated by the following equation:

R — (R1)

H= %100 + h

(2)

where H is the recharge elevation; R is the values of 8'0 of thermal
waters; R1 is the values of 8'%0 of surface waters in Qingmuguan area;
h is the altitude of the surface water; p is the oxygen isotopic gradient
value of precipitation. As demonstrated in the literature (Wang, 1991),
the values of 8§80 (R1) and the altitude (h) of surface waters in Qing-
muguan area are —6.63%o and 465 m (Wang, 1991), respectively, and
the oxygen isotopic gradient value of precipitation (p) is about
—0.26%0/100 m in the eastern part of Tibet (Yu et al., 1980). Thus, the
theoretical values of recharge elevation of the thermal waters can be
obtained (Table 2). The calculated recharge elevation of the thermal
waters varied from 415 to 1453 m with an average value of 1000 m
above mean sea level.

5.2. Temperature and depth of the geothermal reservoir

The silica geothermometer is widely used to estimate subsurface
temperatures in hot spring system (Fournier and Rowe, 1966). Mean-
while, no any secondary siliceous minerals were found in the rock from
the drill core in the NWQ (Cao, 2007). Thus, the quartz geothermo-
merter can be calculated through the following equation (Fournier,
1977):

Quartz T(°C) = 1309/(5.19-1gCs) —273 3)
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Table 2
Temperature and depth of the geothermal reservoir.

Sites ™ SiO, QT Depth
°C mg/1 °C m

FCH 53.5 20.1 63.8 411
NH 37.1 20.3 64.2 1082
NWQ2 40.1 26.3 74.2 1364
DQBY 45.6 24.5 71.4 1032
DQRD 38.1 22.5 68.1 1199
TJ 47.7 22.3 67.7 801
BWQ 35.1 29.1 78.3 1728
SWz 35.8 24.3 71.1 1411

where Cg is the concentration of the SiO,

The calculated results were shown in Table 2. The estimated tem-
peratures of the geothermal reservoir by Eq. (3) were between 63.8 °C
and 78.3 °C. Thus, based on the average geothermal gradient, 2.5°C/
100 m, in Sichuan basin (Nanjiang Hydrogeological & Engineering
Geology Brigade, Geology and Mineral Resources Bureau of Investiga-
tion, Sichuan province, China. 1977), the estimated depth of the geo-
thermal reservoir varied from 411 m to 1728 m (Table 2). Therefore, it
can be concluded that the thermal reservoir is located in the Lower
Triassic Jialingjiang formation.

5.3. Sources of the dissolved SO

Dissolved SO,2~ in the geothermal waters can be originated from a
multitude of sources, e.g., (1) sulfate deposition, (2) oxidation of sulfide
minerals in the strata, and (3) dissolution of sulfate evaporates. As
shown in Table 1S, surface waters cannot be major contributors of
S0, to the geothermal waters because the geothermal waters were
more enriched in SO42~ (average 1575 mg/l) than surface waters
(average 32.0 mg/1) from the study area. As stated earlier, coal seams,
located in the recharge area, are disseminated in the first; third, fifth
and seventh stage of the Xujiahe Formation in the Upper Triassic and
their presence could be a potential source of dissolved SO4>~ in the
geothermal waters. Rich evaporate deposits (gypsum) found in the
Jialingjiang Formation could be another important potential source of
dissolved SO4>~ in the geothermal waters. As shown in Fig. 6 and
Table 1S, obvious seasonal variations of SO42~ concentrations, §34S-
S0,* and §'®0-SO,*> were observed in the geothermal waters, in-
dicating that there are complicated (multiple) S sources in the geo-
thermal waters in different seasons. Therefore, dissolved SO42~ in the
geothermal waters could be originated mainly from the dissolution of
sulfate evaporates and the oxidation of sulfide minerals in the strata of
the study area.

As has been demonstrated by the literature, the §4S-50,% and §'%0-
S0,2 derived from the oxidation of sulfide minerals in the strata (coal)
ranged from —6.1%o to +7.4%o0 with an average of —0.32%o (Hong
et al., 1992), and range from —5%o to 4%o (Krouse and Mayer, 2000),
respectively. The §3*S-50,% and §'®0-50,% derived from the pre-
cipitation varied from —8.1%o to —4.9%o(Hong et al., 1994), and from
8%o to 15%o (Li et al., 2013), respectively. Anomalously positive CAS-
sulfur isotopes in Triassic have been observed all over the world, al-
though the exact cause remains controversial (Claypool et al., 1980;
Bottrell and Newton, 2006), e.g., the §**S of gypsum in Triassic varied
from 25.1%o0 to 27.6%o0 in Germany (Clarke and Thode, 1964), and
28.2%0 and 28.3%o in Utah, America (Claypool et al., 1980). In Sichuan
Basin, China, the 83*S of gypsum of Leikoupo Formation in the Middle
Triassic ranged from +14.7%o to +30.6%o (Lin et al., 1998), and the
8%1S of gypsum of the fourth stage of Jialingjiang Formation in the
Lower Triassic varied from +26%o to +32%o (Lin et al., 1998), and the
84S of gypsum of the second stage of Jialingjiang Formation in the
Lower Triassic ranged from + 32.5%o to +36.2%o (Lin et al., 1998). As
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Fig. 7. Scatter plots of §3*S-504> vs. §'%0-S0,% for water samples analyzed and potential
S sources.

shown in Figs. 6 and 7 and Table 18, the sulfur isotopic values of dis-
solved SO4>~ in the thermal waters ranged from +32.0%o to + 33.1%o
with an average value of 32.4%o in spring, from +29.7%o to +33.1%o0
with an average of +31.1%c0 in summer, and from +31.8%o to
+34.1%o with an average of 32.9%o in autumn, and from + 31.5%o to
+34.1%o with an average of 32.6%o in winter. The §3*S-S0,> values of
the thermal waters in spring, autumn and winter (dry season) are very
close to the 8*S of gypsum of the second stage of Jialingjiang Forma-
tion, suggesting that the sulfate of the thermal waters in these seasons
resulted mainly from the water-rock interaction in the second part of
the Jialingjiang Formation, while the observed slight lower §3*S-S0,*
of thermal waters in summer (rainy season) could be derived by a
combination of the water-rock interaction in the second part of the
Jialingjiang Formation and the oxidation of sulfide minerals in the
Upper Triassic Xujiahe Formation. Meanwhile, The §'80-S0,* in the
thermal waters, ranging from 12.5%o to 16.5%o, showed slight lower
values than those in gypsum, varying from 14.5%o to 32.5%o (Li et al.,
2011), and higher values than those in the surface and rain waters,
supporting the hypothesis that indicating that the sulfate of the thermal
waters could be derived by a combination of the dissolution of gypsum
and the oxidation of sulfide minerals in the strata. Therefore, as in-
dicated in Fig. 7, the §%S-S04* and 8'80-SO,* values in the thermal
waters suggested that the sulfate of the thermal waters resulted mainly
from the dissolution of gypsum in the second part of the Jialingjiang
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Formation in the Lower Triassic, a little from sulfide oxidation and
precipitation.

5.4. Water-rock interaction: carbonate weathering vs. sulfate weathering

Another distinct hydrochemical feature of the thermal waters was
the high concentrations of SO,*~ (more than 1000 mg/l) and low
HCO3 ™ values (less than 200 mg/1), although the thermal waters were
derived from the Triassic carbonate aquifers. As stated earlier, the
second part of the Jialingjiang Formation in the Lower Triassic is made
up of limestone and dolomite with some gypsum. Thus, the water-rock
reactions are carbonate weathering and gypsum dissolution, which can
be expressed as follows:

Cag.oMg,CO3 + CO, + Hy0—(1-a)Ca ** + aMg >* +2HCO;~ (4)

()

Additionally, as indicated by the §3*S-SO, of the thermal waters,
S042~ partly resulted from the oxidation of sulfide minerals in the
strata, and this process can be expressed as follow:

CaSO4—Ca%" +50,2~

FeS,+H,0+7/20,—Fe?" +50,2~ +2H™ (6)
Cag.Mg,CO3+S0,2~ +2H " —(1-a)Ca 2+ aMg 2*+H,0 +
CO,+S0,4%~ @

Thus, the thermal waters derived from different water-rock reac-
tions will show different molar ratios of (Ca?* +Mg®*)/HCO;~ and
(Ca®* +Mg2*)/S042~, of which the molar ratio between
(Ca®* +Mg?*) and HCO;~ should be 0.5 based on Eq. (4), and the
molar ratio between Ca?* and $O42~ should be 1 based on Eq. (5), and
based on Eq. (7), the molar ratio of (Ca*>* +Mg?*)/50,%~ should be 1.

As shown in Table 1S, the molar ratios of (Ca>* +Mg>*)/HCO5~
and (Ca®* +Mg?")/S0,2 in the thermal waters ranged from 4.95 to
9.45 with a mean value of 6.98 (also may be caused by the instability of
the HCO3 ™~ under the conditions of heated and flowed), and from 1.14
to 1.34 with a mean value of 1.25, respectively, which deviated sig-
nificantly from the expected molar ratios derived from Eq. (4) and Eq.
(7), suggesting that the carbonate dissolution by carbonic or sulfuric
acids could not the primary processes governing the solute composi-
tions of Ca®*, Mg?* and SO, in the thermal waters. Also, as shown in
Table 18, the molar ratio of Ca®* /80,2~ in the thermal waters varied
from 0.84 to 1 with a mean value of 0.93, although showed slight
seasonal variations with lower values in summer (average 0.9), which
were very closed to the expected the molar ratio between Ca®** and
S042~ according to Eq. (5), suggesting the gypsum dissolution should
be the primarily processes governing the solute compositions of Ca®*
and SO,2~ in the thermal waters.
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5.4.1. Intensities discrimination of the water-rock interactions based on the
hydrochemistry (model 1)

According to Eq. (4), Eq. (5) and Eq. (7), we assumed that X, Y and Z
mmol/] of carbonate dissolution by carbonic acid, gypsum dissolution
and carbonate dissolution by sulfuric acid (oxidation of sulfide mi-
nerals), respectively, and the concentrations of Ca?*, Mg?* and SO,
in the thermal waters can be calculated by following equations:

[Ca®t1=(1-a)X + Y+(1-a)Z (8)
[Mg?*] = aX + aZ 9
[SO.2"1 =Y+ Z (10)

where a is decided by the solubility of CaCO; and MgCO3, which is
0.013 g/100 g and 0.43 g/100 g in 25 °C (Zhou et al., 1954), respec-
tively. Thus, a is 13/430 in the study area.

The calculated results were shown in Table 2S. The contributions of
carbonate dissolution by carbonic acid, gypsum dissolution and car-
bonate weathering by H,SO, derived from the coal strata to total Ca®™*
in the thermal waters varied from 0.5% to 1.4% with a mean percen-
tage of 0.8%, 98%-99% with a mean percentage of 98.6%, and
0%-0.8% with a mean percentage of 0.6%, respectively. The con-
tributions of carbonate dissolution by carbonic acid and sulfuric acid
derived from the coal strata to total Mg>" in the thermal waters varied
from 27% to 98% with a mean percentage of 74.8%, and 2%-73% with
a mean percentage of 25.2%, respectively. While the contributions of
gypsum dissolution and carbonate weathering by sulfuric acid to total
S0,2” in the thermal waters varied from 79% to 100% with a mean
percentage of 91.5%, and 0%-21% with a mean percentage of 8.5%,
respectively. Therefore, based on the hydrochemical data, although
there are different contribution of gypsum dissolution and carbonate
weathering by carbonic and sulfuric acids to the solute compositions of
the thermal waters in different seasons, it can be concluded that the
gypsum dissolution rather than the carbonate dissolution by carbonic
acid or sulfuric acid should be primarily responsible for the major so-
lute compositions of the thermal waters (Ca-SO,) in the study area.

5.4.2. Intensities discrimination of the water-rock interactions based on the
5%%S (model 2)

Stable isotope mixing models have become commonly applied tools
in the environment sciences, and three - sources, two — isotopes mixing
model have been applied to determine the three different of component
(sulphides, evaporates and sulfate derived from precipitation) of S in
groundwater using the 83S-S0,% and the §'80-S0,% measurement
(Samborska et al., 2013). The system of equations in linear mixing
model is written in the following form (Phillips and Gregg, 2001;
Philips and koch, 2002).

8"[‘ = fASA + fBSB + fcsc (1 l)
)\.T = fA>\‘ A + fB7\'B + f C)\‘C (1 2)
1=f, +fz + fc 13)

Where f,, fg and f; are sulfur fractions from the sources A, B, and C in
the mixture, 8,5, 8z and 8¢ are the mean delta values of sulfur from the
respective sources A, B and C, respectively. Aa, Ap and A¢ are the mean
delta values of oxygen from respective sulfate sources, and 8t and At
are resulting delta values in the mixture.

In the thermal system, as shown in Table 1S, the geothermal waters
were more enriched in SO42~ (average 1575 mg/1) and also more en-
riched in the value of §3*S-S0,> (average is 32.1%o), subjoin that the
dual-isotope approach (845-S0,% and 8'80-50,%) defined most of the
source of sulfate of the thermal water is Triassic evaporates, and then is
from sulfide oxidation. So the model could be changed to two-sources,
one-isotopes and to determine the two different of components (sul-
phides and evaporates) of S. The system of equation could be simplified
as follow:
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8—1- = fASA + fBSB (14)
1= fA + fB (15)
As discussed in the previous section, dissolved SO~ in the geo-

thermal waters was mainly from the dissolution of sulfate evaporates
and the oxidation of sulfide minerals in the strata in the study area.
Thus, given the 8§3'S-S0,> of gypsum from the Lower Triassic
Jialingjiang Formation (mean value is +35.0%o) as 8z and the oxida-
tion of sulfide minerals from the Upper Triassic Xujiahe Formation
(mean value is —0.32%o) as 84, and the measured §%$-SO,% in the
geothermal waters as 8r, the contributions of gypsum dissolution and
carbonate weathering by sulfuric acid to total SO4> in the thermal
waters can be calculated by the following equation:

§345-50,% (thermal water) = 35.0%o0 X fg- 0.32%0 X (1-fg) (16)

where f; is percentage of SO42~ derived from the gypsum dissolution of
the second part of Jialingjiang Formation, and (1-fg) is the percentage
of S04~ derived from carbonate weathering by sulfuric acid. Also, the
concentrations of Ca?* and Mg?™* concentrations can be calculated out.
The calculated results are shown in Table 2S.

As shown in Table 2S, The contributions of carbonate dissolution by
carbonic acid, gypsum dissolution and carbonate weathering by H,SO4
derived from the coal strata to total Ca®* in the thermal waters varied
from 0.5% to 0.8% with a mean percentage of 0.7%, and 98%-99%
with a mean percentage of 99.0%, and 0%-0.8% with a mean percen-
tage of 0.3%, respectively. The contributions of carbonate dissolution
by carbonic acid and H,S0, to total Mg>* in the thermal waters varied
from 47% to 92% with a mean percentage of 76.1% and from 8% to
53% with a mean percentage of 23.9%, respectively. While the con-
tributions of gypsum dissolution and H,SO4 to total SO,2~ in the
thermal waters varied from 85% to 99% with a mean percentage of
91.1% and varied from 1% to 15% with a mean percentage of 8.9%,
respectively.

As shown in Table 28, the calculated concentrations of Ca®>* were
slight higher than the measured values in the thermal waters. This can
be explained by that the deoxidation in the thermal systems, which the
geothermal waters showed very low concentrations of DO (varying
from O to 0.3 mg/1, Table 1S), was ignored in both of models. Sulfate
reduction in the geothermal waters could be mediated by sulfate-re-
ducing bacteria (SRB) under the condition of deoxidation and result in
elevated the 8%*S-50,% and 8'%0-S0,% in the geothermal waters (Rye
et al., 1981; Bottrell et al., 2000; Spence et al., 2001; Gunn et al., 2006),
and lead to the amount of sulfate and Ca>* derived from the carbonate
dissolution by H,SO,4 that comes from sulfide oxidation could be un-
derestimated. Whatever, based on the 83*S-S0,2 data, it can also be
concluded that the gypsum dissolution rather than the carbonate dis-
solution by carbonic acid or sulfuric acid, should be primarily re-
sponsible for the solute compositions of the thermal waters in the study
area. More important is that there are insignificant differences in the
calculated results between the model 1 and model 2, suggesting that the
integration of hydrogeochemical and isotopic data is very useful and
valid to decipher the origin and processes governing the solute com-
position of the thermal waters.

5.5. Conceptual model of formation and evolution of thermal waters

Based on the discussions above, a conceptual model of formation
and evolution of the thermal waters in Chongqing area can be estab-
lished (Fig. 8). As shown in Fig. 8, surface waters originated from
460 m-1605 m elevation recharged the carbonate aquifers in the depth
between 411 m and 1,728 m which comprise of some gypsum and
sulfide minerals, and then discharged as natural hot springs along the
karst fissures or conduits. The solute compositions of the thermal waters
were primarily governed by the gypsum dissolution from the Lower
Triassic Jialingjiang formation, partly by the carbonate dissolution by
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carbonic acid and sulfuric acid derived from the oxidation of sulfide
minerals in the Upper Triassic Xujiahe Formation.

6. Conclusions

The integration of hydrogeochemical and isotopic data can provide
key information for deciphering the origin and genesis of the thermal
waters. The major chemical compositions of the analyzed thermal wa-
ters from Chongqing area was characterized by Ca-SO,4 and low alka-
linity. The 8*H and 8'®0 values of the thermal waters ranged from
—48.6%0 to —63.1%0 with an average value of —54.2%o, and from
—6.5%0 to —9.2%o0 with an average value of —8.0%o, respectively,
indicating the thermal waters originated from the local rain water with
an elevation of 415 m-1453 m above mean sea level. The estimated
geothermal temperatures varied from 63.8 °C to 78.3 °C (Quartz), in-
dicating a depth of the geothermal reservoir ranged from 411 m to
1728 m, which is located in the Lower Triassic Jialingjiang formation.
The 8S-S0,% and §'0-50,> in the geothermal waters ranged from
29.7%o0 to 34.1%o0 with a mean value of 32.1%o, and from 12.5%o to
16.5%o0 with a mean value of 15.2%o, respectively, suggesting that the
high SO,2~ concentrations and 8*$-S0,% resulted mainly from the
dissolution of gypsum in the second part of the Lower Triassic
Jialingjiang Formation and partly form the oxidation of sulfide minerals
in the Upper Triassic Xujiahe Formation in the study area. Three water-
rock interactions in the thermal system were unveiled by the hydro-
geochemical and isotopic models, of which 73% (Model 1) and 74%
(Model 2), 20% (Model 1) and 21% (Model 2), and 7% (Model 1) and
5% (Model 2) of (Ca%™ +Mg2+) in the geothermal waters were derived
from the gypsum dissolution, carbonate dissolution by carbonic acid,
and carbonate weathering by H,SO,4 from the oxidation of sulfide mi-
nerals, respectively, and 91.5% (Model 1) and 91.1% (Model 2), and
8.5% (Model 1) and 8.9% (Model 2) of SO42~ in the geothermal waters
were derived from the gypsum dissolution and carbonate weathering by
H,SO, from the oxidation of sulfide minerals, respectively.

Thus, meteoric water originated from mountain area with high
elevation infiltrates through the exposed carbonate karst fissures or
conduits to the deep carbonate aquifer with some gypsum which
comprises of the geothermal reservoir in Chongqing area. During this
processes, the carbonate rocks is weathered by carbonic acid and H,SO4
from the oxidation of sulfide minerals, and the gypsum is dissolved, and
the water is gradually heated and forms finally the thermal waters with
high Ca®* and SO4*~ concentrations. And then the thermal waters are
exposed in artesian springs from the anticlinal axis or drained in wells.
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