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Abstract—The chemical and isotope compositions of nitric and carbon dioxide thermal waters in Jiangxi Province (China) are consid-
ered. The nitric thermal waters are ultrafresh (TDS = 0.26–0.42 g/L) and highly alkaline (pH = 8.73–8.87), with excess of SiO2, F–, Na+, 
etc. but ultralow concentrations of Ca2+, Mg2+, and Cl–. The carbon dioxide thermal waters are more saline (TDS = 0.3–3.9 g/L) but have 
lower pH values (6.7–7.8). Major anions in both types of waters are HCO3

– and Na+, but SO4
2–, F–, CO2, and H2S also play a crucial role. 

The equilibria of the thermal waters with a complex of secondary minerals (carbonate, fluoride, clay, zeolite, etc.) have been calculated. 
The thermal-water–rock system is shown to be in the equilibrium–nonequilibrium state. During the transfer into deep horizons and back to 
the surface, the hydrotherms continuously dissolve all minerals that are in nonequilibrium with them (K-feldspar, anorthite, etc.) and form 
new minerals, which are in equilibrium with these waters (calcite, albite, etc.). The composition of the solution and the type of secondary 
minerals change with time because of the change in the proportion of chemical elements: Some elements are removed from the solution, 
while others continue to accumulate. A dynamic equilibrium between the elements entering and leaving the nitric thermal waters is estab-
lished very early, when the waters are still ultrafresh, which is due to the high pH and low pCO2. This equilibrium inhibits an increase in 
the salinity of the nitric hydrotherms, and they remain lowly mineralized. Owing to the higher pCO2 and, correspondingly, lower pH values, 
the carbon dioxide thermal waters reach a dynamic equilibrium at a later stage, when their salinity is higher than 3 g/L; therefore, they are 
more mineralized. 

Keywords: thermal waters, chemical composition, isotope composition, equilibrium with minerals of host rocks, equilibrium–nonequilibrium system, wa-
ter–rock interaction, evolution of the water–rock system, origin, composition formation 

INTRODUCTION

In recent years, thermal waters have attracted special at-
tention of scientists. This is primarily due to their wide 
spread in many world regions and their increasing use (Ellis 
and Mahon, 1977; Giggenbach, 1988; Michard, 1990; 
Kiryukhin et al., 2010). Of particular interest are the ul-
tralow salinity and, at the same time, high pH values of ni-
tric thermal waters as compared with carbon dioxide ones, 
which are higher mineralized but more acidic (Helvachi, 
2004; Seelig and Bucher, 2010; Pasvanoĝlu, 2013; Plyusnin 
et al., 2013; Alcicek et al., 2016; Suda et al., 2017). Accord-
ing to the thermal-water temperature estimated with various 
geochemical thermometers, the waters rise to the surface 
from depths of 3–4 km, but they have extremely low salini-
ty: 0.2–0.6 g/L (nitric thermal waters) and 0.5–3.0 g/L (car-
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bon dioxide thermal waters) (Shvartsev et al., 2018). The 
cause of this phenomenon must be sought in the type of 
thermal-water–host-rock interaction and in the equilibrium 
of the waters with major minerals. The saturation of waters 
with respect to minerals has been studied by many scientists 
(Arnorsson et al., 1983; Henley, 1984; Giggenbach, 1988; 
Grasby et al., 2000; Shvartsev et al., 2015), but there is still 
no explanation of the low salinity of nitric thermal waters. 
This problem is discussed only in our paper (Shvartsev et 
al., 2018).

Jiangxi Province in southeastern China is rich in carbon 
dioxide and nitric thermal waters, which are widely used by 
the residents (Li, 1979; Zhou, 1996; Sun and Li, 2001). 
Ninety-six thermal springs of different chemical and gas 
compositions were revealed within the province. They are 
confined to rocks and tectonic structures of different types. 
In this respect, the thermal waters of the study region are of 
great scientific interest. Therefore, a Chinese–Russian scien-
tific expedition was organized in 2015–2017 to study the 
thermal waters of Jiangxi Province. It was supported by 
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grants from the Russian Foundation for Basic Research, the 
National Natural Science Foundation of China, and, later (in 
2017), the Russian Science Foundation. The results of the 
joint research are reported in this paper.

STUDY AREA DESCRIPTION

The climate of Jiangxi Province is humid subtropical, 
with a large amount of precipitation (1200–1900 mm/year). 
The average annual temperature is about 18.8 °С. Most of 
precipitation falls on May–September, and the least portion, 
on October–March (Jiangxi…, 2015).

Jiangxi Province is of diverse geomorphology; it has 
mostly mountainous and hilly topography. Mountains make 
up 36% of the entire territory; hills, 42%; and plains with 
small hills, 22%. The height of the mountains is generally 
less than 1000 m above sea level, seldom reaching 2200 m. 
The topography slopes from south to north, toward Lake 
Poyang located in the province zone with the lowest eleva-
tion, 30–50 m above sea level (Jiangxi…, 2015).

Jiangxi Province lies within two major tectonic struc-
tures: Yangtze Paraplatform (northern area of the province) 
and South China Fold System (central and southern areas of 
the province). The areas of both structures underwent tec-
tonic activity and are composed of metamorphic rocks of 
different ages, from Proterozoic to recent. The Yangtze Para-
platform formed at 1700–2970 Ma, and the South China 
Fold System, at 443–542 Ma. Mesozoic and late Paleozoic 
rocks prevail in the study region. These are limestones, 
shales, dolomites, conglomerates, marls, and tuffites, which 
are abundant mostly in the south of the province. There are 
also carbonaceous strata, in particular, carbonaceous shales. 
In contrast to the Paleozoic rocks, the Mesozoic ones are 
ubiquitous and are mostly Jurassic red-colored sandstones, 
siltstones, mudstones, conglomerates, and limestones. The 
Upper Triassic strata have interbeds of carbonaceous mud-
stones and coals, and the Lower Cretaceous deposits have 
basalt and tuff interbeds, which is evident of regional tec-
tonic activity and volcanism at that time. Jurassic granites 
are major intrusive rocks of the province, being most wide-
spread in its south.

The geologic activity in Jiangxi Province in the Mesozoic 
led to the formation of multilevel complex structures cut by 
numerous faults (deep, large, and ordinary ones). Thermal 
waters are confined mainly to deep faults resulted from vol-
canic and magmatic activity and affecting the location of the 
thermal springs and their temperature regime. Such faults 
are large, reaching several hundred kilometers in strike. Ba-
sic and ultrabasic rocks are also localized along faults and 
influence seriously the regional geology (Zhou, 1996).

The studied springs are confined to deep faults in differ-
ent geologic structures. The springs of nitric thermal waters 
occur predominantly within Jurassic and seldom within late 
Proterozoic monzonite granites, early Caledonian granites 
(С–O), and Paleozoic granitoids (С–D). The granites and 

granitoids are composed mostly of K-feldspar (mainly mi-
crocline), plagioclase (mainly albite), quartz, and biotite (Ji-
angxi..., 1984). 

Carbon dioxide thermal waters are discharged mostly in 
igneous rocks, namely, Jurassic and early Caledonian (С-O) 
granites and late Proterozoic miarolites. The granites are 
composed mainly of K-feldspar (microcline), plagioclase 
(albite), quartz, and biotite. In addition, the carbon dioxide 
thermal springs are confined to conglomerates, sandstones, 
and siltstones of Cretaceous, Jurassic, Cambrian, and late 
Proterozoic ages. The geographical coordinates of the ther-
mal waters, their temperature, and the geologic conditions 
are given in Table 1 (Jiangxi..., 1984).

METHODS AND OBJECTS 

The research is based on the results of hydrogeochemical 
sampling made in 2015 and 2017. Eighteen samples of ther-
mal waters (eight nitric and ten carbon dioxide thermal 
springs) were taken during the expeditionary research. Ear-
lier, 11 springs (four nitric and seven carbon dioxide springs) 
were investigated (Sun et al., 2010). The general ion, trace-
element, and isotope compositions and sulfur species were 
studied (Fig. 1, Table 1). The rapidly changing parameters 
of the waters (pH, temperature, and electrical conductivity) 
were determined in situ, using an AMTAST AMT03 (USA) 
device. Chemical analysis of the waters was carried out by 
several methods: HCO3

–, CO3
2–, and Cl– were determined by 

titration, using an Anion 7-51 fluid analyzer; Ca2+ and Mg2+, 
by AAS; F–, SO4

2–, Na+, and K+, by ion exchange chroma-
tography, using an ICS-1000 Dionex chromatograph; and 
CO2 was measured by titrimetry. The content of Si was de-
termined by ICP MS, a modern high-sensitivity method, us-
ing a NexION 300D (Perkin Elmer, USA) mass spectrome-
ter. Analysis of the isotope composition of water (D, 18O) 
was carried out on a Finnigan MAT 253 (Thermo Scientific, 
USA) isotope mass spectrometer with a TC/EA-IRMS ele-
ment analyzer.

Analyses were carried out in certified laboratories: the 
Laboratory for Hydrogeochemistry of the Water Research 
and Educational Center of National Research Tomsk Poly-
technic University and the laboratory of the Chemical Anal-
ysis and Physical Testing Center of the East China Univer-
sity of Technology (Nanchang, China).

THE CHEMICAL COMPOSITION  
OF NITRIC THERMAL WATERS

The chemical composition of nitric thermal waters in Ji-
angxi Province is given in Table 2. It is seen that the waters 
have extremely low concentrations of chemical elements, 
TDS < 0.5 g/L. It is common for nitric thermal waters, be-
cause they always have low mineralization if they are not 
mixed with sea or other saline waters (Baskov and Surikov, 
1989; Gemici and Feliz, 2001; Chudaev, 2003; Gallois, 
2007; Mottl et al., 2011; Ármannsson, 2016).
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According to the classification by S.A. Shchukarev, the 
nitric thermal waters belong to either bicarbonate sodium 
(HCO3–Na) or bicarbonate–sulfate sodium (HCO3–SO4–
Na) type. The HCO3–Na waters are characterized by TDS = 
0.26–0.42 g/L (average is 0.36 g/L), and the HCO3–SO4–Na 
waters, by TDS = 0.28–0.38 g/L (average is 0.34 g/L), i.e., 
these waters are of nearly the same salinity. Bicarbonate so-
dium and bicarbonate–sulfate sodium waters also have close 

average pH values, 8.73 and 8.87, respectively. The salinity 
of both waters increases mostly at the expense of carbonate 
and, less, sulfate anions (Fig. 2a). However, its increase is 
accompanied by a decrease in their pH values (Fig. 2b) (Sun 
et al., 2016, 2017; Shvartsev et al., 2018).

What is the reason for this unusual phenomenon? There 
are two opposite trends of pH formation in nitric thermal 
waters. Taking into account that the studied waters occur in 

Fig. 1. Thermal waters of Jiangxi Province. 1, carbon dioxide, 2, nitric; 3, capital of the province; 4, province border. Numerals mark samples.
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granite rocks composed of feldspars, plagioclases, etc., the 
hydrolysis of aluminosilicates is one of the processes deter-
mining the acid–base state of the water. Its typical reaction is

2NaAlSi3O8 + 11H2O = Al2Si2O5(OH)4 + 2Na+ +  
2OH– + 4H4SiO4. (1)

The reaction proceeds with the formation of OH–, which 
is usually neutralized by acids, primarily in its reaction with 
CO2 (Shvartsev and Wang, 2006):

CO2 + OH– = HCO3
–. (2)

Under other equal conditions, a pCO2 decrease leads to an 
increase in the pH value of the solution. The pH value also 
increases with the concentrations of cations in the solution 
(in our case, Na+). Usually, an increase in the salinity of 

natural waters is accompanied by an increase in pH (Shvar-
tsev, 1998).

However, there is also the process caused by the influ-
ence of SO4

2– in nitric thermal waters. Ion SO4
2– is produced 

through the oxidation of iron sulfide by the reaction

FeS2 + 3.5O2 + H2O = Fe2+ + 2SO4
2– + 2H+. (3)

As a result, the pH of the solution decreases, and the con-
centration of sulfates increases. Therefore, the relationship 
between pH and TDS in thermal waters is often complex 
(Plyusnin et al., 2013), because it depends on the proportion 
of acids and alkalies in the solution, which changes with time.

The temperature of the thermal waters is another factor 
affecting strongly the salinity. The obtained data show that 
the salinity of nitric thermal waters increases with tempera-
ture (Fig. 3a), whereas their pH decreases (Fig. 3b). The 

Table 1. Geologic conditions of the thermal water occurrences, geographic coordinates, and temperatures of springs 

Sample Region
Coordinates

H, m T, °C
Geologic conditions

N E Age Rocks

Nitric thermal waters

15-7 Neiliang (township) 114.05 25.24 369 41 J Granites
15-8 Reshui (township) 113.54 25.32 341 38 J Granites
15-9 Zhuangmu (township) 114.12 26.05 311 83 J Granites
15-10 Zhuangmu (township) 114.19 26.07 276 82 J Granites
L-1 Fujia (township) 115.92 29.42 200 71 PR1 Tuffstones
L-2 Fujia (township) 115.92 29.41 202 65 PR1 Tuffstones
L-3 Fujia (township) 115.92 29.41 200 65 PR1 Tuffstones
L-5 Fujia (township) 115.92 29.41 205 69 PR1 Tuffstones
17-2 Qianshan (city) 114.12 27.36 219 27 PR1 Tuffstones
17-6 Wenquan (town) 114.35 28.54 233 54 J Granites
17-7 Quqiao (town) 114.55 28.74 264 55 PR1 Tuffstones
17-8 Tansi (township) 114.94 29.02 315 59 J Granites

Carbon dioxide thermal waters

15-1 Cong Ren District 115.53 27.44 75 36 K-P Sandstones, gypsum dissemination
15-2-1 Wenguan (village) 116.13 28.00 62 41 PR1 Tuffstones
15-2-2 Wenguan (village) 116.13 28.00 62 53 PR1 Tuffstones
15-3 Shizui (village) 116.33 26.56 186 58 PR1 Sandstones
15-4 Changjiang (village) 115.41 24.50 228 55 J Granites
15-5 Zhonghe (town) 115.34 24.51 310 72 J Granites
15-5-1 Zhonghe (town) 115.34 24.51 310 71 J Granites
15-6 Hedong (township) 114.08 25.21 290 43 O Limestones, marls
H-1 Nanqiaozhen (village) 115.67 24.82 450 25 J1 Sandstones
H-2 Nanqiaozhen (village) 115.60 24.80 446 48 J1 Sandstones
H-3 Nanqiaozhen (village) 115.70 24.83 458 37 J1 Sandstones
H-4 Nanqiaozhen (village) 115.57 24.84 450 73 PR1 Tuffstones
H-5 Nanqiaozhen (village) 115.64 24.73 449 27 K2 Red-colored sandstones
H-6 Nanqiaozhen (village) 115.69 24.83 450 48 J1 Sandstones
H-7 Nanqiaozhen (village) 115.70 24.83 430 44 J1 Sandstones
17-4 Mabu (town) 114.42 28.06 92 29 PR1 Tuffstones
17-5 Tianxin (town) 114.50 28.05 108 32 PR1 Tuffstones
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temperature of the thermal waters depends on the circulation 
depth, which, in turn, determines the time of their interac-
tion with rocks. The deeper is waters penetrate, the longer 
they interact with rocks. This leads to a water salinity in-
crease in the equilibrium–nonequilibrium state of the water–
rock system (Shvartsev et al., 2015). At the same time, wa-
ters of deeper aquifers have higher concentrations of CO2, 
which leads to a decrease in their pH (Fig. 3b). The surface 
temperature of hot springs is usually lower than their maxi-

mum temperature at depth (Fournier, 1991; Mutlu, 1998; 
Dulanya et al., 2010).

Another specific feature of the studied thermal waters is 
the unusual proportion of cations, with a strong predomi-
nance of Na+ and extremely low concentrations of Ca2+, 
Mg2+, and K+. There is an unusual relationship between the 
concentrations of these elements and the water TDS. For ex-
ample, the total concentration of Ca2+ and Mg2+ in the nitric 
thermal waters decreases with an increase in not only TDS 

Fig. 2. Dependence of the salinity of nitric thermal waters on the concentrations of carbonate and sulfate ions (a) and pH (b). 1, carbonate ions; 
2, sulfate ions.

Table 2. Chemical composition (mg/L) and other parameters of nitric thermal waters in Jiangxi Province 

Group Sample pH TDS* CO3
2– HCO3

– SO4
2– Cl– Na+ Ca2+ Mg2+ K+ SiO2 F– pCO2

, 
*10–3 atm

H2S Chemical type

I

17-2 9.05 259 10.8 114 19 4.6 62 6.3 0.04 0.88 35 6.1 0.38 2.16 HCO3–Na
17-8 8.97 269 30.0 87 23 4.9 73 6.0 0.005 2.76 32 10.8 0.05 27.63 HCO3–Na
15-7 8.70 324 12.2 127 17 6.2 72 3.8 0.02 1.98 68 15.6 0.45 0.03 HCO3–Na
15-9 8.50 376 6.9 131 18 4.3 76 4.2 0.05 5.09 116 14.6 0.07 0.071 HCO3–Na
L-5 8.61 377 8.0 174 13 5.0 89 2.1 0.15 1.70 70 14.0 0.12 – HCO3–Na
L-2 8.78 407 11.0 174 13 5.1 96 2.7 0.69 2.67 90 15.0 0.10 – HCO3–Na
L-3 8.62 408 8.3 186 11 5.4 110 1.9 0.1 1.56 70 15.0 0.15 – HCO3–Na
L-1 8.60 421 8.6 186 14 5.5 110 1.7 0.1 2.13 80 15.0 0.11 – HCO3–Na

Average 8.73 355 12.0 147 16 5.1 86 3.6 0.14 2.35 70 13.3 0.18 7.47 –

II

17-7 9.02 276 14.4 53 55 1.5 55 5.1 0.05 2.68 86 2.8 0.03 4.22 HCO3–SO4–Na
15-10 9.25 356 30.5 67 56 6 90 2.4 0.03 3.06 110 14.6 0.07 0.103 HCO3–SO4–Na
17-6 8.72 369 3.6 77 104 6.7 83 8.1 0.047 2.74 78 5.7 0.09 0.93 HCO3–SO4–Na
15-8 8.5 375 18.3 94 44 3.9 59 6.4 0.14 4.49 134 10.3 0.05 0.011 HCO3–SO4–Na

Average 8.87 344 16.7 73 65 4.5 72 5.5 0.07 3.24 102 8.4 0.06 1.32 –

Average for nitric 
thermal waters 8.80 350 14.3 110 40 4.8 79 4.5 0.11 2.79 86 10.8 0.12 4.39 HCO3–Na

*TDS, total dissolved solids.
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(Fig. 4a) but also the total concentration of carbonate ions 
(Fig. 4b). All this indirectly indicates an equilibrium of ni-
tric thermal waters with carbonate minerals: calcite, magne-
site, and dolomite. During their formation, these minerals 
bind Ca2+ and Mg2+, thus decreasing their concentrations 
with a temperature increase as a result of the decreased car-
bonate solubility (Fig. 4).

In contrast to Ca2+ and Mg2+, the concentrations of SiO2 
and F– in the studied thermal waters are high. The average 
concentration of F– is 2.2 times higher than that of Ca2+ and 
102 times higher than that of Mg2+, and the concentration of 
SiO2 is 19.1 and 782 times higher, respectively (Table 2). 
The highest concentrations of F– are typical of HCO3–Na 
thermal waters (the average is 13.3 mg/L) and, to a lesser 
extent, HCO3–SO4–Na ones (the average is 8.4 mg/L). The 
concentrations of SiO2 are, on the contrary, higher in the 

HCO3–SO4–Na waters and average 102 mg/L, and in the 
HCO3–Na waters they average 70 mg/L. The concentration 
of F- in the nitric thermal waters increases with the concen-
tration of carbonate ions (Fig. 5a) and with temperature (ex-
cept for two points) (Fig. 5b). At the same time, there is an 
inverse dependence of the F– concentration on the Ca2+ con-
centration and pH (Fig. 6). The same dependences were ear-
lier noted by Abe (1986).

High concentrations of F– and Si in nitric thermal waters 
are a well-known fact. The concentration of F– in nitric ther-
mal waters is usually 10–50 mg/L (Zamana, 2000; Seelig 
and Bucher, 2010; Deng et al., 2011; Plyusnin et al., 2013; 
Krunić et al., 2013; Kaasalainen et al., 2015), but sometimes 
it exceeds 100 mg/L (Baskov and Surikov, 1989), reaching 
145 mg/L in the thermal waters of Japan (Kokubu, 1988). 
The concentration of SiO2 usually ranges from 30 to 

Fig. 3. Temperature dependence of the salinity (a) and pH (b) of nitric thermal waters.

Fig. 4. Dependence of the total concentration of Ca2+ + Mg2+ in nitric thermal waters on their salinity (a) and the total concentration of carbonate 
ions (b).
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150 mg/L (Kononov, 1983; Pasvanoĝlu, 2013; Alcicek et 
al., 2016) but sometimes reaches 500–700 mg/L. For exam-
ple, the crater waters of the Mutnovsky geothermal system 
(Kamchatka) with a temperature of 96.1 ºС and pH = 8.3 
contain 775 mg/L SiO2 (Chudaev, 2003).

Approximately 70% of the studied nitric thermal waters 
contain hydrogen sulfide, but its concentration is low, <1 
mg/L (except for three points). The highest concentration of 
H2S, 27.63 mg/L, was found at point 17-8.

THE CHEMICAL COMPOSITION  
OF CARBON DIOXIDE THERMAL WATERS

The studied carbon dioxide thermal waters differ consid-
erably in composition from the nitric ones. They are more 

saline, more acidic, contain CO2, and are richer in almost all 
chemical components, except for SiO2 and F– (Table 3). 
Their salinity ranges from 0.3 to 3.9 g/L, averaging 1.4 g/L, 
and their pH varies from 6.7 to 7.8, averaging 7.0. A pre-
dominant anion is HCO3

–, except for sample 15-3 with pre-
vailing SO4

2–. The HCO3–Na type of waters is predominant, 
and the HCO3–Na–Ca and HCO3–SO4–Na ones are subordi-
nate (Sun et al., 2016, 2017; Shvartsev et al., 2018).

The studied thermal waters are dominated by HCO3–Na 
and HCO3–Na–Ca ones (group I) amounting to 52.9%. It is 
remarkable that these hydrotherms include both the freshest 
waters with TDS = 0.30–0.52 g/L (the average is 0.4 g/L; 
group Ia) and the most saline ones with TDS = 2.7–3.9 g/L 
(the average is 3.3 g/L; group Ib) (Table 3). The HCO3–Ca 

Fig. 5. Dependence of the concentration of F– on the total concentration of carbonate ions in nitric thermal waters (a) and on the water tempe-
rature (b). 

Fig. 6. Dependence of the concentration of F– on the concentration of Ca2+ (a) and pH (b) of nitric thermal waters of Jiangxi Province.
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(group II) and HCO3–SO4–Na (group III) thermal waters are 
intermediate in abundance (Shvartsev et al., 2018).

A chemical analysis of the carbon dioxide thermal waters 
of all groups showed that the partial pressure of CO2 (pCO2

) 
in the aquifer is the main factor controlling their composi-

tion and salinity. The higher is pCO2
, the higher is the salinity 

of these hydrotherms and the lower is pH (Fig. 7).
This dependence is explained by the fact that the pCO2

 
increase highly activates the hydrolysis of aluminosilicates 
by carbon dioxide waters, which increases their salinity. At 

Table 3. Chemical composition (mg/L) and other parameters of carbon dioxide thermal waters in Jiangxi Province 

Group Sample T, °C pH TDS* HCO3
– SO4

2– Cl– Na+ Ca2+ Mg2+ K+ SiO2 F–
pCO2

, 
* 10–3 atm

H2S Chemical type

Ia

H-4 73 7.30 299 106 17 8.5 72 9.9 0.09 3.1 81 1.6 1.2 – HCO3–Na
15-5-1 71 7.50 351 146 23 6.4 70 12.4 0.05 2.7 77 11.7 19.4 – HCO3–Na
15-5 72 7.53 364 146 26 7.1 71 12.2 0.07 3.7 83 14.3 1.0 0.009 HCO3–Na
H-3 37 6.74 459 217 27 8.5 94 29.1 0.09 4.4 78 1.7 54.5 – HCO3–Na–Ca
15-6 43 6.86 521 250 25 5.0 91 24.5 0.5 8.3 107 9.4 34.1 0.037 HCO3–Na

Average 59 7.19 399 173 24 7.1 80 17.6 0.16 4.4 85 7.7 22.0 0.023  

Ib

H-6 48 6.77 2770 1428 300 35.1 711 107.8 6.74 43.2 135 3.2 150.4 – HCO3–Na
15-4 55 6.78 3129 1820 257 35.5 703 90 6.1 59.2 151 7.2 123.6 0.012 HCO3–Na
H-1 25 6.52 3331 1886 325 81.2 699 138.5 15.37 84.6 99 2.9 1379.4 – HCO3–Na
H-5 27 6.50 3869 2253 350 50.7 970 106.9 10.42 82 43 3.6 1460.3 – HCO3–Na

Average 39 6.64 3275 1847 308 50.6 771 110.8 9.66 67.3 107 4.2 778.4 0.012  

II

15-2-1 41 6.91 287 127 38 2.7 9 51 3.0 6.0 45 4.7 18.0 – HCO3–Ca
17-4 29 7.39 356 229 27 2.0 4 64.9 10.9 0.78 18 0.5 27.0 0.11 HCO3–Ca
17-5 32 7.35 450 320 6 3.4 2 89 13.1 0.56 16 0.1 33.5 0.35 HCO3–Ca
15-1 36 6.3 1263 744 43 10.8 132 130 15.5 102.2 80 4.9 373.1 – HCO3–Ca–Na

Average 35 6.99 589 355 28 4.7 37 83.7 10.63 27 40 2.6 112.9 0.23  

III

H-2 48 6.67 2815 1004 765 70.2 679 117.1 10.95 71.8 94 2.9 125.0 – HCO3–SO4–Na
H-7 44 6.63 718 277 115 28.7 154 52.3 0.33 6.8 82 1.9 52.5 – HCO3–SO4–Na–Ca
15-2-2 53 7.64 346 140 50 2.1 12 61.8 2.89 15.2 57 4.6 2.5 0.383 HCO3–SO4–Ca
15-3 58 7.77 987 98 465 16.9 221 39 0.15 19.5 118 9.6 0.8 0.014 SO4–Na–Ca

Average 51 7.18 1217 380 349 29.5 267 67.6 3.58 28.3 88 4.8 45.2 0.199 –

Average for carbon di-
oxide thermal waters 46 7.00 1370 689 177 23.0 288 69.9 6.01 31.9 80 4.8 239.6 0.116 –

Fig. 7. Dependence of the salinity (a) and pH (b) of carbon dioxide thermal waters on the partial pressure of CO2.
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the same time, OH– interacts with CO2 by reaction (2), 
which reduces pH. Low pCO2

 neutralizes OH– to a lesser ex-
tent, which leads to a pH increase. Since the solubility of 
CO2 decreases with a temperature increase, the hotter waters 
become less saline but more alkaline (Fig. 8).

The dependence of pH on the salinity of carbon dioxide 
thermal waters is also unusual and can be explained by the 
oxidation of sulfides to sulfates (Table 3, Fig. 9).

In contrast to the nitric thermal waters, the carbon diox-
ide waters have a minor amount of H2S (Table 3). There is a 
certain relationship between the concentration of H2S and 
pCO2. For example, an increase in pCO2

 leads to a decrease in 
H2S concentration, although the carbon dioxide thermal wa-
ters contain much more SO4

2– than the nitric ones (Tables 2 
and 3). This is probably due to the fact that the presence of 

CO2 inhibits a decrease in Eh of the thermal waters. Never-
theless, the presence of even small amounts of H2S affects 
significantly the geochemical parameters of the thermal wa-
ters, including pH, which seriously complicates the relation-
ship of some elements with their pH and salinity.

THE ISOTOPIC COMPOSITION OF THE THERMAL 
WATERS AND ATMOSPHERIC PRECIPITATION

To establish the genetic type of thermal waters in Jiangxi 
Province, we studied their isotopic composition (Table 4). 
A comparative analysis of the obtained data and the isotope 
composition of the earlier studied atmospheric precipitation 
(Zhou, 1996; Sun, 1998; Sun and Li, 2001) showed that all 

Fig. 8. Temperature dependence of the salinity (a) and pH (b) of carbon dioxide thermal waters. 

Fig. 9. Dependence of the pH (a) and concentrations of sulfates (b) of carbon dioxide thermal waters on their salinity.
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composition points of both types of thermal waters are lo-
cated along the local meteoric-water line (Fig. 10). There-
fore, the studied thermal waters can be referred to meteoric 
by origin.

At the same time, the obtained data show that the isotopic 
composition of all thermal waters is significantly shifted 
from the meteoric line toward higher δ18O values. This evi-
dences that both the carbon dioxide and the nitric thermal 
waters interacted for a long time with aluminosilicate miner-
als of endogenous rocks with high δ18O values (Galimov, 
1968). During this interaction, the waters continuously dis-
solve endogenous aluminosilicates and become enriched in 
18O, which results in a significant deviation of the composi-
tion points of the thermal waters from the local meteoric 
line. The isotope deviation is different for the nitric and car-
bon dioxide waters, probably, because of the different dura-
tion of their interaction with aluminosilicates, the different 
depths of water penetration, etc. The geochemical environ-
ment also affects the scales of 18O exchange. For example, 
the highest concentrations of H2S were found in samples 
17-8 and 17-7 (Table 2). The isotopic-composition points of 

these samples lie virtually on the local meteoric-water line 
(Fig. 10), which is due to either the lightest oxygen isotope 
composition (sample 17-8) or the lightest hydrogen isotope 
composition (sample 17-7). The matter is that when water 
dissolves endogenous aluminosilicates to form clays, the lat-
ter become enriched in 18O and depleted in deuterium at the 
expense of water. But in the presence of CO2 in the system, 
water compensates the loss of 18O through the isotope ex-
change with CO2. Therefore, carbon dioxide thermal water 
remains rich in heavy oxygen isotope (Table 4). If the sys-
tem is poor in CO2 and pCO2

 is <10–4 atm (Table 2), which is 
typical of nitric thermal waters containing H2S, the water 
has a light oxygen isotope composition (Table 4). This was 
considered in more detail earlier (Shvartsev et al., 2017).

THE EQUILIBRIUM OF THE THERMAL  
WATERS WITH MAJOR MINERALS  
OF WATER-BEARING ROCKS

The equilibrium of the thermal waters with primary and 
secondary minerals was calculated in accordance with the 
known methods elaborated by Garrels and Crist (1965) and 
using the HydroGeo software (Bukaty, 2002). The free ener-
gies of mineral formation and dissolved chemical elements 
were borrowed from Johnson et al. (1992). The calculations 
were made for 25 and 100 ºC.

The calculation showed that most of the thermal waters 
(nitric and carbon dioxide ones) are in equilibrium with cal-
cite, magnesite, and fluorite despite their different TDS and 
pH values (Fig. 11). Since the solubility of carbonates de-
creases with a temperature increase, the degree of the equi-
librium increases with depth. Therefore we believe that all 
thermal waters are in equilibrium with carbonate minerals at 
a certain depth. In our opinion, a local nonequilibrium is 
possible only during the rise of thermal waters to the surface 
and their cooling and dilution with groundwater.

Another mineral saturating the studied thermal waters is 
fluorite (Fig. 11b). Most of the thermal waters are in equilib-
rium with both fluorite and carbonates. In contrast to car-
bonates, the solubility of fluorite increases with temperature. 
Nevertheless, water–fluorite equilibrium is observed in 

Table 4. Isotopic composition of thermal waters in Jiangxi Province, ‰ 

Sample δDvSMOW δ18OvSMOW Sample δDvSMOW δ18OvSMOW

Carbon dioxide thermal waters Nitric thermal waters

15-1 –53.1 –6.3 15-7 –57.8 –7.2
15-4 –55.9 –6.1 15-10 –66.6 –8.0
15-6 –61.0 –6.7 15-8 –59.6 –6.5
15-2-1 –47.9 –6.2 15-9 –66.2 –7.3
15-5 –60.6 –6.7 17-2 –61.8 –7.2
15-2-2 –55.0 –6.1 17-6 –59.4 –7.8
15-3 –59.0 –6.9 17-7 –53.5 –7.5
17-4 –53.1 –6.7 17-8 –62.8 –8.9

Fig. 10. δD–δ18O correlation in thermal waters and atmospheric pre-
cipitation of Jiangxi Province.
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more than 50% of the water samples even at 100 ºC and in 
more than 70% at the real temperature. Rising to the surface, 
the thermal waters are diluted with groundwater and become 
saturated with fluorite (as well as calcite) even at their ex-
tremely low salinity (0.2–0.3 g/L at pH > 8.2). In contrast to 
hypergenesis zone waters (Shvartsev, 1998), the geochemi-
cal parameters of thermal ones with precipitated calcite and 
fluorite are similar, although Ca2+ precipitates with CO3

2– in 
the first case and with F– in the second.

The equilibrium of thermal waters with aluminosilicate 
minerals predominant in the regional host rocks is more 
complex (Fig. 12). The nitric and carbon dioxide thermal 
waters show absolutely different saturation with respect to 
aluminosilicate minerals. The nitric thermal waters are in 
equilibrium with laumontite, albite, talc, glaucophane, mus-
co vite, and microcline, whereas the carbon dioxide waters 
are in equilibrium mostly with montmorillonite, less often, 
with illite and kaolinite (minerals that form mainly in the 
weathering crust), and, seldom, with laumontite, albite, mus-

covite, and microcline. This phenomenon is explained by the 
higher pH values. The nitric thermal waters have higher pH 
than the carbon dioxide ones, which ensures a shift of their 
equilibrium to the stability field of more exotic minerals 
(Shvartsev et al., 2015).

Figure 12 presents the calculated thermodynamic param-
eters of the equilibrium of the studied thermal waters with 
some silicates and aluminosilicate minerals. The stability 
fields of the main minerals, such as anorthite, labradorite, 
forsterite, and augite, lie significantly higher than others in 
the plots. It turned out that all igneous Ca-, Mg-, and Fe-
aluminosilicates forming the rock (anorthite, labradorite, 
fayalite, forsterite, and augite), as well as enstatite, diopside, 
heulandite, almandine, grossular, pyrope, and gehlenite, are 
in permanent nonequilibrium with any hydrotherms. Ther-
mal waters always dissolve aluminosilicates to produce sec-
ondary minerals. At the same time, the composition of such 
authigenic minerals does not remain constant but changes 
during the water–rock interaction.

Fig. 11. Equilibrium of thermal waters with calcite (a), magnesite (b), and fluorite (c) at 25 °C (line 1) and 100 °C (line 2). 1, carbon dioxide 
thermal waters; 2, nitric thermal waters; 3, atmospheric precipitation.
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As seen from Fig. 12, the first mineral that forms in rocks 
with atmospheric precipitation is kaolinite. The subsequent 
water–rock interaction results in montmorillonite, illite, and 
calcite, i.e., minerals typical of the hypergenesis zone. As 
water percolates to depth (Shvartsev et al., 2018), albite, 
laumontite, muscovite, microcline, biotite, glaucophane, 
talc, chlorite, etc. (minerals of hydrothermal genesis) appear 
among the secondary minerals. This assemblage of second-
ary minerals is specific to nitric and, much less, carbon diox-
ide thermal waters; the latter waters seldom reach the stage 
of secondary-mineral formation.

Consequently, although the nitric thermal waters have 
salinity 5–10 times lower than the carbon dioxide ones (Ta-

bles 2 and 3), they are significantly ahead in the composi-
tion evolution and related secondary-mineral formation. 
This apparent contradiction is explained by the fact that the 
average pH values of the nitric thermal waters are by a fac-
tor of 1.26 higher than those of the carbon dioxide waters. 
Therefore, the former contain almost 60 times more OH- 
than the latter. Under alkaline conditions, the secondary-
mineral formation accelerates, which prevents the accumu-
lation of chemical elements in the solution and, thus, 
inhibits an increase in its salinity. The problem of low sa-
linity and accompanying high pH values of the nitric ther-
mal waters will be discussed below, and now we will return 
to equilibrium.

Fig. 12. Equilibrium of thermal waters with aluminosilicate minerals. a, In the system HCl–H2O–Al2O3–Na2O–SiO2 at 100 °С; b, in the system 
HCl–H2O–Al2O3–CaO–SiO2 at 100 °С; c, in the system SiO2–Al2O3–K2O–CO2–H2O at 100 °С; d, in the system HCl–H2O–Al2O3–MgO–SiO2 at 
100 °С. Designations follow Fig. 11.
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The analysis has shown an intricate equilibrium of the 
thermal waters with various minerals. The water is in non-
equilibrium with dissolving minerals but is in equilibrium 
with forming ones. Shvartsev (1991, 1995, 1998) called this 
phenomenon an equilibrium–nonequilibrium state as early 
as 1978. The equilibrium–nonequilibrium state of the wa-
ter–rock system is well correlated with the fact that water 
interacts with endogenous aluminosilicates according to the 
dissolution–precipitation principle developed by many fa-
mous scientists (O’Neil and Taylor, 1967; Helgeson and 
Murphy, 1983; Putnis, 2002; Hellmann et al., 2003; Fu et 
al., 2009; Zhu and Lu, 2009).

Consequently, the water–rock system is in an equilibri-
um–nonequilibrium state. It is contradictory and can pro-
duce new solids and liquids. The water–rock interaction is 
not a particular or local phenomenon limited in time but a 
strictly directed global continuous rock transformation by 
water, yielding absolutely new products. This interaction is 
the internal state of the water–rock system, which does not 
depend on external factors but is determined by the com-
position and structure of water, without which it cannot 
exist . The cessation of the interaction leads to the disappear-
ance of the system. It is crucial that there are no natural 
forces that can stop this process. The internal mechanisms of 
the above interaction determine the continuous evolution of 
the water–endogenous-aluminosilicate system (Shvartsev, 
2012, 2013, 2014, 2016). All this significantly changes our 
idea of the evolution of the surrounding world, which is a 
nonlinear, irreversible, and continuous process (Shvartsev, 
2009, 2010, 2015), and provides a better understanding of 
the evolution of hydrotherm composition. The presented 
data on the equilibrium between the thermal waters and rock 
minerals confirm our concept.

THE CAUSE OF THE LOW SALINITY  
AND SPECIFIC COMPOSITION  
OF THE THERMAL WATERS

The temperature at the water circulation depth was esti-
mated by hydrogeochemical methods, based on the concen-
trations of dissolved components sensitive to temperature 
changes during the water–rock interaction and the tempera-
ture of thermal springs. Calculation with a Si-geothermome-
ter (Fournier, 1977) yielded the depth temperatures of nitric 
and carbon dioxide thermal waters from 85 to 147 ºC and 
from 62 to 153 ºC, respectively. Taking into account that the 
geothermal gradient for Jiangxi Province is 25 ºC/km (Wan, 
2012) and using the formula given by Li and Li (2010), the 
circulation depths of nitric and carbon dioxide thermal wa-
ters are 2.8–5.3 km and 1.8–5.6, respectively.

Hence, the thermal waters percolate to a depth of 3–5 km, 
are heated to 150 ºC, and interact with rocks and many non-
equilibrium minerals for a long time, continuously dissolv-
ing them, but remain fresh. This is especially true for the 

nitric thermal waters with TDS ≤ 0.4 g/L (Table 2). These 
waters are much less saline than most types of waters in the 
hypergenesis zone, which occur at a shallow depth, are cold, 
and have an age of several thousand years (Shvartsev, 1998). 
The carbon dioxide thermal waters are characterized by a 
higher TDS, reaching 3.9 g/L (Table 3), but this is also not 
high for deep waters. This phenomenon is related to the spe-
cific evolution of the water–rock system, which is consid-
ered below.

It is shown above that the interaction of thermal waters 
with aluminosilicate minerals continues throughout their oc-
currence in rocks both during their infiltration in the geo-
logic section and during their emergence (Shvartsev et al., 
2018). But the chemical elements that accumulate in the so-
lution as a result of dissolution of endogenous minerals are 
continuously bound by secondary minerals: Ca2+, by calcite, 
montmorillonite, zeolites, and other aluminosilicates; Mg2+, 
by glaucophane, chlorite, and zeolites; Na+, by albite and 
zeolites; K+, by biotite, illite, muscovite, microcline, etc.; 
and F+, by fluorite and, partly, micas (Figs. 11 and 12). The 
presence of these secondary minerals is confirmed by results 
of petrographic and mineralogical studies performed in the 
study area (Huang et al., 2002; Legros et al., 2019). Binding 
of the accumulated chemical elements by secondary miner-
als permits the system to reach both chemical and dynamic 
equilibria and establishes a balance between the amount of 
elements entering the solution and the amount of elements 
leaving it. Such secondary minerals are produced not simul-
taneously but successively, in accordance with the laws of 
their solubility: Poorly soluble minerals are the first to form, 
and readily soluble ones are the last (Shvartsev, 1994, 1995, 
1998, 2010, 2012, 2014).

According to the thermodynamic laws, gibbsite is the 
first to form, because an aqueous solution with pH = 5 be-
comes saturated with this mineral by the reaction

Al3+ + 3OH– = Al(OH)3,                      (4)

with its constant at 25 ºC expressed as 

K = 1/[Al3+][OH–]3 = 1033.2, (5)

when the Al3+ activity is equal to 10–6.2 mol/L. This activity 
value is reached rapidly, for time Т1 (Fig. 13). From this mo-
ment, gibbsite begins to form, which leads to a change in the 
proportion of Al and Si in the solution. Since the interaction 
of water with endogenous rocks continues and the content of 
Si in them is higher than that of Al, silicon, in contrast to 
aluminum, continues to accumulate in the solution. This fi-
nally leads to an equilibrium between the dissolved compo-
nents and produced kaolinite (Shvartsev, 2010, 2012, 2014):

2Al3+ + 6OH– + 2H4SiO4 = Al2Si2O5(OH)4 + 5H2O, (6)

with the constant of this reaction at 25 ºC expressed as

K = 1/[Al3+]2[OH–]6[H4SiO4]2 = 107.94 .         (7)
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At pH = 5.0, this equilibrium is reached only at the activ-
ity of H4SiO4 equal to 10–4.7 mol/L. Kaolinite binds Si and 
Al in equal amounts, and the amount of Si entering the solu-
tion is 2.74 times higher than that of Al. For this reason, Si 
continues to accumulate in the solution, in contrast to Al, 
which again leads to a change in their proportion.

During the formation of kaolinite, the solution has a defi-
cit of Al. The kaolinite formation depends on the amount of 
arriving Al but not Si, which is present in excess. Therefore, 
produced kaolinite binds almost all Al entering the solution 
and only part of Si, necessary for building the kaolinite 
crystal lattice.

Consequently, kaolinite forms later than gibbsite. It re-
sults from the longer interaction of water with endogenous 
minerals; we designate the interaction time as Т2 (Fig. 13). 
Since kaolinite binds not all dissolved Si, the latter contin-
ues to accumulate in water after the beginning of the min-
eral formation. In accordance with reaction constant (5), the 
activity of Al3+ cannot increase and, moreover, must de-
crease at a constant pH value. This disturbs the equilibrium 
between the water and gibbsite because of the formation of 
kaolinite instead of gibbsite under these conditions (Shvar-
tsev, 2010, 2012, 2014).

The nonequilibrium state of the water–rock system even 
after its saturation with kaolinite ensures its subsequent evo-
lution. The next mineral to form is Ca-montmorillonite. It is 
produced in the solution with higher concentrations of Ca, 
Si, and OH– by the reaction

0.167Ca2+ + 2.33Al3+ +3.67 H4SiO4 + 7.32 OH– = 
Ca0.167Al2.33O10(OH)2 + 10H2O, (8)

with its constant at 25 ºC expressed as 

K = 1/[Ca2+]0.167[Al3+]2.33[OH–]7.32[H4SiO4]3.67 = 1089.3.   (9)

The formation of montmorillonite is a longer process 
than the formation of kaolinite (Fig. 13), as it requires ac-
cumulation of larger amounts of Ca2+, Si, and OH– in the 
solution. Therefore, this mineral is produced after gibbsite, 
kaolinite, and some iron minerals not considered here (Sh-
vartsev, 2010, 2012, 2014).

Calcite forms later than montmorillonite (Fig. 13). Estab-
lishment of an equilibrium of thermal waters with carbonate 
and clay minerals is a more serious geochemical barrier, 
which inhibits the accumulation of Ca2+, Mg2+, Fe, K+, and 
Al in the waters. Therefore, the concentrations of these ele-
ments remain low (Tables 2 and 3). Clay minerals bind only 
part of Si. Thus, the concentrations of Si and Na in the ther-
mal waters continue to increase, which ensures the forma-
tion of other secondary minerals. Under these conditions, 
the pH of the waters continues to increase. A temperature 
increase with depth shifts the water–carbonate equilibrium 
to still lower concentrations of Ca2+, Mg2+, and Fe in the so-
lu tion at the same pH.

The thermal waters in equilibrium with carbonate and 
clay minerals stay in nonequilibrium with many endogenous 
aluminosilicates, which continue to dissolve, thus supplying 
the solution with all chemical elements. Most of these ele-
ments are immediately bound by secondary minerals. Since 
the concentrations of some elements (Si, Na+, F–, etc. (Tab-
les 2 and 3)) continue to increase, the equilibrium shifts 
from the kaolinite and montmorillonite fields to the above-
bordering ones (Fig. 12). The waters reach an equilibrium 
with laumontite, epidote, glaucophane, chlorite, talc, and 
many other minerals (Fig. 12). These waters have low con-
centrations of Ca2+, Mg2+, and Fe (Table 2), which are con-
trolled by the behavior of the carbonate system at high pH. 
Thus, the water–rock system passes to a higher hydrother-
mal stage of the evolution.

Fig. 13. Changes in the composition of secondary minerals depending on the duration of the groundwater–basalt interaction.
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Until the system evolution stops, the concentrations of 
some chemical elements, even those that are associated with 
secondary minerals (Si, Na+, F–, and K+), will continue to 
increase with time because of the different proportions of 
these elements in dissolved and precipitated compounds 
(Shvartsev, 1991). As the temperature increases at the next 
stage, the water becomes saturated with the main mineral 
phases of granitic rocks (albite, muscovite, biotite, micro-
cline, etc.), and these minerals no longer dissolve but begin 
to precipitate as new mineral complexes. In addition, each 
mineral phase forms at the certain stage of the water–rock 
system evolution and is controlled by its composition and 
thermodynamic parameters.

Thus, during the evolution of the water–rock system, the 
water tends to an equilibrium with most of rock minerals 
that form but do not dissolve. Obviously, this system will 
never be completely balanced, because an equilibrium be-
tween the water and many Ca-, Mg-, and Fe-aluminosili-
cates of abyssal genesis (e.g., anorthite, fayalite, forsterite, 
diopside, titanite, etc.) can never be attained. Although gran-
ites prevail in Jiangxi Province, thermal waters reach depths 
of 3–5 km, where rocks of different compositions exist. It is 
crucial that chemical elements pass from soluble minerals 
into the solution that has already reached an equilibrium 
with many secondary minerals; therefore, these elements 
can precipitate to form minerals.

Thus, water interacts with rocks even at great depths, but 
a large portion of chemical elements entering the solution 
precipitates as new minerals. This permits the system to reach 
both chemical and dynamic equilibria and establishes a bal-
ance between the elements entering the solution and the pre-
cipitating ones. As a result, the salinity of thermal waters de-
creases and remains constant or slightly increases with time.

Why does the water salinity remain low? An equilibrium 
of thermal waters with minerals of granites and zeolites in 
alkaline conditions is established at the low activities of 

chemical elements forming secondary minerals (Huang et 
al., 2002; Legros et al., 2019), because the constants of the 
reactions of hydrolysis of these minerals are extremely low 
(Table 5).

At high pH and low pCO2
, the above equilibrium is at-

tained at low concentrations of Na+, K+, Ca2+, Mg2+, and Fe 
in the solution, i.e., at extremely low water salinity. This 
does not mean that the water–rock interaction stops. It con-
tinues, but almost all elements entering the solution, despite 
their low concentrations, immediately precipitate in the form 
of other minerals (Huang et al., 2002; Legros et al., 2019).

If an additional amount of ambient acid, e.g., CO2, enters 
the system, then the pCO2

 of the solution increases, whereas 
the pH decreases (Fig. 7). In this case, an equilibrium is also 
established but at higher concentrations of prevailing ele-
ments in the solution or at its higher salinity.

Consequently, water controls the composition of precipi-
tating secondary minerals and thus changes its own compo-
sition. This, together with additional elements supplied from 
dissolved minerals, favors the formation of other secondary 
minerals, which leads to an additional change in the solution 
and, hence, to the formation of new minerals. This is the 
main essence of the evolution of the water–rock system, 
which proceeds at any salinity of the solution. In the case of 
nitric thermal waters, the system evolves at low salinity, be-
cause it has a high pH (Huang et al., 2002; Shvartsev, 2017; 
Legros et al., 2019).

CONCLUSIONS

(1) The geologic and geomorphological conditions in Ji-
angxi Province (China) are favorable for the formation and 
discharge of nitric and carbon dioxide thermal waters. This is 
mainly due to a significant difference in the regional topogra-
phy, the Mesozoic tectonic activity in the region, and abun-

Table 5. Constants of the reactions of hydrolysis (H2O or H2O + CO2) of some aluminosilicate and silicate minerals at 100 °C

No. Mineral Hydrolysis reaction Reaction constant

 H2O H2O + CO2

lgK lgY* lgK lgY*

1 Muscovite KAl3Si3O10(OH)2 + 10H2O = K+ + 3Al3+ + 3H4SiO4 + 10OH– –120.90 –7.11 –117.40 –6.53
2 Margarite CaAl4Si2O10(OH)2 + 10H2O = Ca2+ + 4Al3+ + 2H4SiO4 + 14OH– –148.20 –7.06 –141.60 –6.15
3 Paragonite NaAl3Si3O11H2O + 10H2O = Na+ + 3Al3+ + 3H4SiO4 + 10OH– –118.60 –6.98 –115.30 –6.41
4 Laumontite CaAlSi3O8 + 8H2O = Ca2+ + 2Al3+ + 4H4SiO4 + 8OH– –90.53 –6.30 –83.95 –4.94
5 Microcline KAl3Si3O8 + 8H2O = K+ + Al3+  + 3H4SiO4 + 4OH– –52.11 –5.79 –48.80 –4.07
6 Analcime NaAlSi2O6 · H2O + 5H2O = Na+ + Al3+ + 2H4SiO4 + 4OH– –46.00 –5.75 –42.68 –4.74
7 Biotite KFe3AlSi3O10(OH)2 + 10H2O = K+ + 3Fe3+ + 3H4SiO4 + 10OH– –102.70 –5.70 –99.33 –5.23
8 Albite NaAlSi3O8 + 8H2O = Na+ + Al3+ + 3H4SiO4 + 4OH– –50.00 –5.55 –46.71 –4.67
9 Glaucophane Na2Mg3Al2SiO22(OH)2 + 22H2O = 2Na+ + 3Mg2++2Al3+ + 8H4SiO4 + 14OH– –151.90 –5.24 –145.30 –4.69
10 Chlorite Mg6Si4O10(OH)8 + 10H2O = 6Mg2+ + 4H4SiO4 + 12OH– –101.90 –4.63 –95.29 –3.97
11 Talc Mg3Si4O10(OH)2 + 10H2O = 3Mg2+ + 4H4SiO4 + 6OH– –58.30 –4.49 –51.75 –3.45

*Conventional constant, i.e., the reaction constant taken relative to the number of the reacting components in the solution (Shvartsev et al., 2007).
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dant deep but permeable faults (often, normal faults). All this 
favored the formation of large hydrodynamic systems with 
long groundwater transition zones in the region. Some of 
these zones contain CO2 arriving from deeper horizons, 
whereas others lack it. In the first case, carbon dioxide ther-
mal waters form, and in the second, nitric waters are spread.

(2) The regional nitric and carbon dioxide thermal waters 
differ significantly from each other. The nitric thermal wa-
ters are ultrafresh (TDS = 0.26–0.42 g/L; the average is 
0.35 g/L), highly alkaline (pH = 8.5–9.3; the average is 8.8), 
with high concentrations of SiO2, F, and other components 
and low ones of Ca and Mg. The carbon dioxide thermal 
waters are more saline (TDS = 0.29–3.87 g/L; the average is 
1.37 g/L), more acidic (pH = 6.3–7.8; the average is 7.0), 
with average SiO2 concentrations close to those in the nitric 
thermal waters, and with higher Ca and Mg and lower F 
concentrations.

(3) Almost all studied thermal waters are in equilibrium 
with carbonates (calcite and magnesite), kaolinite, montmo-
rillonite, and illite. Most of the nitric thermal waters and part 
of the carbon dioxide ones are also in equilibrium with al-
bite, muscovite, microcline, laumontite, glaucophane, talc, 
etc. Thus, the thermal waters and the minerals of the host 
rocks form a unique equilibrium–nonequilibrium system, in 
which water dissolves minerals that are in nonequilibrium 
with it but forms other secondary minerals, which are in 
equilibrium with it and are stable in this medium.

(4) The equilibrium–nonequilibrium water–aluminosili-
cate system can have a long geologic evolution: The aque-
ous solution continuously accumulates certain chemical ele-
ments, whereas others are bound by secondary minerals. 
This causes not only a serious change in the solution compo-
sition but also a change of secondary minerals by others.

(5) The low salinity of the nitric thermal waters is ex-
plained by the fact that the low concentrations of CO2 and 
other acids lead to a rapid increase in pH and, hence, an equi-
librium of the waters with many secondary minerals. As a 
result, the amount of elements bound by secondary minerals 
quickly becomes equal to the amount of elements entering 
the solution. The establishment of a dynamic equilibrium be-
tween the inflow of certain elements into the solution and the 
removal of others from it inhibits an increase in the salinity 
of the nitric thermal waters. The same balance of elements in 
the more acidic carbon dioxide thermal waters is reached 
much later. It has not been reached in the study area.
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