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Abstract: Geothermal resources have been a source of significant clean energy in the world. The
Sichuan Province is famous for its abundant geothermal resources in China, especially in western
Sichuan. The Aba area is a significant minority region in northwestern Sichuan with abundant
geothermal resources. In this study, hydrochemical and D-O analyses were conducted on the eight
collected geothermal springs to investigate the genetic mechanism of the geothermal resource in
the Aba area. The exposed temperatures and pH values of the geothermal springs ranged from
23 °C to 48 °C and from 6.6 to 9.5, respectively. Based on the hydrochemical characteristics, the eight
geothermal springs were classified into two types: class A and class B. The class A geothermal springs
belonged to the hydrochemical type of Ca-Mg-HCO3-5O4 and Ca-Mg-HCO3 and were affected
by the weathering and dissolution of carbonate and silicate. The class B hydrochemical type of
geothermal spring was Na-HCOj3;, which was determined by the weathering and dissolution of
evaporite and silicate. A Na-K-Mg triangle diagram revealed that the geothermal springs belonged to
immature water. A chalcedony geothermometer indicated that the temperature of the class A shallow
geothermal reservoir in the Aba area was 59.70-73.00 °C and 70.65-120.91 °C for class B. Silicon
enthalpy approaches showed that the initial reservoir temperature for class A was 181.36-203.07 °C
(mixed by 85.76-89.44% cold water) and 271.74-295.58 °C (mixed by 87.39-87.54% cold water) for
class B. The recharge elevation of the geothermal spring was 3415-3495 m as calculated by the
D-O isotopes. We have proposed these genetic models of the two typical geothermal springs. The
achievements provide a vital reference for the further development of geothermal water and the
sustainable utilization of geothermal resources in the Aba area.

Keywords: hydrochemistry; D-O isotope; reservoir temperature; recharge source; genetic model;
Aba area

1. Introduction

Due to rapid economic growth and social development, environmental pollution and
energy shortages are becoming serious issues around the world. Hence, it is urgent to find
a renewable and clean energy, such as geothermal, wind, and solar energy. Among them,
geothermal resources have been comprehensively utilized for heating, spas, and power
generation worldwide [1-4]. So far, abundant geothermal resources have been reported in
the western Sichuan Province, southwestern China [5-7]. To better exploit the geothermal
resource, the understanding of the genetic mechanism should be improved in the western
Sichuan Province.
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The western Sichuan Province consists of the Garze and Aba area. Over the years,
a lot of research work has been conducted on the geochemical characteristics, genetic
mechanism, and regional geological background of the geothermal resources in the Garze
area of the western Sichuan Province [8,9]. Tang et al. (2017) investigated the deep thermal
structure beneath the western Sichuan Province [10]. Shi et al. (2017) provided a prelimi-
nary classification of the hyrochemical types of geothermal water in the western Sichuan
Province [11]. Scholars analyzed the genetic mechanism of geothermal springs in the Xian-
shuihe, Ganzi-Litang, and Batang geothermal belts [8,12-14]. The Kangding geothermal
field has been regarded as an area with a great potential for geothermal utilization in the
western Sichuan Province [15]. Hence, significant attention has been paid to the Kangding
geothermal field in recent years. In the Kangding field, the hydrochemical type of geother-
mal water found in the north is mainly of theNa-HCOj type; in the south, the geothermal
water is mainly of the Na-Cl-HCOs type [16]. The hydrogeochemical processes, calcite
scaling, and heat flux have been analyzed in the Kangding geothermal field, respectively.
Geothermal springs have also been reported in the Aba area of northwestern Sichuan.
However, there have been less studies on the hydrochemical characteristics and genetic
mechanisms of the geothermal resources in the Aba area, which has hindered the efficient
and reasonable utilization of these geothermal resources.

Therefore, this study aimed to elucidate the genetic mechanism of the geothermal
springs in the Aba area. Eight geothermal spring samples were collected for hydrogeochem-
ical and D-O isotope analyses. This study clarified the water-rock interactions, reservoir
temperatures, and recharge sources of the geothermal water. Afterwards, a conceptual
genetic model of geothermal springs was proposed. The achievements should provide a
vital reference for the utilization of the geothermal resources in the Aba area.

2. Study Area

Western Sichuan is located at the eastern margin of the Tibetan Plateau [17-19]. The
study area was the Aba area of western Sichuan, within the longitude of 100°30'-104°30’
and latitude of 30°35'-34°20’ (Figure 1). The complex topography of the Aba area leads
to regional climate differences. The mounded plateau in the northwest has a continental
plateau climate, with no significant difference in temperature. The mountainous plain has
a cool and semi-humid climate, with distinct wet and dry seasons and vertical changes in
climate. The high mountains are wet and cold, and the river valleys are dry and cool [20].
The annual precipitation and temperature are 741 mm and 12 °C, respectively. The landform
is characterized by alpine and valley regions, with an average elevation of 3500-4000 m.

Tectonically, the Aba area is located in the Songpan—Ganzi geosyncline fold belt with
a direction of 40°-50° from northeast to southwest. It is 156 km in length and 20-50 km
in width [21]. NE- and NW-trending regional faults are developed in the Aba area. The
Aba area is bounded by the Magin-Lueyang fault in the north, by the Minjiang fault in
the east, and it is separated by the Maowen fault in the southeast. The Aba area has
experienced several periods of intense tectonic events. The complex structural system
controls the patterns of strata extension, magmatic activity, and geothermal areas (Figure 1).
The strata exposed in the geothermal area are listed in Table 1. According to the lithology
and aquifer characteristics, the groundwater types are divided into three categories: the
Quaternary pore water, bedrock fissure water, and karst water. The Quaternary pore water
is mainly distributed in the Hong Yuan—-Ruoergai grassland and river valley plain area
within the aquifer of the sand and gravel layers. The clastic rock fissure water is distributed
in the Wenchuan County within the aquifer of the Triassic and Jurassic sandstone and
mudstone. It is mainly recharged by rainfall and discharged as springs with flows of
0.1-1 L/s. Karst water is distributed in the Devonian, Carboniferous, and Permian thick-
layered dolomite and limestone. This type of groundwater is recharged by rainfall and
snow and discharges as springs. The spring flow is generally 1-50 L/s. In general, the
annual runoff is mainly recharged by atmospheric precipitation, the infiltration of alpine
snowmelt, and groundwater runoff from deep circulation.
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The distribution of geothermal resources in the Aba area is controlled by the faults
in the region. Geothermal resources are mainly concentrated in the northeastern Songpan
County and the southeastern Maoxian-Lixian-Wenchuan area. The geothermal resources
in the Lixian County are mainly controlled by the Xuecheng S-type structure. The faults and
secondary fractures are well developed in the geothermal area, providing a vital channel
for the circulation of geothermal water. The exposed temperatures of the geothermal water
range 23-48 °C. To date, they have been utilized for tourism and spa purposes.
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Figure 1. (A) Location of the Sichuan Province in China, (B) Location of the Ganzi and Aba region in
the Sichuan Province, (C) Distribution map of the geothermal springs in the Aba area.
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Table 1. Statistics of the hydrochemical parameters, main ions, and isotopes of the geothermal springs
in the Aba area.

ID Name Altitude (m) (o]é) pH (E‘]g/i) Structural Location Geothermal %f:}fg:gl;Temperature

ABQO1 Heta 3360 3049 76 26480 Magin-Lueyang deep fault zone Conglomerate intercalated with
metamorphic limestone
ABQO2 Jiangzha 3253 38.40 6.6 917.00 Magin-Lueyang deep fault zone Siliceous dolomite
ABQO3 Guergou 2583 48.00 8.9 190.40 The Miyaluo fault Granite
ABQO4 Xiadagai 3402 35.00 8.4 222.90 Structure of Zhimulin Mountain type Calcareous quartz sandstone
ABQO5 Baoyan 3360 48.00 7.1 530.70 Caodeng syncline Slate, phyllite
ABQO6 Jiashikou 2840 44.00 9.1 298.30 Xuecheng S-type structure Conglomeratic sandstone
ABQO7 Jiyugou 1703 31.92 7.1 937.40 Maowen active fault Metamorphic dolomite
. The Seda fault, Rushi anticline and

ABQO8 Youri 3920 23.00 9.5 227.40 Balachon syncline Sandstone

ID K* Na* Ca* Mg?* Cl~ SO42~ HCO;~ CO;*~ H,SiO; Sr F Li B Fade} oD Re
ABQO1 1.40 8.00 46.09 27.36 0.35 32.48 247.10 0.00 43.64 014 047 002 105 1358 —96.2 4960
ABQO02 8.00  50.00 1733 71.14 3.90 209.60 726.10 0.00 59.20 126 104 019 235 1383 —1004 5015
ABQO3  1.60  29.00 6.01 0.61 248 14.16 66.02 3.05 116.81 0.04 139 0.02 049 -1638 —1186 5040
ABQO04 140  54.00 6.01 0.61 7.45 27.60 79.32 30.01 93.18 0.02 784 0.05 1.01 - - -
ABQO5 12.00 160.00 12.02 0.61 12.00 11.92 482.00 0.00 164.55 035 12.00 223 7.09 - - -
ANQO6 1.30 75.00 4.01 1.22 532 12.44 79.32 54.01 100.49 0.058 0.01 0.072 1.65 - - -
ABQO7 600 3000 17030  72.35 9.57 516.00 292.90 0.00 42.32 456 218 006 113 —1220 -851 2876
ABQO8  1.00  46.00 2.00 0.61 3.90 8.16 90.03 15.25 55.90 003 537 005 036 - - -
ABD09 145 17.10 59.90 10.40 1.80 55.30 221.90 3.00 11.00 033 011 005 0.10 - —54.60 -

Notes: pH has no unit. The unit for TDS, K*, Na*, Ca?t, Mg2+, Cl~, 80,42, HCO;~, CO32~, H,Si03, Sr, B, E, and
Li is mg/L; the unit for §'0 and §D is % VSMOW; “-” indicates no data. Re represents the recharge elevation (m).
ABDO09 represents the surface water sample.

3. Sample Collection and Laboratory Experiment

In this study, eight geothermal spring and one surface water body were sampled in
the Aba area during August 2013. The German Multi 3630 IDS portable multi-parameter
device was used for the field measurements. Water samples were filtered through a
0.45 pm filter membrane and then sealed in polyethylene plastic bottles. The in situ
measurement parameters included water temperature, total dissolved solids (TDS), and
pH value. The collected samples were sent to the Chengdu Analytical & Testing Center for
a hydrochemical analysis within one week. The hydrogen and oxygen isotope analysis was
carried out at the Institute of Hydrogeology, Environmental Geology, Chinese Academy of
Geological Sciences. The anions were analyzed using the ion chromatography technique
(Dionex-500), and the cations were analyzed by using an inductively coupled plasma
emission spectrometer (ICP-OES). The test accuracy of the ion analysis was controlled to be
within 3%. Hydrogen and oxygen isotopes were detected by using wavelength scanning
cavity ring-down spectroscopy at 23 °C and 50% humidity. The total analysis indexes
of the geothermal springs’ chemistry include the pH value, total dissolved solids (TDS),
main anions (HCO;~, SO4%~, C1~, CO32~), main cations (Na*, K*, Ca%*, Mg?*), and trace
elements (F, Sr, Li, B, HySiO3). The hydrochemical and D-O isotopic results are shown in
Table 1.

4. Results and Discussion
4.1. General Hydrochemical Characteristics

A Piper diagram is helpful for revealing the major cations and anions in water and the
differences in the hydrochemical type [22]. The chemical types of the geothermal springs
in the Aba area were analyzed by a Piper diagram. As shown in Figure 2, the geothermal
springs were classified into two groups: Ca-HCO3-(SO;) (class A) and Na-HCOs (class
B). The geothermal springs ABQO1, ABQ02, and ABQO07 were classified as class A. The
remaining five geothermal springs were classified as class B.
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Figure 2. Piper trilinear diagram of the geothermal springs in the Aba area.

In this study area, the pH values of the geothermal springs in class A and B slightly
changed. The pH values of class A ranged from 6.6 to 7.6, while class B ranged from
7.1 t0 9.5, showing weak alkaline. According to the degree of mineralization, ground-
water can be divided into five categories: fresh water (less than 1000 mg/L), brackish
water (1000-3000 mg/L), salt water (3000-1000 mg/L), saline (10,000-50,000 mg/L), and
brine (more than 50,000 mg/L). As shown in Figure 3A,B, the total dissolved solids
(TDS) content of class A and B geothermal springs varied from 264.80 to 937.40 mg/L
(average = 706.40 mg/L) and from 190.40 to 530.70 mg/L (average = 293.94 mg/L), re-
spectively; therefore, they belong to fresh water. The main cation concentrations of
class A were ranked in the descending order of Ca?* (average = 129.90 mg/L), Mg?*
(average = 56.95 mg/L), Na* (average = 29.33 mg/L), and K* (average = 5.13 mg/L). Ca?*
and Mg?* accounted for 58.69% and 25.73% of the total, respectively. The main cation
concentrations of class B followed the descending order of Na* (average = 72.80 mg/L),
Ca?* (average = 6.01 mg/L), K* (average = 3.46 mg/L), and Mg?* (average = 0.73 mg/L).
The dominant cation was Na*, accounting for 87.71% of total cations. The main anion
concentrations of class A geothermal springs were in the descending order of HCO3™
(average = 422.03 mg/L), SO4>~ (average = 252.69 mg/L), and Cl~ (average = 4.61 mg/L),
respectively. the anions were mainly HCO3; ™ and SO,4%~, which accounted for 62.12% and
37.20% of the total, respectively. The main anion concentrations of class B were the same
as those of class A geothermal spring, and the average concentrations were measured at
159.34, 14.86, and 6.23 mg/L, respectively. HCO3;~ was the main anion, accounting for
88.31% of the total.
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Figure 3. Concentrations of the major elements of the Class A (A) and Class B (B) geothermal springs
of the Aba area. Concentrations of the trace elements of the Class A (C) and Class B (D) geothermal
springs of the Aba area.

As shown in Table 1, Figure 3C,D also show that the concentration of trace elements
of class A followed the order of H,SiO3 > Sr > B > F > Li. The concentration of H,SiO3
was 42.31-59.20 mg/L, and the average concentration was 48.38 mg/L. Sr concentration
was 0.14-4.56 mg/L, with an average concentration of 1.99 mg/L. Class B concentra-
tion was 1.05-2.35 mg/L, with an average concentration of 1.51 mg/L. F concentration
was 0.47-2.18 mg/L, with an average concentration of 1.23 mg/L. Li concentration was
0.02-0.19 mg/L, with an average concentration of 0.09 mg/L. The concentration order of
trace elements in class B was in the order of H,SiO3 > F > B > Li > Sr. The concentra-
tion of HySiO3 was 55.89-164.56 mg/L, with an average concentration of 106.19 mg/L. F
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concentration was 0.01-12 mg/L, with an average concentration of 5.32 mg/L. B concentra-
tion was 0.36-7.09 mg/L, with an average concentration of 2.12 mg/L. Li concentration
was 0.02-2.23 mg/L, with an average concentration of 0.48 mg/L. Sr concentration was
0.02-0.35 mg/L, with an average concentration of 0.10 mg/L. The H,SiO3 content in class
B was higher than that in class A, but the Sr content in class B was lower than in class A.
There was no obvious regular change in the trace element content between geothermal
springs in different regions. The contents of trace elements in different regions of class B
geothermal springs were the same, but the F ion content of the ABQ05 geothermal spring
in class B was significantly higher than that of ABQO6 (Figure 3D).

4.2. Factors Controlling Hydrochemical Compositions
4.2.1. Correlation Analysis of Each Parameter

@

Correlation Analysis of Major Ions

The Pearson correlation coefficient matrix is a useful tool in hydrochemical analy-
ses [23]. In this study, the Origin 2022 software was used to calculate the correlation
coefficient matrix of the hydrochemical parameters, as shown in Figure 4. The correlation
between each parameter was represented to analyze the relationship of the ion source [24].
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Figure 4. Correlation coefficient matrix of the class (A) (left) and class (B) (right) geothermal springs.

There was a significant positive correlation between the TDS and the Na*, K*, CaZt,
Mg?*, CI~ and SO42~ concentration in class A (Figure 4A). This suggested that the TDS
was controlled by the Na*, K*, Ca?t, Mg2+, Cl~ and SO42~ concentrations. The correlations
between the TDS and Ca?* and Mg?* concentrations were the most significant, with values
greater than 0.9. Hence, Ca?* and Mg?* were the main source of the TDS. Ca?* and Mg?*
had high correlations with SO42~ (0.767, 0.794), indicating that Ca®*, Mg?*, and SO~
might have the same source. The correlations of Ca?*, Mg?*, and HCO; ~ indicated that
the weathering of calcite and dolomite contribute a certain extent to the hydrochemical
compositions of the surface and groundwater.

There were significant positive correlations between the TDS and the Na*, K, CaZ,
Mg2+, Cl™, and HCO3™ concentrations in Class B (Figure 4B). This indicated that the TDS
was mainly controlled by the Na*, K*, Ca?Z, Mg2+, Cl—, and HCO3~ concentrations. The
correlations between the TDS and the Na*, K* and HCO3~ concentrations were the most
significant, with correlation constants greater than 0.9, indicating that Na*, K* and HCO3 ™~
were the main sources of TDS. HCO3; ™~ had significant correlations with K*, Na*, and Ca?t,
with correlation coefficients of 0.952, 0.996, and 0.878, respectively, indicating that it may
mainly originate from silicate weathering [25]. Cl~ was well correlated with Na* and
K*, with correlation coefficients of 0.922 and 0.866, respectively, indicating the presence
of evaporite dissolution in class B geothermal springs. Moreover, HCO3;~ also showed
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good correlation with Na* and K*, with correlation coefficients of 0.952 and 0.996. We
speculated that this was the case because the main anion of the geothermal spring in class
B was HCO3;~ and the concentration of C1~ was low. The ion ratio and a saturation index
were used to further prove the relationship among the major ions after these findings.

(2) Correlation Analysis of Trace Element

In geo-environments, C1™ has difficulty forming minerals with other cations or being
adsorbed to the surface of minerals, even in high temperature and pressure conditions.
Based on the stability of C1~, it was widely used to trace the ion source in the geothermal
water [26-28].

In the class A geothermal springs, the C1~ concentration was well correlated with
that of Sr, Li, and F (Figure 5). In the class B geothermal springs, the C1~ concentration
had a good relationship with Sr, Li, F, and B concentrations (Figure 5). This indicated that
Li, B, and Sr were derived from the incorporation of mantle source components [29], and
that the class B type Baoyan geothermal spring (seen in Table 1) had high C1~, Li, B, and
F ion contents, indicating more involvement of mantle source components. As shown in
Figure 5, B and C1~ showed a negative correlation, and the geothermal water with a higher
B concentration had a lower C1~ content, indicating that B and CI1~ had different material
sources. Furthermore, B ions originated from the dissolution of minerals containing B in
carbonates. Moreover, the positive correlation between CI™ and Sr in class A was greater
than in class B, indicating that the water—rock interaction is greater in class A than in class
B. HySiOj3 in the geothermal springs mainly originated from the dissolution of silicate
minerals, which was different from the source of Cl~; class A C1~ and H,SiO3 showed a
negative correlation and class B did not show an obvious linear relationship. The higher
the temperature of the deep geothermal reservoir temperature, the higher the H,SiOs
content of the geothermal water. By contrast, during the upward transport of geothermal
water to the surface, H,S5iO3 does not precipitate in large quantities due to the decrease in
temperature. Therefore, the SiO; content was used to calculate the geothermal reservoir
temperature [30]. The average H,SiO3 concentration of class B was higher than that of class
A, indicating that the geothermal reservoir temperature of class B geothermal spring was
rich in silicate minerals and that the geothermal reservoir temperature was high.
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Figure 5. Relationship between the trace elements and the chlorine content. (A) C1~ vs. B3+, (B) C1~
vs. Sr2*, (C) C1~ vs. HySiOs, (D) C1~ vs. Li*, (E) C1~ vs. F~.



Sustainability 2022, 14, 12824

9 of 21

4.2.2. Analysis of Ion Ratios

The ratio of major ions can further determine the processes affecting the hydrochemical
characteristics. A Gibbs diagram was used to reflect the controlling factors of the major
ions in water (precipitation, water—rock interaction, and evaporation) [31]. Figure 6A,B
show the Gibbs plot of the geothermal springs in the Aba area. The results showed that the
major ion compositions of class A and B geothermal springs in the Aba area were mainly
affected by the water-rock interaction. In Figure 6A, the Na*/(Na* + Ca?*) value of the
class B sample was close to 1 and was located on the right end of the rock dominance. This
indicates that cation exchange may occur in class B geothermal springs. This is because
there may be hydrolysis and acid action in the geothermal springs during runoff, which
would cause the release of Na* during the weathering of silicate rocks, and an exchange
with Ca?* in the water, resulting in an increase in Na* concentration.

A B
10° 3 10°
i@ Class A ® Class A
{# ClassB @ Class B
10" 10
AT = ¢
&b E &b
E £
" S’
w w
= =
= 1 5 o 10°
10 3 10'
1 T T T T 1 T T T T T
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Na /(Na++Ca!+) Cl1/(C1+HCO,)
C D
100 e 100
o Class Class A —
« Class B Dissolution of carbonate . Cl::: B Dissolution of carbonate [ : : ;
10 3 10 4 *
H .
" * 3 v
o " Dissolution of silicate 2 L] s+o|Pissolution of silicate
& b’
=0
= =
0.1 4 "l
\\\\\\\\ N ey
&\\;Q}g\\t\t\ Dissolution of evaporated minerald §§§3§\§i Dissolution of evaporated mineraly
sy SR
0.01 0.01 5
0.001 : : . . 0.001 : : :
0. 001 0.01 0.1 it 10 100 0.001 0.01 0.1 1 10 100

Ca"/Na’

Ca*/Na'

Figure 6. Gibbs diagram of (A) TDS vs. Na*/(Na*+Ca?*) and (B) TDS vs. Cl~/(Cl~ + HCO3 ™).
Ratio diagram of (C) Ca®*/Na* vs. Mg?* /Na* and (D) Ca**/Na* vs. HCO;~ /Na*.

CaZ*/Nat, Mg2+/ Na* and HCO;~ /Na* ratios are commonly used to distinguish

the type of water—rock interaction [22]. Figure 6C,D show that the class A geothermal
springs were located between silicate weathering and carbonate dissolution, while the class
B geothermal springs were located in evaporite and silicate dominance. We propose that
the weathering and dissolution of silicate and carbonate indicate that evaporite and silicate
were the main mineral types of the water—rock interaction.



Sustainability 2022, 14, 12824

10 of 21

Hence, the hydrochemical compositions of the geothermal springs in the Aba were
determined by the water-rock (carbonate, evaporite, and silicate) interaction. The major
ion ratio is often used to further reveal the mineral weathering and dissolution involved in
the hydrogeochemical processes [28,32,33].

(1) (K*+Na*)/Cl™

The molar ratio relationship between (K* + Na*) and Cl~ is commonly used to reveal
the source of Na* and K* in groundwater [34]. As shown in Figure 7A, both class A and
B geothermal springs fell below the y = x line and close to the axis with respect to K* +
Na*. This indicates that the C1~ of class A and B geothermal springs were not enough to
balance K* and Na*. Excess Na* and K* concentrations may originate from the weathering
dissolution of silicate minerals, such as sodium feldspar, potassium feldspar, and other
silicate minerals (Formula (1) and (2)). In Figure 4, HCO; ™~ had a significant correlation with
K* and Na™, which also indicates the weathering of potassium/sodium silicate minerals.

NayAl,SigO14+2CO,+3H,0 — 2HCO§ +2Na™ +H3Al,S5109+4Si0, 1
KAl SigO144+2C0O2+3H,0 — 2HCO§ +2K ™" +H4Al,S5109+4Si0, (2)
8 0 14
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(2) (Ca%*+Mg?*)/(HCO3~ + SO427)

The sources of Ca?*, Mg, HCO3~, and SO4%~ in the groundwater are mainly from
the dissolution of carbonates (calcite, dolomite) and sulfates (gypsum). The molar ratio
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between (Ca®* + Mg?*) and (HCO3 ~+ SO4%~) was used to determine the source of Ca?* and
Mg?* [35]. When the samples are close to the molar ratio of 1:1, the dissolution of carbonate
and silicate minerals is the main source of the Ca?* and Mg?* concentrations. When this
ratio is much larger than the 1:1 dissolution line, the dissolution of carbonate minerals
accounts for the Ca?* and Mg?* concentrations. When this ratio is much smaller than the
1:1, the dissolution of evaporite and silicate minerals is responsible for the Ca?* and Mg?*
concentrations. As shown in Figure 7B, most class B geothermal springs deviated above the
1:1 line, indicating that Ca?* and Mg?" in class B geothermal springs mainly originated from
evaporite dissolution and silicate weathering. Class A geothermal springs were mainly
distributed near the y = x line, indicative of the existence of carbonate dissolution and
silicate weathering.

(3) Ca?*/HCO;~

When the molar ratio of Ca** /HCO;™~ is between 1:1 and 1:2, the source of Ca%*
and Ca%* + Mg2+ concentrations is mainly derived from carbonate (calcite, dolomite)
dissolution [36]. As shown in Figure 7C, two of the geothermal spring samples in class A
fell between y = x and y = 2x, and only one fell below y = x, near the side of the Ca?* axis.
Excess Ca?* concentration is attributed to the weathering of Ca-bearing silicate minerals.
Class B geothermal springs were above the y = 2x line. The elevated concentration of
HCO3™~ was caused by the weathering of potassium/sodium silicate minerals.

(4) Ca%/S042%~

When the molar ratio between Ca?* and SO,4?~ has a linear relationship of y = x, Ca®*
and SO4%~ concentrations mainly originate from gypsum dissolution [37]. As shown in
Figure 7D, the deviation from the y = x line for the class A geothermal springs indicate
that gypsum dissolution is the dominant process. The excess SO42~ concentration in
class A probably originates from hydrogen sulfide in the deep geothermal water. Class B
geothermal springs were located close to the gypsum dissolution line. This suggests that
gypsum dissolution exists in class B geothermal springs.

4.2.3. Ion Exchange Process

The ratio of (Ca?* + Mg?* — (SO42~+ HCO;7)) to (Na* + K* — Cl~) can be used to
evaluate the intensity of cation exchange [36]. When an ion exchange process exists, the
relationship between (Ca?* + Mg?*)~(SO42~ + HCO3 ™) and (Na* + K* — Cl17) should be a
linear correlation of —1. In Figure 7E, the class A and B geothermal springs followed the
y = —x line. The linear of class A was —0.7991 and the R? value was 0.95282. The class B
slope was —1.17332 and the R? value was 0.8801. Hence, ion exchange was determined to
be the main process controlling the hydrochemistry in class A and B geothermal springs.
The ion exchange interactions can also be further identified using the chlor-alkali index,
where CAI-L = (C1~ — (Na* + K*))/Cl~ and CAI-Il = (CI~ — (Na* + K*))/(HCO3;~ + S04~
+CO3%2~ + NO;3 ) [38]. When both CAI-I and CAI-II are negative, it means that a cation
exchange occurs. When CAI-I and CAI-II are positive, it indicates the presence of a reverse
cation exchange. As shown in Figure 7F, class A and B geothermal springs possessed CAI-I
and CAI-II values lower than zero, showing the occurrence of cation exchanges [36].

4.2.4. Mineral Saturation Index

The saturation index (SI) is important for measuring the equilibrium state of various
minerals in water. Mineral equilibrium calculations can reflect the thermodynamic pro-
cesses of natural water systems [39,40]. The SI values of minerals were calculated and
evaluated using PHREEAC 3.0 software [32,41,42], based on Equation (3):

IAP
Sl =1lg—— 3
g )
In Equation (3), SI is the mineral saturation index, IAP is the mineral-water reactivity,

and K is the mineral-water equilibrium constant. When SI > 0, the solution is supersaturated
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and the excess minerals will precipitate out; when SI < 0, the solution is unsaturated and
the excess minerals will continue to dissolve; when SI = 0, the solution is in equilibrium
and the minerals are dissolved and precipitated [22].

As shown in Figure 8, the SI values of calcite and dolomite were near zero and had
reached saturation. The SI values of gypsum and halite were mainly below zero and had
not reached saturation. Thus, calcite and dolomite dissolution were the main sources of

water chemistry.
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Figure 8. Relationship between the saturation index (SI) of different minerals and the total dissolved
solids (TDS) in the studied geothermal springs. (A) SI (calcite); (B) SI (dolomite); (C) SI (gypsum);
(D) SI (halite); (E) SI (quartz); and (F) SI (chalcedony).

4.3. Reservoir Characteristics of Geothermal System
4.3.1. Equilibrium State of Water—Rock Interaction

Prior to an estimation of the reservoir temperature using a geothermometer, it is
necessary to evaluate the equilibrium state of water-rock interaction in geothermal wa-
ter [43,44]. The Na-K-Mg triangle diagram was established to distinguish the equilibrium
state from immature water, partial equilibration, and full equilibration [45]. In this study,
class A and B geothermal springs belonged to immature waters (Figure 9A). Hence, a silica
geothermometer was more suitable for estimating the reservoir temperature than a cation
geothermometer for this study. SiO, solubility can be used to analyze the SiO; content
that is controlled by various silica minerals (quartz, chalcedony, amorphous silica, etc.) in
geothermal water [9]. Before calculating the geothermal reservoir temperature using a SiO,
geothermometer, it is necessary to select the saturated SiO; minerals.



Sustainability 2022, 14, 12824 13 of 21
3.0 —
Na'/1000 e
® Class A ‘ - L
& ClassB i & oG
iy 25} o
“\oﬂ,/ e
i 2
e ) e
2.0 F g P 4
/,” ® OO v /,/
I\ |( () 200 o A @ﬁz - P
2 ! O_ LJ5) n’.&/ I
220 el w15 ©® e - .
2 ] B e o
40, . | . L S = -7 ’
! Sk ‘l ‘\‘. \\\.1\\ \. g\ ,r/ é\("\,/
i e e e e ok
& ?I\“ﬂl:f‘tlflklﬁg:il]\l]ir\ﬂ‘ﬂ? 1.0 F o Q/?/
oy N R - y
S . o
05|
! ] . /”
Y lmmatilre W o
A A S ; ! 0.0 L : ' :
K'/100 300 240 220 200 180 160 140 120 100 -2 0 2 4 6
I .
K \L_( ) lﬂg{sz’[g)
Figure 9. Na-K-Mg triangle diagram of the geothermal spring water in the Aba area [45].

(A); Discrimination diagram of SiO, mineral dissolution (B).

There are many kinds of silica minerals in nature, such as quartz, chalcedony, and
amorphous silica, which are commonly involved in geothermal studies [46]. The equilib-
rium state of different SiO, minerals in geothermal water was analyzed in Figure 9B. Both
class A and B fell above the chalcedony dissolution line. Furthermore, quartz (SI value
= —0.69 to 0.66) was oversaturated and chalcedony (SI value = 1.12 to 0.3) was basically
saturated in geothermal water (Figure 8E,F). Finally, the chalcedony geothermometer was
chosen for the calculation of the reservoir temperature.

4.3.2. Reservoir Temperature Estimation

The equations for the silica geothermometers and cationic geothermometers are shown
in Supplementary Table S1.

The reservoir temperatures of the geothermal springs in the Aba area are shown in
Table 2. The geothermal reservoir temperature of chalcedony (maximum steam loss) in
the class A geothermal springs ranged from 59.70 to 73.00 °C, with an average value of
64.53 °C. The geothermal reservoir temperature of chalcedony (maximum steam loss) in
the class B geothermal spring ranged from 70.65 to 120.91 °C, with an average value of
96.70 °C. Overall, the geothermal reservoir temperature of class B was higher than that of
class A. Class A geothermal springs were located near the fault zone, indicating that class
A geothermal springs may have larger cold water mixing.

Geothermal water would be mixed with cold water on the surface in circulation.
Because the geothermal springs in the study area have been proven to be affected by the
shallow cold water, the silicon-enthalpy mixing model and equation were used to estimate
the proportion of mixed cold water and initial geothermal reservoir temperature before
the mixing [47,48]. The relationship between the temperature and the saturated enthalpy
of water can be found in Supplementary Table S2. The surface water sample displayed a
temperature of 10.78 °C and SiO, content of 8.46 mg/L.
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Table 2. Calculation results of the geothermal temperature scale and cationic geothermal temperature
scale of Si0,, as well as the calculation results of the mixed model.

D TeQ — Quartz Chalcedony ! Na-K K-Mg Na-K-Ca
ABQO1 30.49 87.16 60.88 257.22 19.00 7.02
ABQO02 38.40 98.83 73.00 244.73 41.94 41.18
ABQO3 48.00 127.75 103.43 131.52 57.75 53.36
ABQO0O4 35.00 117.65 92.25 77.20 54.90 110.29
ABQO5 48.00 144.11 120.91 158.75 107.78 126.34
ABQO6 44.00 120.97 96.25 53.80 46.22 64.36
ABQO7 31.92 86.03 59.70 276.99 36.26 29.96
ABQO8 23.00 96.57 70.65 66.57 47.92 65.52

Silicon-Enthalpy Equation Silicon-Enthalpy Diagram Initial Silica

ID Cold Water Mixing  Geothermal Reservoir Cold Water Geothermal Reservoir  Concentration

Ratio (%) Temperature (°C) Mixing Ratio (%) Temperature (°C) (mg/L)
ABQO1 89.52 196.11 89.44 197.44 246.26
ABQO02 85.78 201.41 85.76 204.73 268.84
ABQO3 87.18 285.18 87.39 305.98 653.97
ABQO4 - - - - -
ABQO5 - - - - -
ABQO6 87.55 266.16 87.55 277.31 560.77
ABQO7 87.93 184.26 87.00 178.46 189.16
ABQO8 - - - - -

Note: Quartz ! and Chalcedony ! represent the maximum steam loss.

According to the silicon-enthalpy formula, we present the functional relationships
between the enthalpy, 5iO, content, and temperature (Figure 10). The intersection point
indicates the proportion of mixed cold water and initial geothermal reservoir temperature.
Regarding class A geothermal springs, the proportion of mixed cold water and initial
geothermal reservoir temperature were 85.78-89.52% and 184.26-201.41 °C, respectively
(Table 2). The proportion of mixed cold water and initial geothermal reservoir temperature
in class B were 87.18-87.55% and 266.16-285.18 °C, respectively (Table 2).

The silicon-enthalpy diagram method was achieved based on the enthalpy and SiO,
content of cold water (Figure 11). The initial temperature and geothermal water ratio
(AB/AC) can be obtained by dropping point B according to the enthalpy of geother-
mal spring and SiO, content and by making the extension lines from A and B to point
C [8]. The initial reservoir temperatures of the class A geothermal springs obtained by the
silica-enthalpy diagram were 178.46-204.73 °C, with a cold water mixing ratio between
85.76 and 89.44%. The initial reservoir temperatures and cold water mixing ratio of the
class B geothermal springs were 277.31-305.98 °C and 87.39-87.54% (Table 2), respectively.
Herein, the average initial reservoir temperatures were calculated as 184.26-201.41 °C for
class A and 266.166-285.18 °C for class B. The geothermal reservoir temperature could
not be obtained using the silicon-enthalpy method for the ABQ04, ABQO5, and ABQO08
geothermal springs as there was no intersection point of the curves in Figures 10 and 11.
We speculated that the geothermal water did not reach the chemical equilibrium. Generally,
these three geothermal springs had lower geothermal reservoir temperatures.

By combining the results of the above multi-mineral equilibrium method, geother-
mometer, and silica-enthalpy mixing model calculations, we determined the reservoir
temperature of the geothermal springs in the Aba area. The class A geothermal springs
in the Aba area were located in the southeast and north of the Aba area. The results of
the chalcedony (maximum steam loss) geothermometer measured temperatures ranging
59.70 °C-73.00 °C. The class B geothermal springs in the Aba area were located in the
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central and southwest of the Aba area. The chalcedony (maximum steam loss) geothermal
reservoir temperature range was 70.65-120.91°C. The initial reservoir temperatures were
184.26-201.41 °C for class A and 266.166—285.18 °C for class B, respectively. The reservoir
strata of the class A geothermal springs are carbonate and metamorphic rocks, while for
class B geothermal springs they are sand slate and Yanshanian igneous rocks. Therefore,
the higher reservoir temperature of class B geothermal springs should be ascribed to the
excess radioactive heat of the Yanshanian igneous rocks.
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Figure 10. Silicon-enthalpy model diagram of the (A) ABQO1, (B) ABQ02, (C) ABQO03, (D) ABQO04,
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Figure 11. Solution diagram of the silicon-enthalpy diagram of the (A) ABQO1, (B) ABQO02,
(C) ABQO3, (D) ABQO4, (E) ABQO5, (F) ABQO06, (G) ABQO07, (H) ABQO8 geothermal springs in
the Aba area.

4.4. Recharge Origin of Geothermal Springs by D-O Isotopes

D-O isotopes are effective tracers for identifying recharge sources [49]. In this study,
the recharge elevation was calculated by using D-O isotopes. The study conducted by Craig
obtained the global meteoric water line (GMWL): §D = 8580 + 10 by the 5D and $'80
values of more than 400 natural water samples worldwide [50]. The linear relationship
between the hydrogen and oxygen isotopes of the southwest meteoric water in China
was clarified as 8D = 8.415'80 + 16.72 [51]. We analyzed the 6D and 5180 values of the
geothermal springs in the study area (Table 1). The 6D values of geothermal springs in
the Aba area ranged from —118.6%o to -85.1%., with an average value of —100.08%.; 580
values ranged from —12.20%. to —16.38%., with an average value of —14.01%.. The 6D
value of surface water was —54.6%.. D and 5'80 values of geothermal springs were lower
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than those of the surface water, indicating higher recharge elevations and longer runoff
pathways.

As shown in Figure 12, most of the 5D and §'80 values of the geothermal springs
followed the local meteoric water line (LMWL) and the global meteoric water line (GMWL).
This implies that the geothermal springs in the study area are recharged by atmospheric
precipitation. Among the springs, ABQ01, ABQO03, and ABQO07 were located on the left side
of the local meteoric water line (LMWL). Their deuterium excesses (Dexcess) were 12.01 %o,
11.92%o, and 12.11%. higher than the average deuterium excesses of global meteoric water
(10%o). It may be because these geothermal springs are partially recharged by ice melt, and
thus kinetic fractionation has occurred during the ice melt. This would result in a higher
proportional balance of ?H and '80 in the meltwater.
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Figure 12. D-5'80 relation of the geothermal springs in the Aba area.

The 8D and $'30 values of the inland atmospheric precipitation have an elevation
effect that decreases with an increase in topographic elevation. It is noteworthy that the
“oxygen drift” is weak in Figure 12. Accordingly, the groundwater recharge area and
recharge elevation can be estimated by the 8D and §'80 values. Formula (4) [52] for the
geothermal spring recharge elevation in Aba area is:

6c — Op

H =
K

x 100 + I @)

Equation (4): H, the recharge elevation of the geothermal spring (m); /1, sampling point
elevation (m); g — dp, value of the spring (%.); 6p, value of dp in surface water (%.); K,
isotope elevation gradient (%o /100 m), this time taking —2.6%o /100 m [53].

The Jp value of the surface water in the Aba area was taken as —54.6%. (based on
the existing surface rainfall isotope test data in the region). The recharge elevation of each
of the three groups of geothermal springs was calculated by using the equation above
(Table 1). As shown in Table 1, it can be seen that the geothermal spring recharge elevation
in the Aba area was 2876-5040 m, with an average elevation of 4473 m.
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4.5. Conceptual Genetic Model of Geothermal Springs in Aba Area
4.5.1. Carbonate Rock Area with Deep Fault (Class A)

Class A geothermal springs are developed in carbonate rock areas with deep faults.
The representative sample is ABQO7 (Jiyugou), which was exposed in the Maowen fault.
The geothermal reservoir was dominated by Cambrian siliceous dolomite, Holocene con-
glomerate intercalated with metamorphic tuff, and Sinian metamorphic dolomite (Table 1).
There was no developed magmatic intrusion beneath. The geothermal springs are mostly
distributed in the fault zone. The geothermal spring was mainly recharged by rainfall and
snow melt water. The elevation difference formed a huge hydrostatic pressure, resulting in
the geothermal water being heated by deep circulation. A conceptual genetic model of the
class A geothermal springs is shown in Figure 13A.
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Figure 13. (A) Genetic model of the fault control type of the deep and large faults in the carbonate
rock area. (B) Contact type genetic model of the magmatic residual heat intrusion zone.

4.5.2. Igneous Rock Area with Deep Fault (Class B)

Class B geothermal springs are formed in igneous rock areas with deep faults. The
representative sample is ABQO3 (Guergou geothermal spring) (Table 1). This type was
mainly distributed in the Maowen-Danba anticline and Maerkang syncline zones. The
distribution characteristics of the geothermal springs were controlled by regional folding
and fracture structures and were exposed in the Yanshanian igneous rocks with high
contents of U, Th, and K [54]. The geothermal reservoir was dominated by Triassic sand
slate strata and Yanshanian igneous rocks (Table 1). The fault and secondary fracture
provided conditions for the storage, migration, and heat conduction of the geothermal
water. The recharge area of the ABQ07 geothermal spring may be located in the Xuelongbao
(5227 m) area. After being recharged by precipitation, groundwater seeped into the ground
along rock fissures. Furthmore, it was gradually heated by the geothermal gradient and
radioactive heat of the Yanshanian igneous rocks. A geothermal reservoir genesis model is
shown in Figure 13B [55,56].
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5. Conclusions

Eight geothermal springs were collected from the Aba area, Sichuan Province. Two
classes divided the geothermal springs by their hydrochemical compositions: class A and
class B. The main cations of class A geothermal springs followed the order of Ca?* > Mg?*
> Na* > K*, and the anions followed the order of HCO3~ > SO4%~ > Cl~. The class A
geothermal spring belonged to the hydrochemical type of Ca-Mg-HCO3-504 and Ca-Mg-
HCOj3. The main cations of class B followed the order of Na* > Ca?* > K* > Mg2+, and
the anions followed the order of HCO3~ > SO,42~ > CI~. The hydrochemical type of class
B geothermal spring was Na-HCOj3. The hydrochemical components of class A and B
geothermal springs in the Aba area were mainly affected by the water-rock interaction. The
ion concentrations of class A geothermal springs were determined by the weathering and
dissolution of carbonate and silicate in cation exchange processes. The ion concentrations
of class B geothermal springs were influenced by the weathering and dissolution of silicate
and evaporite rocks in cation exchanges. Both class A and B geothermal springs belonged
to immature water. The chalcedony geothermometer proposed that the class A shallow
geothermal reservoir temperature was 59.70-73.00 °C (mixed by 85.76-89.44%) and that
the class B shallow geothermal reservoir temperature was 70.65-120.91 °C (mixed by 87.39-
87.54%) in the Aba area. The class A deep geothermal reservoir temperature without cold
water was 181.36-203.07 °C, and the class B deep geothermal reservoir temperature without
cold water was 271.74-295.58 °C. According to the results of the 5D and §'80 isotope data
of geothermal water analysis and calculation, the recharge elevation of the geothermal
spring in the Aba area was 2876-5040 m, with an average elevation of 4473 m. The recharge
area is more likely to originate from Rierlang Mountain and Xuelongbao in the north, which
may be the main recharge area of the geothermal water.
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