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Abstract: Trace elements in hot spring waters are the indicators for tracing the hydrochemical pro-
cesses, such as the deep circulation of geothermal water and the contamination of shallow water by
thermal water. In this study, 74 hot springs in the Xianshuihe-Xiaojiang Fault Zone (XSHF-X]JF) were
chosen for investigation of geochemical characteristics of trace elements using classic geochemical
tools and multivariate statistical analysis. The results indicated: (1) the hot spring waters were
mainly derived from atmospheric precipitation as indicated by 8D and d'%O values that generally
increased with decreasing elevations. Variations of dissolved compositions were mainly controlled
by the dissolution of carbonate, evaporite, and silicate minerals, as well as cation exchange, (2) the
high concentrations of B, As, Fe, and Mn in the waters as well as the values of WQI indicated that
the water quality was spatially heterogeneous and hot spring waters were not entirely suitable for
drinking, and (3) B/Cl ratios showed that the presence of two different heat sources at the XSHF and
XJF, respectively. The leaching of the surrounding rock during water circulation contributed pre-
dominantly to the ions of trace elements in the waters. The diversity of lithology was the main factor
affecting their concentrations. In addition, deep circulation controlled by the fault could influence
trace element enrichment. Our results offer a guide for the exploration and use of the geothermal

resources.

Keywords: trace element; hot springs; water quality assessment; XSH-X] fault zone

1. Introduction

Hot springs are the surface manifestation of deep hydrothermal fluids, which fre-
quently present in the regions of active volcanism and intense tectonic activity [1,2]. In
the past decade, geothermal energy has been increasingly emphasized because of its ad-
vantages like renewable and large reserves, and widely exploited for power generation,
tourism, physiotherapy, heating, etc.[3-5].

In comparison with groundwater or surface water, trace elements, including typical
elements (As, B, Li, etc.) and heavy elements (Fe, Mn, Cd, etc.), usually show enrichment
in hot spring waters, which play a crucial role in determining the genesis of hot springs
and explaining the process of thermal water circulation[6,7]. The high concentrations of
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F, As, B, Li and heavy metals, as found in geothermal water in Turkey[7], Chile[8], Ti-
bet[9], Tengchong[10], and Taiwan[6], are usually constrained by multiple factors such
as the type of host rock in water-rock reaction, magmatic fluids, and secondary processes.
On the other hand, mixing of geothermal waters, which contain high concentrations of
trace elements, with surface waters can result in problems linking to drinking water qual-
ity and environmental contamination[11-14]. Therefore, researches on the source and en-
richment patterns of trace elements in hot spring waters favor understanding the genesis
and development of geothermal systems and assessing the pollution situation of water
sources caused by deep thermal water.

The XSHE-XJF is located at the eastern edge of the Sichuan-Yunnan rhombic
block[15]. It is continuously active with plenty of geothermal resources owing to the con-
tinuous northeastward thrusting of the Indian Plate and eastward subduction of the My-
anmar Plate[16,17]. In this region, a series of investigations of the hydrochemical features
of the hot springs[18-20], gas isotope characteristics[21], the genesis of geothermal wa-
ter[22], and the relationship between fluids and seismic activity[23,24] were conducted
by the approaches of hydrogeochemistry and isotopes and the methods of geophysical
exploration. Besides, high concentrations of B, Li, and F in the Kangding area were re-
ported[25]. However, the geochemical characteristics of trace elements in the hot springs
throughout the fault zone and their environmental effects so far are lack. Therefore, this
paper aims at analyzing the source and enrichment mechanism of trace elements in hot
springs, and evaluating the water quality of thermal waters in terms of trace elements to
provide a new reference for the exploitation of hot springs in the XSHF-XJF.

2. Geological Setting

The study area is on the eastern margin of the Tibetan Plateau (Figure 1a). Due to
the predominantly plateau-type monsoon climate, precipitation is annually concentrated
from May to September. The surface water system is well developed by atmospheric
precipitation and ice meltwater. The groundwater in solidified host rocks can be classi-
fied into bedrock fissure water in granite, clastic fissure water with sandstone as the
dominant water-bearing lithology, and carbonate fissure water[26].

The XSHEF-XJF includes Xianshuihe Fault (XSHF), Anninghe Fault (ANHF), Zemuhe
Fault (ZMHF) and Xiaojiang Fault (XJF) (Figure 1b). The XSHF is a NW-SE-trending left-
slip fault, which is located between Ganzi and Shimian in Sichuan province. The regional
stratum includes Triassic sedimentary strata composed of sandstone, siltstone, and mud-
stone, Precambrian rocks composed of metamorphic rocks, and Mesozoic intrusive rocks
dominated by granite and diorite[27]. The ANHF is NS trending, with dip directions of
the east or west. And ZMHF is NNW trending, dipping the northeast. Metamorphic sed-
imentary rocks of Aurignacian, muddy siltstone of Jurassic, and early-middle Paleozoic
granite are mainly exposed in the ANHF. While the ZMHF is exposed from the Aurig-
nacian to Triassic constructed of marine carbonates and clastic rocks. The Cenozoic strata
mainly consist of mudstone and sandstone interbedded with thin layers of coal[19]. The
XJF is a SN-trending, left-slip active fault. The rocks of fault walls are mostly carbonate
rocks and sedimentary rocks[28].

In the study area, most hot springs occur along the XSHF-XJF, and the geothermal
resources are most developed in the XSHF. The hot springs geographically look like the
scatted beads in the Tertiary strata and Yanshanian-Himalayan granites, they are mostly
medium-high temperatures. The hot springs in the south part of XSHF-XJF (ANHEF-XJF)
are unevenly distributed, mainly developed in carbonate and sedimentary rock strata,
with temperatures generally below 60°C, belonging to the medium-low temperature hot
springs[29].
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Figure 1. (a) Localization of the area of this study; (b) geological map with the sampling sites. 96
3. Sampling and Methods 97
3.1. Sampling and analysis methods 98

74 water samples were obtained from hot springs in the XSHF-XJF during the 2018- 99
2019. After filtrating with a 0.45 um membrane, the samples were collected in polyeth- 100
ylene terephthalate (PET) bottles (50 mL) for laboratory analysis. A portable equipment 101
was used to monitor the pH, EC, and temperature of the waters in the field. The major 102
elements were tested using a Dionex ICS-900 ion chromatograph fitted with an AS40 au- 103
tomatic sampler in the Key Laboratory of Earthquake Prediction, China Earthquake Ad- 104
ministration, with a detection limit of 0.01 mg/L[30]. The concentrations of HCOs and 105
COs? were titrated with a ZDJ-100 potentiometric titrator using the 0.05 mol/L HCl titra- 106
tion 0.1% methyl orange and 1% phenolphthalein procedures (reproducibility within 107
+2%). The following equation was used to compute the ion balance error in water samples 108
(Equation 1): 109

3 cations — Y, anions

%di =
%dif ference (X cations + 3, anions) * 05

100 1)

Trace element analysis was conducted with an element type inductively coupled 110
plasma mass spectrometer (ICP-MS) at the Test Center of the Institute of Nuclear Industry =~ 111
Geology[31]. The concentration of As was determined a with LC-6500 atomic fluorescence 112
photometer, with the detection limit of 0.60ug/L. The %0 and 0D were analyzed witha 113
Finnigan MAT253 mass spectrometer using the TC/EA method. And they are expressed 114
as permille standardized by V-SMOW, with analytical uncertainty of + 0.2%o. and #1%o0 115
respectively[32]. 116

3.2. Water quality index 117
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The Water Quality Index (WQI), a comprehensive pollution indicator, was applied 118
to assess the cumulative impacts of trace elements in hot springs. It can be calculated by 119
follows (Equation 2, 3)[33]: 120

PI=C;/Q; (2)

ww:}j PI= 2 C./0 ®)
i=1 i=1

where Ciis the concentration of trace elements analyzed in the water sample, Qiis 121
the limit value of the water quality standard of the elements, and PI stands for the ex- 122
ceedance index of a trace element i, relative to the standard limit value. Considering the = 123
geological location of the study area, the trace element concentrations were assessed by 124
China Standards for Drinking Water Quality (GB 5749-2022). The comprehensive pollu- 125
tion indicator is divided into four categories: WQI<I(practically unpolluted); 126
1<WQI<2(slightly polluted); 2<WQI<3(moderately polluted); and WQI>3 (heavily pol- 127
luted)[34]. 128

3.3. Statistical analysis 129

Using the different water parameters, descriptive statistical analysis, correlation 130
analysis, and factor analysis (FA) was performed using SPSS 22.0 software. For FA, the 131
data were verified for suitability by the KMO (Kaiser-Meyer-Olkin) and Bartlett tests. 132
The value of the KMO test in this study is 0.540, and the significance level of Bartlett test 133
is less than 0.01, suggesting that the data have a certain correlation and are suitable for 134

FA. 135
4. Results 136
4.1. Hydrochemical compositions 137

The results of physicc ' mical parameters of the water samples were givenin Table 138
S1. The outlet temperatures of the thermal waters range from 11.3°C to 77.0°C, EC values 139
are in a range of 6-57600S/cm, and pH values range from 6.49 to 9.50. TDS values of the 140
water samples range from 113.45 to 2247.98mg/L, 134.69 to 6331.29mg/L, and 115.27 to 141
1486.79mg/L in the XSHF, AZF(ANHF-ZMHF), and X]JF, respectively. HCOs-is the most 142
prominent anion in the XSHF and AZF, and the main cation is Na*. The thermal waters 143
in the XSHF are HCOs-Na, while those in AZF are HCOs-Ca (Mg) and HCO3(SOs)-Na 144
(Ca)[19,20]. In the XJF, the main anion is SO+ and HCOs", and Mg? is the dominant cat- 145
ion in the thermal waters, resulting in water types of SOs+-Ca (Mg) and HCOs-Ca 146
(Mg)[18]. 147

The statistical results of trace elements of the water samples were shown in Table 148
52 and Figure 2 with data of surface water[35,36] for comparison. The concentrations of 149
Co, Cu, Ni, Pb, and Tl in the water samples are generally low. In contrast, the concentra- 150
tions of B, Fe, Li, and Mn in the ranges of 5.6-6366pg/L, 0.66-10520ug/L, 1.29-4547ng/L, 151
0.07-1754ug/L, respectively, which are much higher than those in surface water. As con- 152
centrations range from <0.60 to 530uig/L. Compared with the typical magmatic geother- 153
mal waters[37,38], the concentrations of B, Li, and As in the water samples are relatively 154
low, indicating that the input of magmatic fluids into the hot spring waters is limited. 155

The 6D and 6'%0 values of the water samples were listed in Table S1. 8D and 80 156
values in the XSHF range from -115%o to -82%o and -19.20%o to -11.40%o., 6D and 080 157
values in the AZF from -118%o0 to -84%. and -15.60%o0 to -11.50%o0, and d D and 580 values 158
in the XJF from -117% to -81%o and -15.40 to -11.10%., respectively. 159
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Figure 2. Trace element concentrations in the water samples in the XSHF-XJF. The red color stands

for the samples from the XSHEF, yellow color for the samples from the AZF, and green color for the

samples from the XJF.

4.2. Water quality assessment

The results of the water quality evaluation were shown in Table S3 and Figure 3.
Apparently, high concentrations of As, Mn, B, and Fe are found in the hot spring waters
in the XSHEF-XJF, greatly exceeding the standard values and hinting they are potentially
polluting elements. Additionally, high concentrations of Be, Ba, and Ni are also found in
portions of hot spring waters. The WQI values of water samples in the XSHF-X]JF range
from 0.0 to 5.4 (Table S3). In the XSHF, WQI values of the water samples of Nos.1,4,8,19
and 20 are above 1, indicating that those waters are slightly contaminated. In the ANHE-
XJF, hot spring waters are generally contaminated to a higher degree, the water sample
67 and 46 being moderately contaminated, and the water samples of Nos. 42, 51, and 65
being heavily contaminated, with exception of the water samples 45 and 54 being slightly

contaminated.
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Figure 3. Heat map of risk assessment of trace elements in hot spring waters.
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5. Disscussion

5.1. Origin and isotopic characteristics of hot spring water

The isotopic compositions of hydrogen and oxygen in the hot spring waters are rec-
ognized as an efficient proxy for tracing the origin and geochemical evolution of wa-
ter[39]. The data of 6D and 'O for the hot springs and surface waters in the study area
were plotted in Figure 4, along with Global Meteoric Water Line (GMWL, dD
=80180+10)[40] and Local Meteoric Water Line in the Tibetan Plateau (LMWL,
0D=8.410'¥0+16.72)[41]. Both hot spring water samples and surface water samples are
scattered around the GMWL and LMWL, indicating that the source of their recharge is
all atmospheric precipitation. However, the values of 880 and 0D are generally lower in
the thermal waters compared to surface waters at the same or nearby locations, indicat-
ing that the surface water and surrounding atmospheric precipitation are not the direct
source of recharge to the hot springs, which are recharged by the infiltration of distant
atmospheric precipitation transported through fractures and the pipes beneath the sur-
face.

Additionally, an obvious phenomenon is that the 0D and d'%O values of the water
samples in the XSHF are more negative compared to those in the AZF and XJF. The East
Asian monsoon is a key source of water vapor, and as it passes through the high terrain,
the heavy isotopes of water (1O and D) are prioritized for removal based on a Rayleigh
fractionation mode[42]. There is a gradual decrease in the topographic elevation from
northwest to southeast in the study area, resulting in a more depleted isotope composi-
tion in the thermal waters in the XSHEF. This explanation is supported by the fact that the
recharge elevation in the XSHF is higher than that in the AZF and XJF[19,20]. Besides,
most of the hot spring samples shift to the right of LMWL, namely positive 5180 drift,
which can be attributed to water-rock interactions influenced by higher thermal storage
temperatures, longer circulation time, or higher rock-to-water ratios[43]. A few of the
water samples show a 080 left shift that may be caused by the O exchange during the
dissolution of CO:z from a deep source.
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Figure 4. Plot of dD and 'O of the hot springs and surface waters in the XSHF-X]JF. Dotted line
stands for the LMWL and solid line for the GMWL. The data of surface waters from[44].

5.2. Hydrogeochemical characteristics of hot springs

5.2.1. water-rock reaction and major ion
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The ion compositions of groundwater depend mainly on the dissolution of mineral = 211
components during the water-rock interactions[45,46]. The molar ratio of Na*+K*/Cl-gen- 212
erated by the halite dissolution is generally equal to 1. However, most of the water sam- 213
ples fall below y = x (Figure 5a), indicating that they mainly originate from the weather- 214
ing and dissolution of silicate minerals (Equation 4, 5). Some of the samples (Nos. 42,49, 215
52, 54, and 71) from AZF and XJF fall on the line of halite dissolution, indicating that the 216

ions may have the origin of halite. 217
4NaAlSiz0s(Albite)+4C02+6H20—~4Na* +4HCOs +8Si02+Al:Siz05(0H)4 (4) 218
4KAISisO0s(K-feldspar) +4C0z+6H20—4K* +4HCOs5 +85i02+A125i205(0H)+ (5) 219
In addition to halite dissolution, seawater and deep fluids can also be sources of CI- 220

[46]. Most of the Cl- concentrations of the water samples are higher (>3mg/L), especially 221

in the high temperature hot springs (Table S1), so Cl- contribution of seawater is ne- 222

glected because the mean value of Cl- contribution is 0.92 mg/L in continental meteoric =~ 223
water and TDS is generally less than 20 mg/L[45]. Therefore, the high concentrations of =~ 224

Cl- in water samples can be attributed to the deep fluids mixing and water-rock reaction. ~ 225
Ca?, Mg?*, and HCOs are commonly obtained by the dissolution of carbonate min- 226
erals (Equation 6, 7), resulting in Ca?*/HCOs and (Ca?*+Mg?)/HCOs™ molar ratios of 227
1:2[47]. 228
CaC0s (calcite) + COz+H20—Ca’* + ZHCOs3~ (6) 229

CaMg (COs3)z (dolomite) + COz+Hz0— Ca’* + Mg?* + 4HCOs~(7) 230

In this study, most of the water samples in the XSHF almost are close to the y-axis 231
side (Figure 5¢, d). Previous studies have found that many gases spilled from the hot 232
springs in the XSHF-AZF, which are mainly mantle-derived COz. Thus, excess HCOs 233
may be the dissolution of sodium silicate minerals promoted by COz(Equation 4, 5)[21]. 234
Some of the water samples in the AZF and XJF are located below the y=x, suggesting that 235
excess Ca? and Mg?* are likely to derive from the dissolution of Ca-Mg materials (Equa- 236
tion 8), rather than carbonate dissolution alone. The Figure 5d displays that majority of = 237
the water samples are scattered above y=x, indicating that dissolution of silicate minerals = 238
is the main hydrogeochemical process controlling the ion concentration of the hot spring 239

waters. 240
CaAlSizOs(Anorthite)+8H* —2AP* +Ca?* +2H4Si04 (8) 241
Besides, dissolution of gypsum in groundwater could also contribute to Ca?* (Equa- 242

tion 9). The Figure 5e illustrates that gypsum may be the source of Ca?* in the hot spring 243
waters. However, However, some of samples in the AZF and XJF are scattered above the 244

gypsum dissolution line, indicating that the excess SO4* may originate from the hydrol- 245
ysis of sulfides in the strata. 246
CaS04 + 2H20 —Ca’* + S04~ + 2H20 (9) 247

In the Na*+K*-CI- vs (Ca?+Mg?) - (SO#2+HCOs) diagram (Figure 5f), most of the 248
samples are scattered along the 1:1 line (except for the water sample of No.46), hinting 249
that cation-exchange process between deep fluids and rocks may affect the chemical 250

composition of the water. 251
5.2.2. mineral saturation index 252
The mineral saturation index (SI) could be used to qualitatively recognize the min- 253

erals that tend to precipitate or dissolve during water-rock interactions[48]. A positiveor 254
negative values of the SI can indicate whether the water is saturated or unsaturated with 255
a particular mineral. The PHREEQC software was utilized to determine the mineral sat- 256
uration indices of potential minerals in circulation path of thermal waters, considering 257
the temperature and pH. The results were presented in Table S4 258
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Almost all the water samples are undersaturated with respect to albite, anorthite,
Ca-montmorillo, K-feldspar, halite, carbonate minerals (rhodochrosite, siderite, wither-
ite), and sulfate minerals (anhydrite, barite, celestite, gypsum), indicating that dissolu-
tion of those minerals could not be the main processes for the hydrochemical formation
of the hot spring waters. In contrast, the thermal waters exhibit an oversaturation of arag-
onite, calcite, and dolomite, indicating contribution of deep-earth fluids enriched in CO:
that degassed with the decrease of hydrostatic pressure during upwelling. Oxides and
hydroxides, such as manganite and pyrolusite, show either oversaturation or undersat-
uration in the water samples, which may reflect the variations of the surrounding rock
and Fe and Mn origins.
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Figure 5. The plots of major ions for the water samples, (a) (Na*+K*) vs ClI; (b) (Ca?*+Mg?*) vs (SOs*
+HCOs'); (c) Ca?* vs HCOs7;(d) (Ca?*+Mg?*) vs HCOs7; (e) Ca?* vs SO4%; (f) (Na*+K*-Cl) vs ((Ca?+Mg?)-
(SOs*+HCOy3Y)).

5.3. Geochemistry of trace element

As aforementioned, B, As, Fe, and Mn could be potential contaminating elements in
hot spring waters in the XSHF-XJF, and Li and Sr are also typical trace components in
geothermal systems. In the following section, the source characterizations of trace ele-
ments (B, Li, As, Sr, Fe, Mn) in the hot spring waters are discussed by using multivariate
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statistical methods. According to the results of the factor analysis (Figure 6a), the first 278
four eigenvalues together accounted for 73.4% of the total variability of the hydrochem- 279
ical processes. F1 explains 37.1 % of the total variation with strong positive loading on 280
Li, K%, Na*, B, T, Cl;, and HCOs'. It shows a general trend in hydrochemical characteriza- 281
tion, probably reflecting the mixture of the surface water (Figure 2) and deep-earth flu- 282
ids, as well as the dissolution of silicate. F2, explaining 15.4% of the variance, is related =~ 283
to Mn, Ca?, HCO:s-, CI,, and Fe. It characterizes the effect of Fe, Mn, and carbonite disso- 284
lution. F3, explaining 13.6% of the variance, is related to SOs*, As, and Sr and character- 285
izes the effect of sulfate. F4, explaining only 7.3% of the variance, is positively correlated 286
with Mg?, NOs and negatively correlated with pH and mainly characterizes the anthro- 287
pogenic effect. Noteworthily, most of the samples from the XSHF are with high scores 288
for F1 and F2, while most of the samples in the AZF and XJF (except for sample of No.42) 289
are with high scores for F3 and F4, as indicated by the factor scores result (Figure 6b). 290
Therefore, it is inferred that trace elements in the hot springs in the XSHF-XJF have dif- 291

ferent sources and controlling factors. 292
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Figure 6. (a) Results of factor analysis of hydrochemical parameters; (b) distribution of factor scores 294
of water samples in the XSHF-X]JF. 295
5.3.1. Sources and controlling factors of trace elements in the XSHF 296

In the XSHF, the concentrations of trace elements (B, Li, Fe, and Mn) in the hot 297
spring waters are generally higher (Figure 2). Multi-period granites are the main thermal = 298
reservoir in this area, and F1 also shows that silicate mineral dissolution influences the 299
chemical compositions of hot springs. B concentrations in water samples range from 20.7 300
to 3943ug/L, with the mean value of 1045.33ug/L. B in thermal waters is usually con- 301
trolled by leaching from the host rocks and the input of deep fluids owing to its soluble 302
and incompatible nature[49]. B correlates positively with Na*(r=0.63), K*(r=0.76), and Cl- 303
(r=0.64) (Figure 7), indicating that their sources are similar. Previous studies indicate that 304
felsic igneous rocks (granites and rhyolites) in the Tibetan Plateau usually have greater =~ 305
B contents than sedimentary and metamorphic rocks[50]. High concentrations of B 306
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(>1mg/L) are found in the Kangding segment developed by Cenozoic granite and in wa- 307
ter samples of Nos.1, 4, 12, 16, 19, and 20 exposed to Cretaceous and Tertiary granites in 308
the northern part of the fault. Therefore, the dissolution of granites should be the im- 309
portant source of B in the hot springs. Also, B and Cl are conservative components of 310
thermal waters, and their ratios are often used to determine a common reservoir[51]. In-==311
the Figure 8, the values of B/Cl ratio in the water samples in the southern parts of the =312
XSHF (Kangding-moxi segment) are lower than that in the north, which reflect that the 313
hot springs are controlled by two different heat sources. Based on previous studies, the 314
Kangding hydrothermal system is likely to be influenced by magma on the hot springs, 315
with a high concentration of CI[52]. So, the contribution of deep-earth fluids to B in hot 316
spring waters cannot negligible. Additionally, B in the hot spring waters correlate posi- 317
tively with HCOs(r=0.36) (Figure 7), which may reveal the influence of deep water-CO2>- 318
rock reactions on concentrations of B. Since most water samples have pH values of below 319
8 (Table S1), it is likely that B is present as HsBOs[53]. The experiments on the leaching 320
of borate minerals demonstrate that when CO2 concentration rises, the solubility of Bin 321
waters increases, producing HsBOs[54]. So, the strong release of deep CO:2 gas may pro- 322
mote the enrichment of B in the hot springs. 323

Li concentrations range from 1.79 to 4547ug/L, with the mean value of 1009.65ug/L. 324
Li belongs to alkali metals that tends to be more enriched in acidic rocks[55]. Li correlates 325
positively with K*(r=0.37) and B(r=0.70) (Figure 7), indicating that they have the similar 326
material sources. The Li concentrations of granite in the XSHF range from 10.70 to 48.00 327
ppm[50], which can provide abundant Li for the hot spring waters. So, hydrolysis of sil- 328
icate minerals (lepidolite) may be the main source of Li. 329

The concentrations of Fe and Mn in the hot springs show large variability, ranging 330
from 0.662 to 5569g/L, and 0.065 to 64241g/L, respectively. No.4 water sample contains _ 331
the highest Fe concentration (5569ug/L) and No.8 has the highest Mn concentra- 332
tions(642pg/L). High concentration of Fe in water samples may related to groundwater 333
flowing through iron deposits in the Triassic strata in the area[56,57]. The water samples 334
are supersaturated for goethite and hematite also support the high content of Fe in the 335
hot springs. Mn correlates positively with Fe (r=0.65) (Figure 7), indicating that they may 336
be concomitant. The concentrations of Sr range from 0.019 to 4016ug/L. Sr correlates pos- 337
itively with Ca? (r=0.47), Mg? (r=0.32), HCOs(r=0.65), and Na* (r=0.40) (Figure 7), sug- 338
gesting that the dissolution of Sr-bearing minerals in granite and carbonate rocks may 339
provide a large amount of Sr to the hot spring waters. 340
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Figure 7. Pearson correlation diagram for trace elements and major ions in the XSHF. 342
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Figure 8. Plot of B vs. Cl in the hot spring waters in the XSHF. 344
5.3.2. Sources and controlling factors of trace elements in the AZF and XJF 345

The concentrations of As and Sr in hot springs in the ANHF-XJF are higher (Figure = 346
2). Sr is positively correlated with Ca?, Mg?, Na*, and SO«* in the AZF and XJF (Figure = 347
9,10). Sr can form sulfate and carbonate minerals, and also be integrated into carbonates, 348
sulphates, and aluminum silicates to replace calcium, so it is more abundant in rocks 349
with high calcium content[58]. The ZMHF is dominated by Cambrian and Ordovician 350
dolomite and limestone, whereas the XJF is surrounded by carbonate rocks, limestone, 351
and sandstone. Therefore, the concentrations of Sr in hot springs in the ANHF-XJF are 352
much higher than that in the XSHF, which is caused by the former flowing through a 353
large distribution of carbonate rocks. 354

As concentrations in water samples in the AZF and XJF range from 1.11 to 530ug/L, 355
0.6 to 349ug/L, respectively. As is significantly and positively correlated with Mg 356
(r=0.55), Ca?* (r=0.67) in the AZF (Figure 9), and with K* (r=0.50), Sr (r=0.53) in the XJF 357
(Figure 10), suggesting that it also may originate from water-rock interactions. High con- 358
centrations of As are related to dissolution of pyrite and arsenopyrite in shale, siltstone, 359
and interbedded Tertiary lignite. However, 4 - 1 not significant with SO4* in the AZF 360
and not correlated with SO4* in the XJF (Figu.< >, 10), which indicates that sulfide min- 361
erals are not the major mediators of As migration in the hot spring waters. The hydrated 362
iron oxide in the aquifer has a high As adsorption capability owing to its large specific ~ 363
surface area[7]. Goethite and hematite have a tendency to precipitate (S5I>0), implying 364
that large amounts of As can be adsorbed. As is significantly and positively correlated 365
with Fe (Figure 9, 10), further illustrating that it may be sorbed to the surfaces of iron- 366
bearing minerals. Therefore, As is most likely released by the reductive breakdown of 367
iron oxides under the high temperature and alkaline environments. 368

The concentrations of Fe in hot springs range from 8.25 to 7867ug/L, and 4.23 to 369
10520ug/L, respectively. Fe is positively correlated with Mg?* (r=0.75) and Ca?" (r=0.72) in 370
the AZF (Figure 9) and correlated with Ca?" (r=0.58) and SO4?* (r=0.54) in the XJF (Figure 371
10), which is inferred to be derived from the dissolution of pyrite of the lignite (Equation 372
10) 373

2FeSz + 70z + 2H20 —2Fe’* + 4504 + 4H* (10) 374

Besides, because carbonates are present in the strata, the free sulfuric acid produced 375
by the oxidation of pyrite will react with carbonates (Equation 11), which may alsobea 376
reason for the high concentration of Fe, SO+, Ca?, and Mg?* in hot springs in the XJF. 377

Hz2504+(Ca, Mg) COs—~ (Ca, Mg)?*+S5S0+#+CO02+Hz0 (11) 378

The concentration ranges of B and Li in the AZF are 11.1-6366ug/L, 6.49-2425ug/L, 379
respectively. The ionic components of hot springs were influenced by a combination of 380
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silicates, carbonates, and evaporites in the AZF[19]. B correlate positively with K+
(r=0.75), Mg? (r=0.6), Cl- (r=0.59), and Li correlate positively with Na* (r=0.74), Ca>
(r=0.62), HCOs" (r=0.7), SO (r=0.78), Cl- (r=0.66) (Figure 9). So, B and Li may be derived
from water-rock interactions between thermal water and granite, dolomite, and other
sedimentary rocks. In the XJF, B and Li concentrations range from 5.6 to 4262ug/L, and
1.29 to 872ug/L, respectively, and the dissolution of carbonate minerals has the greatest
impact on the hot springs[18]. However, B and Li are weakly correlated with Ca?, Mg?*
and HCOs, but are significantly positively correlated with Na*, K* and Cl- in the water
samples (Figure 10), suggesting that they are likely derived from the leaching of reservoir
rocks in deep and magma contribution. Additionally, The B/Cl ratio of water samples of
No.55 to No.60(mean value of 0.016) in the northern segment of the XJF is lower than
that in the southern (mean value of 0.1), hinting that two different heat sources may exist.
According to earlier research, a molten mass underneath the northern portion of the XJF.
It has a significant concentration of Cl-containing magma vapor in addition to providing
heat for the geothermal water[59]. Besides, F4 implies that human activities may also
have an influence on the components of hot springs in the AZF-XJF.
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Figure 9. Pearson correlation diagram for trace elements and major ions in the AZF.
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Figure 10. Pearson correlation diagram for trace elements and major ions in the XJF.

5.3.3. Influence of fault-controlled circulation depth on trace elements
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The concentrations of trace element in geothermal waters are usually influenced by
the circulation depth controlled by faults, resulting in a vertical distribution[60]. Figure
11 illustrates the relationship between circulation depth and trace element concentration.
B and Li concentrations increase with increasing circulation depth of hot spring waters.
Sr concentrations show a positive trend with circulation depth in the XJF, while it has a
negative trend with circulation depth in the XSHEF. There are two structural thermal res-
ervoirs in the XSHF, including granite in the deep and Permian carbonate in the shal-
low[25]. Therefore, with shallower circulation depth, the chemical composition is signif-
icantly influenced by carbonate rocks, and Sr concentrations are higher owing to the
stronger affinity between Sr and Ca. As for the concentration of Fe, Mn, and As, they are
not significantly controlled by the circulation depth, except in the XJF, which may be
affected by dissolution and precipitation of minerals, redox processes, and adsorption
and desorption[61]. The circulation depth of hot springs in the AZF is generally low, and
the concentrations of trace element are highly variable because of the complex geological
conditions in this area. As mentioned above, the circulation depth of hot springs can
affect the trace element concentration, especially B and Li. Deep circulation of thermal
waters would promote the upwelling of deep geothermal fluids and enhance water-rock
interactions, which in turn affects their concentrations.
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Figure 11. Scatter plot of circulation depth[18-20] vs. trace element concentration

5.4. Conceptual model of hot springs in the XSF-X]JF

Deep and large fault zones and secondary fractures play an important role in the
convective transfer of geothermal water, which can control the circulation path of geo-
thermal water[62]. The emergence and circulation of hot springs in the study area are
controlled by the XSHE-XJF and the secondary fractures (Figure 12). The values of dD
and 080 show recharge by meteoric water, with recharge elevations of 1.8-4.8 km[18-20].
The deep heat source for geothermal water is related to the frictional heat generation
from active faults, decay of radioactive elements, and high conductivity and low-velocity
zones associated with partial melting of the upper crust[59]. Due to the constrain im-
posed by the lithology of thermal reservoir and the degree of water-rock interaction, the
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composition of hot spring waters appears to be controlled by a specific geologic environ- 432
ment. In the XSHF, the hot springs are mainly influenced by deep granite and shallow 433
carbonate rocks, with high circulation depth (mean value of 3.58km). High concentra- 434
tions of B and Li mainly originate from leaching of granite and are controlled by circula- 435

tion depth. Deep-earth fluids input may also contribute to them, especially in the Kang- 436
ding area. Interaction with surrounding rocks containing Fe and Mn minerals at high 437
temperatures during the upwelling of hot spring water, resulting in high concentrations 438
of Fe and Mn. In the XJF, the surrounding rocks of the hot springs are mostly carbonates, =~ 439
limestone, and sedimentary rocks, and the circulation depth (mean value of 3.30km) is 440
lower compared to XSHEF. Sedimentary rocks and Tertiary lignite provide an important 441
source of Fe and As in hot springs, and B may originate from deep thermal reservoir. 442
Trace element concentrations are significantly controlled by circulation depth. The hot 443
spring waters in the AZF has a much lower circulation depth (mean value of 1.44km), 444
and the chemical composition of hot spring waters vary significantly owing to complex 445
stratigraphic lithology. 446
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Figure 12. Conceptual model of hot spring water formation pattern in the XSHF-XJF. 448

6. Conclusions 449

In this study, the geochemical characteristics of trace elements in hot spring waters were 450
investigated in the XSHEF-XJF, and the conclusions were as follows: 451

(1) The hot spring water was recharged by atmospheric precipitation, and the isotope 452
compositions were more depleted in the XSHF owing to the elevation effect. Variations of =~ 453
dissolved compositions were mainly controlled by the dissolution of silicate minerals, car- 454
bonate minerals, and evaporites, as well as cation exchange. 455

(2) The high concentrations of B, Fe, Mn, and As were found in the XSHF-XJF, which 456
greatly exceeded the Chinese standards for drinking water. The values of WQI indicated 457
that the water quality was spatially heterogeneous and the hot spring waters were not 458
entirely suitable for drinking. 459

(3) The leaching of the surrounding rock during water-rock interaction was the main 460
source of trace elements, and the diversity of stratigraphic lithology was the main factor 461
affecting their concentration in hot spring waters. High concentrations of B and Li were 462
mainly derived from the dissolution of granite, and magmatic fluid contributions were 463
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not neglected. The major cause of high As concentration is reductive breakdown of iron 464
oxides. In addition, B/Cl ratios indicated that there were two different heat sources at the 465
XSHEF and XJF, respectively, and circulation depth can influence the trace element concen- 466
trations. 467

Supplementary Materials: The following supporting information can be downloaded at: 468
www.mdpi.com/xxx/s1, TableS1: Field and analytical data of major elements and stable isotopes 469
(0D, 5'80) on water samples.; Table S2: Analytical data of trace elements on hot spring water sample; 470
Table S3: The results of the water quality assessment using the measurements of trace elements.; 471
Table S4: Saturation indices values of thermal water samples with respect to minerals. 472
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