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Abstract: Numerous geothermal resources of medium to low temperature have been reported in
southern China. Suichuan County is one of the regions where thermal manifestations are abundant.
However, the study regarding the understanding of geothermal water sources, hydrochemical
composition and fluid-rock interaction lacks behind. Therefore, this study has characterized the
slightly acidic to slightly alkaline bicarbonate geothermal waters of medium-low temperature of
the Suichuan area. Geothermal waters of the study area have been evaluated mainly as of HCO3-
Ca-Na hydrochemical type with a maximum temperature of 80 ◦C. The results indicate the low
hydrochemical concentration where HCO3

− acts as a principal anion. Furthermore, the F− content in
geothermal and two cold water samples have been found high with a maximum value of 13.4 (mg/L),
showing high pH of 9.6 as well. Here, the compilation of deuterium and oxygen-18 isotopic data
of geothermal waters showed a local precipitation origin with a recharge elevation ranging from
630–1000 m. The circulation depth and reservoir temperatures are estimated, explaining the deep
thermal water behavior. Additionally, the estimation of saturation indices of various minerals shows
the geothermal waters’ corrosive or scaling behavior. Subsequently, the geothermal water points in
the study area represent a fracture convection formation pattern. Finally, by integrating conventional
hydrochemistry along with isotopic data, and considering the geological framework, a conceptual
genetic model of the Suichuan thermal ground waters has been discussed. Hydrochemistry and
isotopic features along with a conceptual circulation model have been provided by the foundation
towards the sustainable management of hydrothermal resources in Suichuan. Proper management
policies and practices are required for further development of Suichuan hydrothermal waters.

Keywords: Suichuan County; medium-low temperature; hydrochemistry; isotopic geochemistry;
genesis of geothermal water

1. Introduction

Geothermal resources are the sources of renewable clean energy and can be used in all
aspects of peoples’ lives such as bathing, space heating, and recuperation. The scientific
and rational development of these resources promotes the tourism industry and improves
the regional economy. Geothermal energy resources are classified as hydrothermal systems,
conductive systems, and deep aquifers carrying energy from the earth’s interior and
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stored in rocks, trapped steam, and liquid water [1]. Over the past few decades, this field
of research has gained the attention of many scientists and researchers who have done
significant research and continue doing so under different prospects [2–7]. Knowledge
of the geothermal waters concerning their origin is very important in geothermal studies
because it helps to explain and differentiate the chemical properties of the thermal waters
and their recharge sources. The study of stable H and O isotopes plays an important
role in hydrogeological investigations of both thermal and non-thermal waters because
the isotopes carry the record of the fluid origin [8]. Another fact is that the altitude
effect can influence the composition of stable deuterium and oxygen isotopes of thermal
groundwater [9].

The interaction of fluids with host rocks in geothermal reservoirs may alter their chem-
ical and isotopic compositions that are important archives to investigate geothermal waters.
Therefore, geothermal fluids rising to shallow depths carry steam with dissolved solutes
and gases and the composition of these circulating fluids shows an obvious relationship
with their local flow mechanism. The hydrochemistry discloses important information
such as underground hydrological conditions, distribution of cations and anions, and type
of water. As per studies carried out by [10], the different geochemical processes played a
key role in affecting the chemistry of eastern Anatolian thermal waters.

It is significant to examine the evolution of the hydrogeochemical processes and the
genesis of the thermal ground waters, which can provide support for hydrogeological
exploration, geothermal resource development, and mineral resource prospecting [11–13].
The widely applicable fundamental tools for studying thermal waters include regional
scale hydraulics, water chemistry, stable isotopic composition, and geothermometry [14].

China is rich in geothermal resources [15] consisting of about 8% of the world’s total
geothermal resources [16–18], with almost 4000 hot water points [19]. Despite the consider-
able development in other parts of the country, the thermal resources of Suichuan County
have not been exploited because of the lack of research. Therefore, it is extremely impor-
tant to develop the resources of this region to improve the lives of the local population.
Under these circumstances, we introduced a new schematic approach to understanding
the mechanism of thermal groundwater flow through different permeable conduits. In
addition, we analyzed the geothermal waters of Suichuan according to their (1) hydrochem-
ical and isotopic characteristics, (2) explanation of the origin of geothermal waters, and
(3) conceptual genetic model developed for the Suichuan geothermal waters. Moreover,
the simulation technique carried out by PHREEQCI contributed to the best understanding
of the fluid-rock interactions. The results of the present study are expected to contribute to
the development of Suichuan geothermal water resources.

2. Materials and Methods
2.1. Study Area

Suichuan County is located at the southwest border of Jiangxi Province (Figure 1). The
overall terrain of the County is mountainous, and is high in the southwest and low in the
northeast, comprising a subtropical humid monsoon climate zone. Including Suichuan,
approximately 100 hot springs with the highest temperature up to 83 ◦C have been reported
in the province [20].

Suichuan County is the main source of underground hot water in the region. It is
located in China’s medium and high temperature hot water zones with a subtropical
humid monsoon climate. The terrain in the area has an obvious topography and signatures
of strong tectonic activity have been observed (Figure 2A). The north and southeast of
the study area have folded basement strata of Caledonian and Ordovician ages. The
stratigraphy of almost all the epochs is well developed and the most recent formation is
the Quaternary Holocene Ganjiang formation. The most widely distributed strata in the
region with an area of approximately 1400 square kilometers is Cambrian. The Caledonian
and Yanshan tectonic cycles are the most intensive, showing large scale magmatic activities,
granitization, and migmatization (Figure 2B).
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Figure 1. Geographical map of Suichuan County in southwest Jiangxi province. Red markings are
the thermal and cold water sampling sites.

Suichuan is bounded by two river systems, the Suichuan River and the Shujiang River.
Both the rivers are the tributaries of the Ganjiang River. Because of intense tectonic activities,
groundwater in the study area shows different conditions of occurrence and is divided
into four major types such as (a) pore water of loose rocks, (b) karst water of carbonated
rocks, (c) fissure water of red clastic rocks, (d) bedrock fissure water. According to the data
from the Suichuan County Meteorological Bureau, the average temperature for the past
few years (2000–2016) is 19.17 ◦C, the maximum monthly average temperature is 32.1 ◦C
(July 2003), and the minimum monthly average temperature is 3.2 ◦C (January 2011).

2.2. Field Investigation

For the possible evaluation of thermal groundwater sources and the estimation of
hydrochemical and isotopic characteristics, field sampling was carried out in the Suichuan
area (Figure 1) in March 2017 and December 2019. The sampling point Xianzikou (XZK-1)
is situated very close to the study area, so we considered it a part of Suichuan. A total
of 13 samples were collected, out of which 6 were from thermal wells and two from cold
wells, while five were river water samples. Precautionary measurements were the priority
during sampling because all of the geothermal sites that belonged to the artesian well
bore type and samples were collected in a clean overflow state of geothermal groundwater.
Cold water samples from LX-1 (monitoring wellbore) and RSZ02-1 (drill hole) sites were
collected. River water samples were collected when the flow speed was moderate to avoid
impurities with an average annual air temperature value of 19.58 ◦C (approx. 20 ◦C).
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Figure 2. Simplified structural map (A) and geological map (B) of the study area showing thermal
and cold well sites, major and minor faults indicating deformation.
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2.3. Data Processing
2.3.1. Experimental Analysis

In-situ measurements were carried out for unstable hydro-chemical parameters such
as water temperature, electric conductivity, and pH. The measurement of temperature
was taken by a portable thermometer, whereas pH was calculated by a FE28 pH meter
(acidity meter) (D554). 500 mL polyethylene bottles rinsed with distilled water were used
for sampling. To avoid contamination, sampled bottles were kept bubble-free and carefully
sealed with a 3M sealing strip. All of the samples were preserved in a cool dry place
to avoid direct sunlight for laboratory analyses. Thermal groundwater and cold water
samples were sent to BEAT laboratory USA for the analyses of δD and δ18O. These analyses
of δD and δ18O were performed by gas stage isotope ratio mass spectrometry and expressed
in per mil‰ in notation delta (δ) relative to Vienna Standard Mean Ocean Water (V-SMOW)
with analytical precision of ±0.1‰ δ18O and ±1‰ for δD.

Later on, all the samples were sent to the laboratory of the Nanchang Mineral Re-
sources Supervision and Testing Center, Ministry of Land and Resources (Jiangxi Institute
of Geological Survey) for the analyses of major indexes such as cations, anions, total dis-
solved solids (TDS), and alkalinity (HCO3

−). Major anions (Cl−, SO4
2−, NO3

−, and F−)
were analyzed by ion chromatograph IC-1100 (D480), while the major cations (Mg2+, Na+,
K+, Ca2+, and Li+) were measured by ICAP-Q quadrupole rod ICP-MS mass spectrome-
ter (D523). The analytical error for major cations and anions was ±2% with an accuracy
0.01 mg/L. Alkalinity (HCO3

−) was analyzed by the standard titration method with HCl
and the analytical values are accurate up to 0.01 mg/L. The concentrations of other chemical
elements were estimated by AFS-8800 double-channel atomic fluorescence photometer
(D507), UV-1800 ultraviolet, and visible spectrophotometer (D528). The saturation indices
(SI) regarding the main minerals such as (anhydrite, aragonite, calcite, dolomite, and
fluorite) were calculated using the PHREEQCI computer software [21]. The solution is
under-saturated when SI < 0 and saturated if SI = 0, which means the equilibrium between
mineral dissolution and precipitation has been achieved. In the same way, when SI > 0, the
solution will be considered as supersaturated and the precipitation of extra minerals will
take place [14]. The calculated charge balance (CBR) error is calculated according to [22]
and the range is ±5%. It is shown in Table 1.

Table 1. Hydrochemical parameters of sampled waters from Suichuan County, SE China. TDS and
other chemical concentrations are in mg/L.

Sample ID Depth
(m)

EC
µS/cm

T
(◦C) pH TDS K+ Na+ Ca2+ Mg2+ HCO3− SO42− Cl− NO3− F− CBE%

ZM-1 Thermal well 285 333 41 9.6 199.55 2.11 59.83 0.88 0.02 47.46 24.05 6.3 0.1 13.4 11
XZK-1 Thermal well 240 289 39 7.24 173.59 4.05 19.51 19.37 0.66 80 14.46 1.77 0.12 7.52 −2
TH-1Thermal well 297 400 80 7.52 240.27 2.63 63.49 4.44 0.03 119 12.87 4.19 0.16 12.9 0

GYZL06-1 Thermal well 519 169 42 6.65 101.52 3.48 12.39 7.02 0.3 40.68 3.77 0.44 0.82 2.1 6
RSZ01-1 Thermal well 321 200 62 7.72 120.24 3.58 7.52 9.86 1.01 53.76 6 11.5 0.5 4.48 −22
RSZ04-1 Thermal well 321 283 72 9.02 169.66 5.15 12.81 11.93 1.19 53.76 8 12.2 0.5 0.04 0

LX-1 Cold well 340 134 23 6.95 80.69 3.47 3.48 9.93 2.46 33.9 6.2 0.27 0.36 5.3 −1
RSZ02-1 Cold well 321 212 20 6.92 127.2 3.53 2.6 14.02 4.68 49.39 2 3.28 3.25 5.6 0
RSZ 01 River water ND 92 20 6.88 55.3 0.81 3.29 3.55 0.41 26.15 2 3.75 3.5 0.26 −26
RSZ 02 River water ND 90 20 6.96 53.82 0.96 3.79 3.55 0.51 20.34 3 5.15 4 0.3 −20

GYZL01 River water ND 93 20 8.87 55.51 0.21 1.84 6.95 0.31 36.27 3 4.11 1.5 0.46 −28
GYZL02 River water ND 94 20 9.15 56.67 0.51 2.48 7.44 0.26 30.23 5 2.74 0.5 0.31 −15
GYZL03 River water ND 89 20 8.98 53.56 0.21 2.63 6.95 0.36 24.18 7 3.65 1.5 0.28 −15

2.3.2. Geothermometry

It is very important to select a suitable geothermometer to estimate reservoir temper-
ature with a minimum margin of error. In the case of definite differences in measured
temperature values, it points out the selection of an appropriate geothermometer. To carry
out the calculation of reservoir temperatures of thermal waters, the following geother-
mometers are being used in this study.
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(1) Quartz geothermometer: TSiO2 = [1309/(5.19 − lgS)] − 273.15 and
(2) Chalcedony geothermometer: TSiO2 = [1032/(4.69 – lgS)] – 273.15 [23];
(3) Improved SiO2 geothermometer: TSiO2 =–44.119 + 0.24469S – 1.7414× 10–4 + 79.305lgS [24];
(4) K-Mg: TK-Mg = 4410/[14 – lg(k2/Mg)] – 273.15 and
(5) Na-K: TNa-K = 1390/[1.75 – lg(Na/K)] – 273.15 [25];
(6) Na-Li: 1049/[lg(Na/Li) + 0.44] – 273.15 [26];
(7) Na-K-Ca-Mg: 14920/[3lg(Na/K) + 3lg(Ca/Na2) – lg(Mg/Na) + 40.91] – 273.15 [27]. S

denotes the concentration of SiO2. All of the concentrations are in mg/L.

2.3.3. Depth of Circulation

Generally, it has been reported that circulation depth in case of thermal fluids has a
direct relation to reservoir temperatures. The meteoric water percolates into the ground
surface through various permeable zones and to reach a considerable depth. If it is assumed
that the geothermal water temperature might increase due to heat flow then the following
expression can be used for general estimations [13,28].

Z = G (T − T0) + Z0 (1)

where Z is the circulation depth of geothermal fluids in (m), T is the reservoir tempera-
ture (◦C), T0 is the annual average temperature as of 21.2 ◦C, Z0 denotes the thickness
of a constant temperature zone (and it is 20 m) and G is the geothermal gradient of
3.12 ◦C/100 m [29].

2.3.4. Recharge Altitude and Annual Air Temperature (Average)

Based on the deuterium δD isotope, recharge altitude and its variance among thermal
ground waters can be estimated by using the following standard expressions for China [14].
The degree of error in the estimated results of altitude is within 1 m.

δD =−0.03 ALT-27 (2)

where ALT stands for the altitude in (m).
Whereas, for annual average air temperature another equation has been used, as below.

δD = 3T-92 (3)

T represents annual air temperature in (◦C).

3. Results
3.1. Physicochemical Characteristics

Water samples show quite high pH values ranging from 6.65 to 9.60. The discharge
temperatures of geothermal waters show a wide range from 39 ◦C (XZK-1) to 80 ◦C (TH-1).
XZK-1 has the lowest temperature among all the geothermal waters that might be due
to the mixing with surrounding cold waters. The Lingxia cold water has a pH of 6.95
and a temperature of 23 ◦C was recorded. Electrical conductivity (EC) for geothermal
waters varies from 169 µS/cm to 400 µS/cm, LX-1 and RSZ02-1 showed 134 µS/cm and
212 µS/cm, respectively (see Table 1).

The hydrochemical type of the studied waters is mainly categorized as the HCO3-
Ca-Na type (Figure 3). It can be concluded that HCO3

− is the dominant anion in all of
the water samples, showing a proportion of more than 50% and a mean concentration
value of 47.31 mg/L respectively, while Ca2+ and Na+ are the main cations in geothermal
waters, having mean concentrations of 8.14 mg/L and 15.05 mg/L. The total dissolved
solids (TDS) vary from 53.56 mg/L to 240.27 mg/L. The maximum TDS was recorded for
TH-1 geothermal water point Table 1. According to the contents of TDS, all the geothermal
waters and cold waters are considered freshwater types, as the TDS ranges from 0.08 g/L
to 0.24 g/L [30].
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Figure 3. Piper plot for Suichuan geothermal field (Thermal and non-thermal groundwater and river
water samples). H, C and R are relative terms for hot, cold and river water samples. All the water
samples are showing HCO3

− dominance.

Table 2 shows the low concentrations of alkaline earth metal (Sr) and alkali metal (Li) in
all of the thermal and non-thermal water samples. They can be useful to trace the signatures
of magmatic water. Low content of Sr in natural water is mainly due to the low solubility
of carbonate and sulfate, unlike bicarbonates. Lithium (Li) content in geothermal water
generally increases with the increase in salinity, temperature, pressure, and its content in the
surrounding rocks. The dissolved silica (SiO2) exhibits considerable measured values.

Table 2. Trace element concentrations for thermal and non-thermal wells and river water samples for
Suichuan County. Units used as mg/L.

Sample ID SiO2 Li Sr

ZM-1 21.44 0.24 0.01
XZK-1 26.13 0.25 0.09
TH-1 20.56 0.42 0.02

GYZL06-1 30.52 0.07 0.04
RSZ01-1 53.28 0.04 0.02
RSZ01-4 83.04 0.05 0.02

LX-1 16.14 0.08 0.03
RSZ02-1 38.85 0.06 0.02
RSZ 01 11.58 0.01 0.01
RSZ 02 12.22 0.01 0.01

GYZL01 12.84 0.01 0.01
GYZL02 16.15 0.01 0.00
GYZL03 12.84 0.01 0.01
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3.2. Geothermometry and Reservoir Temperature

Different geothermometers are the source of important indications for the utilization
of geothermal fluids, as they carry significant information about hydrothermal systems.
Using Quartz and Chalcedony geothermometers [23], the calculated temperatures are
64.48–127.06 ◦C and 32.44–99.31 ◦C, respectively. [24] An improved SiO2 geothermome-
ter determines temperature 65.04–128.40 ◦C. K-Mg and Na-K yield 68.80–105.80 ◦C and
4401.26–700.46 ◦C [25]. Na-Li gives elevated temperatures of 91.66–176.61 ◦C [26]. Na-K-
Ca-Mg yield 94.80–120.35 ◦C [27].

3.3. Stable Isotope Composition

Stable isotopic data (Table 3) for six thermal and two cold groundwater show δD
from −57.84‰ to −46.84‰, while δ18O values exhibit from −8.61‰ to −7.53‰. Overall
variations are not very high but significant (Figure 4). XZK-1 shows an interesting difference
when compared with other samples.

Table 3. Stable environmental isotopes (H and O) for thermal and cold wells expressed in ‰.

Sample δ18O δD

ZM-1 −8.6 −57
XZK-1 −8.0 −53
TH-1 −8.6 −56

GYZL06-1 −7.5 −47
RSZ01-1 −7.8 −46
RSZ04-1 −7.5 −48

LX-1 −7.7 −47
RSZ02-1 −7.5 −49

Figure 4. Plot of H and O isotopes of thermal and cold well samples. No water samples fall below
the meteoric water lines, indicating no evaporation and oxygen-18 shift.

3.4. Saturation Indices

The SIs of most of the minerals yield negative results (less than 0), implying unsat-
uration of thermal and cold well samples regarding the minerals mentioned in Table 4.
Overall, few exceptions were observed in the case of RSZ04-1, showing saturation to near
oversaturation of aragonite and calcite minerals while dolomite shows an oversaturation
state as well. In the same way, XZK-1 exhibits the saturation of fluorite mineral.



Water 2022, 14, 1591 9 of 22

Table 4. Saturation indices for the minerals in Suichuan County. Very few minerals exhibited positive
values > 0 showing saturation to oversaturation, while most of the minerals under saturation yielded
negative values < 0.

Sample Anhydrite Aragonite Calcite Celestite CO2 Dolomite Fluorite Gypsum H2O Halite

ZM-1 −4.11 −0.36 −0.22 −4.22 −5 −1.6 −0.79 −3.98 −1.12 −8.01
XZK-1 −3 −0.85 −0.72 −3.44 −2.16 −2.44 0.11 −2.86 −1.16 −7.05
TH-1 −3.16 −0.51 −0.4 −3.63 −1.95 −2.59 −0.31 −3.39 −0.31 −8.24

GYZL06-1 −3.85 −2.04 −1.91 −4.18 −1.82 −4.7 −1.36 −3.73 −1.09 −9.83
RSZ01-1 −3.33 −0.47 −0.35 −4.16 −2.63 −1.19 −0.73 −3.37 −0.66 −8.67
RSZ04-1 −3.08 0.73 0.84 −4.14 −4.07 1.16 −4.88 −3.21 −0.46 −8.44

LX-1 −3.62 −1.95 −1.8 −4.15 −2.33 −3.89 −0.21 −3.39 −1.56 −10.55
RSZ02-1 −4 −1.73 −1.58 −4.86 −2.16 −3.35 0 −3.76 −1.64 −9.59

4. Discussion
4.1. Hydrochemical Characteristics of Thermal and Non-Thermal Groundwater

Generally, the low concentrations of hydrochemical parameters show that water-rock
interaction is not intense [31]. The considerable spatial inconsistency in EC and TDS
concentrations proposed that groundwater chemistry was not homogeneous and was
controlled by different processes [32]. The isotopic and hydrochemical composition of
groundwater during their ascent to the ground surface may have been altered because of
the steam separation caused by adiabatic expansion and dilution by mixing with shallow
groundwater [12]. As described earlier in Figure 3, the dominant water type is HCO3-Ca-
Na. Due to the variability in hydrochemistry, however, the Na-HCO3-SO4 type can be
seen exhibiting approximately 32% SO4. RSZ04-1 belongs to the Na-Ca-HCO3-Cl type.
Coldwater sample RSZ02-1 belongs to the Ca-Mg-HCO3 type containing Mg content up
to 25%.

Cl− is an important tool for assessing the mixing of geothermal water with cold
groundwater in upflow zones of geothermal water systems. The correlation of δD and
δ18O with Cl− is insignificant confirming the mixing of geothermal waters with shallow
cold waters [33,34], as shown in Figure 5. If the steam separation/evaporation process was
dominant, then Cl− enrichment would have been observed, but in the present study, low
Cl− contents minimized this possibility and supports the mixing process [35,36].

Figure 5. Chlorine vs. δ18O and δD graph of geothermal waters.

The TIS salinity plot is also an important index used for the classification of hydro-
chemistry where the (Figure 6A) Ca + Mg vs. Na + K diagram shows the low salinity
with minimum variations. Usually the high Ca and Mg concentrations are likely due to
re-equilibration or mixing with Ca and Mg rich cold waters during infiltration of thermal
waters [37]. Furthermore, SO4 vs. Cl + HCO3 in the TIS salinity plot shows that the thermal
and cold waters accounted for low salinity content (Figure 6B).
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Figure 6. TIS salinity diagrams (A) Ca + Mg vs. Na + K, (B) SO4 vs. Cl + HCO3.

The correlation of various parameters is shown in (Figure 7A–C). Na+ exhibits a good
linear correlation with R2 = 0.746 when plotted against TDS. The little elevation in SO4

2−

might reflect the oxidation of hydrogen sulfide (H2S) or other sulfide minerals involved
in the formation of ore deposits and shows an agreeable correlation with TDS. Even
though the continuing dissolution of gypsum and anhydrite as well as the interaction with
evaporite deposits also leads to a possibility of elevated sulfate content [38], simultaneously
oxygen concentration should be increased by the shallow water table to promote the
sulfide oxidation and hence the SO4

2− concentration would be increased [39]. All the
water samples are dominated by HCO3

− ions and show higher pH > 6 rather than CO3
ions that affect the pH of water. Because at low pH< 6 the carbonates occur mainly in the
form of weak H2CO3 caused by the degassing of CO2 [34] and it can also reduce the pH
of natural waters [40]. The HCO3

− content of the cold water (RSZ02-1) and few thermal
waters indicate the dilution by the HCO3

− content of shallow groundwater during upward
flow. Nevertheless, the HCO3

− ion shows a good linear correlation with TDS.
The concentration of dissolved silica (SiO2) measured for RSZ04-1 is the highest among

all other thermal and non-thermal groundwater. But overall SiO2 content is low, which
is a sign of its dependence on host rock types because most probably its high content in
the case of thermal groundwater could be reported in granitic rock types [41]. The lowest
concentrations of Li and Sr reported in the present study show the existence of different
processes. Li shows a noticeable correlation. (Figure 7B). One of the possibilities of low
Sr concentration is that it might be controlled by the precipitation of calcite minerals [42].
Volcanic rocks are possibly the main source of alkali metal (Li) in thermal groundwater, as it
can be accumulated in different acidic rocks, particularly at the end of magma crystallization.
The higher concentrations of Li and Sr are generally associated with deep circulating
magmatic waters [43,44]. On the whole, fluoride concentration is very high and overreached
the standards of World Health Organization (WHO) [45]. In most of the groundwaters, the
high fluoride content generally shows a function of pH > 6 and temperature > 50 ◦C [5]. The
granitic rock type in the study area satisfied the high content of fluoride due to the water-
rock interaction between granite-bearing fluoride minerals and thermal waters. This is
because fluoride is mainly derived from the weathering of silicate minerals and the existence
of granitic rocks amalgamating with fluorite minerals defines its high concentration [46].
Although there is another process by which atmospheric deposition results in dust particles
in the form of soil but the significant source is the weathering of soil minerals [47,48].

Based on TDS values, it can be concluded that all the groundwater (thermal and non-
thermal) belong to freshwater as (TDS < 1000 ppm) [49,50]. Normally, the higher values of
TDS and EC for groundwater are probably the index of elevated ionic concentrations; this is
because of intense weathering conditions resulting in the maximum contents of dissolved
minerals. The mutual dependence of both the quantities is described by [40]. TDS is a
function of 0.6 times EC, as expressed below.

TDS = 0.6 EC (4)
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Figure 7. Extent of correlation between TDS and other hydrochemical parameters (A) F−, SO4
2−;

(B) Na+, Li; (C) HCO3
−) of thermal and cold ground waters of Suichuan County. Red and black

points show the cold and thermal well samples.

4.2. Isotopes of H and O and Origin of Thermal Groundwaters

H and O isotopes for geothermal and cold water samples are plotted in Figure 4. It
is quite clear from the graph that no such deviation was observed from the two standard
representative lines. The position of all the water samples close to the global meteoric
water line (GMWL) [51] and local meteoric water line (LMWL) of Jiangxi province [52],
with no deviation observed [53], undoubtedly confirmed their meteoric type of origin.
Another piece of evidence in support of the meteoric origin is that the concentration of
environmental isotopes in the case of oceanic origin is around 0% (VSMOW), salinity ranges
from 33,500 ppm to 37,600 ppm, and chloride is about 19,300 ppm [54]. The placement
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of all the water samples in a triangular plot shows only one dominant water type and
that is HCO3

− with a low concentration of chlorine (Figure 8). The analysis of the point
position comparison among water samples confirms the interference of peripheral water
characteristics and it increased up to a considerable level during the process of heat storage
to the seepage of the upsurge of underground hot water and it is thus speculated that the
mixing effect is enhanced.

Figure 8. Relative Cl-SO4-HCO3 ternary plot showing all the water samples located at bicarbonate
corner exhibit “peripheral water” type consisting mainly of HCO3

−.

There are no signs of volcanic or magmatic water origin or mixing due to the lack of
notable δ18O, δD content, which is +6 to +9‰ and −40 to −80‰ in the case of magmatic
water, respectively [12]. These facts confirm the meteoric origin of the Suichuan geother-
mal waters. Oxygen shift regarding geothermal waters is promoted by the duration of
contact [55]. In the present study, there was no significant phenomena observed, and the
degree of closeness with no sample falling below the meteoric water lines excluded the
probability of “oxygen-18 shift”.

4.3. Reservior Temperature

The Na-K-Mg diagram was used to assess the equilibrium condition between wa-
ter and fluid-rock interaction, the degree of mixing, and the suitability of hydrothermal
groundwater for geothermometry to measure reservoir temperature (Figure 9) [25]. Except
two of the geothermal waters, the rest of all the water samples fall at the extreme right
corner of the triangular plot showing that they are “immature waters”. The immaturity
or disequilibrium of water samples showed the possible mixing with shallow cold water,
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rapid flow speed, and shallow depth of circulation [56]. The mixing might have been
triggered by the processes of hydrogen metasomatism, minor peripheral neutralization
of CO2, and also the involvement of potassium metasomatism as thermal water rises to
the ground surface [2]. ZM-1 and TH-1 are located in the partially equilibrated zone,
showing that they did not achieve complete equilibrium due to the dilution process or
perhaps because of the weak degree of water-rock interactions [57]. These thermal water
samples indicate “mature waters”, showing that they have not experienced significant
mixing processes that could have resulted in notable alterations in chemical contents. The
presence of carbonate rock types indicate the use of a Ca/Mg geothermometer because
carbonate-evaporite rocks are the host of a distinct environment [58]. The comparison of
the results of the Ca/Mg geothermometer with the other geothermometers would provide
a different approach to study the aqueous environments. However, in the present study,
cations and silica geothermometers are applied to estimate the reservoir temperatures at
which thermal groundwater last equilibrated with the surrounding environment. The
application of chemical geothermometers accounted for a distinct range of temperatures.
Different geothermometers calculated various temperature values (Table 5), which are the
signatures of different mineral phases. The range of reservoir temperature estimated by
using the Na-K geothermometer was 700 ◦C to 8867 ◦C, which is extremely high. This
thermometer is not suitable for the present study, as it depends on the Na/K ratios that
rely on the dissolution balance of albite and k-feldspar minerals, usually in the case of
high temperature geothermal systems while for low temperature reservoirs this ratio is
dependent on the dissolution of host rock types [59]. Few of the temperature calculations
using chalcedony are lower than that of the measured temperatures. Therefore a chalcedony
thermometer was not considered. Quartz and improved silica geothermometers show quite
reasonable estimations, except that one of the samples yielded a lower temperature than
the measured value. Because a quartz geothermometer using between the temperature
range 150–225 ◦C might provide reliable results [23] and improved SiO2 show an error
of about 2–3% when the temperature range is 20–210 ◦C [24]. The silica content is low
because of the mixing effect between thermal and cold waters, therefore its estimations are
the minimum reservoir temperatures.

In the hydrothermal environment, the lithium content is likely scarce because it acts
as a “soluble element”, and therefore the Na/Li ratio is barely altered during the upward
flow of thermal fluids showing reasonable estimations [26]. An Na-Li thermometer may
provide a good range of deep temperatures, but in comparison with other thermometers, it
can be concluded that this geothermometer yielded slightly higher reservoir temperatures.
The temperature evaluation by Na-K-Ca-Mg falls between 94.80 ◦C and 120.35 ◦C, which
are reasonable measurements probably showing no signatures of mixing activities. The
temperature calculations carried out by the K-Mg geothermometer are within the scope of
the present study because this geothermometer applies to medium-low geothermal fields,
but the minimum involvement of clinochlore in chlorites might cause oddness in reservoir
temperatures [60]. K/Mg temperature estimations show that Na and Ca did not achieve
water-rock equilibrium as well as revealing the fact that thermal water during the upward
flow to the surface has not experienced any fluid-rock equilibrium reactions [61].

Table 5. Estimated reservoir temperature of thermal ground waters by applying different thermometers.

Sample Quartz Chalcedony Improved SiO2 K-Mg Na-K Na-Li Na-K-Ca-Mg

ZM-1 66 34 66 105 4401 96 120
XZK-1 73 42 74 76 1029 176 94
TH-1 64 32 65 105 3512 127 104

GYZL06-1 80 48 81 82 8867 118 98
RSZ01-1 104 75 105 68 700 108 95
RSZ04-1 127 99 128 75 753 91 102
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Figure 9. Na/1000-K/100/Mg1/2 of thermal and non-thermal waters. All the water samples except
(ZM-1 an-TH-1) are “immature waters”, evaluating the mixing with cold ground waters.

The circulation depth influences the different salient features of hydrothermal systems.
It can bring significant abnormalities in deep reservoir temperatures and the concentration
of different solutes. It is one of the most reliable and important criteria that estimates
the hydrothermal reservoir potential, the origin of thermal groundwater, and also the
mechanism of the formation of hydrothermal water resources. The maximum circulation
depth was estimated for RSZ04-1 locality (Table 6).

Table 6. Estimated recharge altitude and circulation depth is shown in (m), annual average air
temperature in (◦C), Deuterium isotope (δD) in ‰ of thermal water samples in Suichuan County.

Sample δD Recharge Altitude(m) Annual Average Air Temperature Circulation Depth

ZM-1 −57 1000 11 1296
XZK-1 −53 870 12 1488
TH-1 −56 970 11 2448

GYZL06-1 −47 670 14 1712
RSZ01-1 −46 630 15 2578
RSZ04-1 −48 700 14 2578

Mean Value −51 810 13 2017
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4.4. Mineral Saturation Dynamics

Usually the decrease in the temperature of hydrothermal waters due to mixing with
shallow waters or the decline in pressure possibly creates an appropriate environment
for the precipitation of different minerals like carbonates, sulfate silicates, and others [10].
The thermodynamic equilibrium saturation index is a standard that shows the possible
saturation or precipitation attributes of an aqueous and terrestrial environment based on
hydrochemical parameters [62]. Furthermore, it defines whether the water is corrosive or
can cause scaling. The range that explains this phenomenon is −0.3 to +0.3. Water, having a
saturation index of less than −0.3, will be corrosive and above +0.3 it will cause scaling that
in turn creates a huge problem in the exploitation and utilization of thermal waters. The
graphical representation in (Figure 10) and (Table 4) for thermal water saturation indices
(Anhydrite, Aragonite, Calcite, Dolomite, Fluorite, Gypsum, and Halite) showed the
unsaturation state of the respective water samples, as most of the minerals are distributed
below the equilibrium line. The water sample XZK-1 might have corrosive characteristics
concerning fluorite minerals, as it falls very close to the equilibrium standard line. This
reveals the maximum chances of F− to release from fluorite into the deep circulation of
underground hydrothermal fluids [7]. Similarly, notable variations have been observed
in RSZ04-1, as it yields the characteristics of the supersaturation of aragonite, calcite,
and dolomite minerals and an estimated SI of >+0.3, which can cause scaling problems.
The present situation explains the dominance of certain environments that confirm the
abundance of these carbonate minerals, as its concentration in natural waters is a function
of dissolved carbon dioxide, temperature, pH, cations, and other dissolved salts.

Figure 10. Graph showing the saturation state of different minerals of the Suichuan thermal waters.

In (Figure 11), most of the thermal waters are dispersed near dolomite and calcite
tie lines, showing the dissolution process of carbonate rocks [63], whereas thermal water
located near the anhydrite corner indicates the dominance of evaporite minerals [64].
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Figure 11. Ca/(Ca + Mg) vs. HCO3/(HCO3 + SO4) [65].

Because the environment in which sediments rich in anhydrite and gypsum deposits
exist, it is quite possible that aragonite and calcite would be precipitated [66]. As these
saturation indices, dominant carbonate (CaCO3) forms, and the studies proved that they
can reveal crucial and significant information concerning their environment including
pH, dissolved Ca2+, and other inorganic carbon (IC) as well [67]. The infiltration and
groundwater flow dissolve CaCO3, and Ca-Mg(CO3)2 minerals and increase the Ca2+ and
Mg2+ concentration in the ground water. (Figure 12) [68] described that the water samples
located above the equiline reveal the carbonate weathering, while those along the line show
both carbonate and silicate weathering. The following equations illustrate the mechanism
of Ca2+ and Mg2+ release in the water system:

Ca2+ + HCO3
− → CaCO3 + H+ (5)

CO2 + H2O→ H2CO3 (Weak carbonic acid) (6)

CaCO3 + H2CO3 → Ca++ + 2H2CO3 (Calcite dissolution) (7)

CaMg(CO3)2 + 2 H2CO3 → Ca++ + Mg++ + 4HCO3 (8)

The water samples fall below the equiline determined silicate weathering and evapor-
ite dissolution. Thus, carbonate silicate weathering, and evaporite dissolution represent the
prime source of Ca+2 and Mg+2 in the ground waters. The carbonate weathering resulting
from the interaction of water and CO2 is an intensive process. Moreover, it can trigger Ca+2,
Mg+2 and HCO3

− in the surrounding water.
The correlation between the estimated water temperature and calculated saturation

indices is insignificant. Due to weak fluid-rock activity, most of the thermal and cold
ground waters are unsaturated. The estimation of SIs reveal the existence of fairly different
hydrological conditions at quite considerable depth.

4.5. Circulation Mechanism and Genetic Model

The underground thermal fluid circulation of the Suichuan geothermal field (Figure 13)
is explained by combining the tidal response with hydrochemistry and isotopic characteris-
tics. The tidal oscillations could be detectable in aquifers because of the existence of the
solid earth tide [69]. The tidal forces generate pressure affecting the orientation of fractures
that develop as a result of fault slip [70].
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Figure 12. Scatter plots of the study area explaining silicate weathering and carbonate dissolution.

Figure 13. Conceptual genetic model of geothermal water circulation in Suichuan County.

The most likely source of geothermal fluids is meteoric water that adopted a con-
siderable deep circulation cycle as per the hydrochemical and stable isotopic data. The
near dispersion of isotopic data along meteoric water lines confirms that no significant
evaporation was observed before percolation [71]. During infiltration, meteoric water came
into contact with the surrounding rocks and dissolved various chemical elements, and
gained its heat from surrounding rock heating and also from a deep heat source. The
rise in temperature and pressure takes place with the continuous deep downward flow of
meteoric water. The residence time of thermal fluids is minimal, satisfying the low chemical
and isotopic concentrations with no “oxygen drift” because the fluid-rock interaction did
not give rise to a notable change of δ18O values. The deformed zones developed due to
the tectonic stresses caused the change in fault aperture from upper widening to lower
narrowing and lower widening to upper narrowing. This process created pressure differ-
ences in the surrounding rocks. When contraction takes place, the fractures showed low
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hydraulic conductance, while the extension causes the cracks to open and to provide a
passage conducive to the infiltration of meteoric water [72,73].

The process continues until the groundwater encounters a barrier that hinders its
downward migration and it starts flowing along the stratum interface or cross fissures.
This cycle continues and, hence, groundwater attains the heat from surrounding rock
heating, and the friction among faults and fractures is also a source of heat. However,
the major heat source in the region is radioactive granite [74,75]. This is accelerated due
to the increasing pressure and resulted in the fluid being discharged from the permeable
fractures into the surrounding rocks [76]. Therefore, thermal groundwater dissolving
various chemical elements migrated upward from the areas such as tensional structures
and zones of high permeability [77–80], oozing out as hot springs. Based on this mechanism
and the hydrochemical results of thermal groundwater, the genetic model in Suichuan has
been put forward.

5. Conclusions

From this study, the results have shown that the hydrochemical characteristics of
geothermal water were the result of the interaction between the water and the surrounding
rock types. Based on the findings, their properties are determined by the composition
of surrounding rocks that are in contact with the geothermal water flow. However, the
chemical composition has shown an abundance of HCO3

− as the main anion. The mixing
process is definite and is confirmed by plotting δD and δ18O with Cl−-exhibited insignifi-
cant correlation. Furthermore, the salinity plots showed that the major ions revealed quite
low salinity levels. Furthermore, the short residence time suggested that the chemical
concentration was low. The Na/1000-K/100-Mg1/2 diagram has illustrated the overall im-
maturity of thermal waters while two of the samples showed partial equilibrium behavior.
In addition, the cation geothermometers are not appropriate due to the immaturity of most
of the water samples. In the present situation, improved SiO2 geothermometers might
present the reservoir temperature if the silica content falls within a considerable range. The
maximum circulation depth is 2.5 km. Additionally, the use of a Ca/Mg geothermometer
can further disclose the fluid-rock processes in the presence of carbonate rocks. Stable
isotopic data has shown the meteoric origin of thermal waters, as the δ18O and δD isotopic
data lie near the global meteoric water line. On the other hand, the content of salinity and
chlorine as well as the distribution of water samples in the peripheral zone excluded the
probability of magmatic and oceanic water intrusions. Saturation indices indicated the
intense degassing phenomena as well as both scaling and corrosive characteristics. The
scatter plots of major cations and anions explained the phenomena of carbonate dissolution
and silicate weathering. The minimum trend of dolomite showed no calcite re-precipitation
with magnesium and moreover, the lack of saline environment also discards the aragonite
re-precipitation. Furthermore, the composition of main and trace components shows that
geothermal water is suitable for therapeutic purposes but not suitable for drinking. The
circulation of geofluids of meteoric origin exhibiting significant environmental isotopic
concentrations, continues under the influence of solid earth tide through fractured and
faulted strata. This study showed that the ascending flow of geothermal waters is propelled
by pressure and thermodynamic buoyancy, hence the synthesis of our findings in the form
of a model demonstrates that the direction of water flow was from east to west.

The findings of present study recommend the importance of prospecting the treatment
of high fluoride thermal waters to particularize the exploitation of hydrothermal resources
for various domestic and industrial purposes. Moreover, the investigation regarding
mineral prospects and ore depositions can play a vital role in terms of the economic
development of Suichuan County.
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