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Abstract: The utilization for water resource has been of great concern to human life. To assess the 12 
natural water system in Kangding County, the integrated methods of hydrochemcial analysis, 13 
multivariate statistics and geochemical modelling were conducted on surface water, groundwater 14 
and thermal water samples. Surface water and groundwater were dominated by Ca-HCO3 type, 15 
while thermal water belonged to Ca-HCO3 and Na-Cl type. The analyzing results concluded the 16 
driving factors that affect hydrochemical components. Following the results of the combined 17 
assessments, hydrochemcial process was controlled by the dissolution of carbonate and silicate 18 
minerals with slight influence from anthropogenic activity. The mixing model of groundwater and 19 
thermal water was calculated using silica-enthalpy method, yielding cold-water fraction of 20 
0.56-0.79 and estimated reservoir temperature of 130-199 oC, respectively. δD and δ18O isotopes 21 
suggested surface water, groundwater and thermal springs were of meteoric origin. Thermal water 22 
should have deep circulation through the Xianshuihe fault zone, while groundwater flows through 23 
secondary fractures where it recharges with thermal water. Those analytical results were used to 24 
construct a hydrological conceptual model, providing a better understanding of the natural water 25 
system in Kangding County. 26 

Keywords: Hydrochemcial characteristics; water-rock interaction; multivariate statistical analysis; 27 
mixing model; δD and δ18O isotopes; natural water system; Kangding County. 28 

 29 

1. Introduction 30 

Water is an incredibly important resource, and has significant uses in agriculture, industry and 31 
domestic use. To better utilize it, a number of researches have been conducted to assess the water 32 
quality [1-4]. The water quality is determined by the hydrochemistry affected by different 33 
hydrochemical processes. Furthermore, hydrochemical process is determined by natural 34 
physical-chemical activities, e.g., ion exchange, mineral dissolution and precipitation, water-rock 35 
interaction, and redox transformation [5-7]. 36 

Up to date, hydrochemical analysis [8, 9], multivariate statistical analysis [10, 11], and 37 
geochemical modelling [12, 13] have been proved to be efficient for constraining the hydrochemical 38 
process of natural water system. The ratios of major ions provide critical clues to explain different 39 
hydrochemical processes of water resource [14, 15]. Principle component analysis (PCA) is useful to 40 
analyze the large hydrochemical dataset, defining the factors controlling hydrochemistry [16, 17]. 41 
Geochemical modelling using saturation index can specify the mineral precipitation and dissolution 42 
in natural water system [18, 19]. δD and δ18O isotopes are ideal tracers for the source and pathways 43 
of groundwater recharge [20-22]. 44 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2017                   doi:10.20944/preprints201711.0114.v1

©  2017 by the author(s). Distributed under a Creative Commons CC BY license.

Peer-reviewed version available at Water 2018, 10, 80; doi:10.3390/w10010080

http://dx.doi.org/10.20944/preprints201711.0114.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/w10010080


 2 of 17 

 

Southwestern China is well-known for its abundant water resource, including the Dadu River, 45 
Jinsha River and Nu River. The Kangding County is located in southwestern China and dominated 46 
by the Dadu River. However, previous studies were mainly focused on the genesis of thermal water 47 
in Kangding County. Qi et al (2017) achieved a preliminary knowledge of thermal water and 48 
discussed the relationship between changing parameters of thermal water and solid tide [23]. Luo et 49 
al (2017) compared the thermal springs in northern and southern Kangding County and evaluated 50 
the exploring potential [24]. Guo et al (2017) investigated the high-temperature geothermal system 51 
using fluid and gas geochemistry [25]. Compared with thermal water, very little knowledge has 52 
been achieved on the chemical components of surface water and groundwater and related 53 
hydrochemical process. Moreover, the mixing model between groundwater and thermal water is 54 
enigmatic, and has yet to be constrained. 55 

In this study, we investigated the occurrence of fractures, interpreted hydrochemical 56 
characteristics and conducted δD and δ18O isotopic analysis for surface water, groundwater and 57 
thermal water. Then, we attempted to get deeper knowledge of the hydrochemical process based on 58 
correlations of major ions, PCA analysis and geochemical modelling. Furthermore, the mixing ratio 59 
between groundwater and thermal water was evaluated by the silica-enthalpy method. The recharge 60 
area of surface water, groundwater and thermal water was identified by δD and δ18O isotopes. Those 61 
analytical results would be helpful to build a hydrological conceptual model for natural water 62 
system, providing valuable information for better exploiting water resource in Kangding County. 63 

2. Geological setting 64 

Kangding County is situated in the Sichuan Province, southwestern China. Tectonically, it is 65 
located in the eastern margin of Tibet Plateau where three regional fault zones (Xianshuihe, 66 
Anninghe and Longmenshan fault zones) formed a Y-shape intersection (Figure 1a). The altitude of  67 

 68 
Figure 1. (a) Topography of Southwestern China, (b) geological map and (c) cross section of 69 
Kangding County. XSF. Xianshuihe fault, LMF. Longmenshan fault, ANF. Anninghe fault. 70 
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Kangding County is generally higher than 1000 m with the highest elevation of 7556m (Mount. 71 
Gongga). Due to the high-mountain topography and barren environment, anthropogenic activity is 72 
rare here. Based on the local meteorological data, annual precipitation and relative humidity are 73 
500-800 mm and 73%, respectively. Annual temperatures range from -14.1 oC to 29.4 oC (mean = 7.1 74 
oC). 75 

Our study area is located in southern segment of Kangding County. The bedrocks consist of 76 
Devonian, Permian, and Triassic sedimentary strata (Figures 1b, 2a). Devonian strata exposed in the 77 
south are composed of limestone and mudstone; Permian strata crop in the west and are subdivided 78 
into upper and lower Permian strata, consisting of limestone and sandstone; Triassic strata are 79 
scarcely distributed in the middle part, dominated by sandstone. Quaternary sediments are locally 80 
exposed, including boulder and sandy gravel. Multi-episode magmatic rocks include the Proterozoic 81 
granites in the east and Cenozoic granites in the west [26] (Figure 1b). The structures are dominated 82 
by the N-S trending Xianshuihe strike-slip fault that is locally buried by Quaternary sediments [27]. 83 
Amounts of NNE-striking secondary fractures are developed along the Xianshuihe fault (Figures 2b, 84 
2c). 85 

 86 
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 109 

 110 

Figure 2. (a) Stratigraphic column showing lithology and hydrological properties, (b) Rose diagram 111 
and (c) stereographic diagrams (equal area projection, lower hemisphere) with poles and contouring 112 
of fractures in study area. Strata legends are same as Figure 1. 113 
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The Dadu River traverses southwardly through Kangding County, fed by a number of streams 114 
(Figure 1b). Fractures are extensively distributed in the Triassic sandstone and Cenozoic granite, 115 
while karst conduits are developed in the Permian limestone, representing a high permeability 116 
aquifer. The less cracked Proterozoic granite and Devonian limestone and mudstone strata represent 117 
medium permeability aquifers. Thermal springs are exposed parallel with the Xianshuihe fault, with 118 
temperatures over a range of 35oC to 81oC (Local boiling temperature = 89.5 oC) [23-25] (Figures 1b, 119 
1c). 120 

3. Sampling and methods 121 

Sampling work was conducted in November and December, 2012, these months being regarded 122 
as the dry season based on local meteorological record. Fifty-three groundwater samples were 123 
collected from different cold springs in field crops and fresh rock fractures in tunnels from our study 124 
area (Fig. 1b). For comparison, seventy-two surface water samples were collected from the Dadu 125 
River and adjacent streams, while fifteen rain samples were collected. Additionally, ten thermal 126 
water samples were collected from different thermal springs. 550-ml polyethylene bottles were used 127 
to collect water samples. Prior to sampling, these bottles were washed and rinsed at least three times. 128 
Hydrochemical analysis of the water samples was performed within ten days in the State Key 129 
Laboratory of Geohazard Prevention and Geo-environment Protection, Chengdu University of 130 
Technology. HCO3- was determined by Gran titration with 0.025 N HCl. Cation samples were 131 
preserved with concentrated reagent HCl to pH <1.0. Cations (Na+, K+, Ca2+, Mg2+) were analyzed by 132 
ICP-OES (ICAP6300) and anions (Cl-, SO42-) by DIONEX (ICS-1100), respectively. Quality 133 
measurement for hydrochemical data was tested by ionic balance error (better than ±10 %, calculated 134 
by Aquachem 3.7 software). δD and δ18O isotopes were measured in the Institute of Karst Geology, 135 
Chinese Academy of Geological Science, using mass spectrometer (MAT253). The δD and δ18O 136 
analytical precision was better than 1‰ and 0.1‰, respectively. 137 

Phreeqc 3 software is applied to calculate saturation index (SI), based on the MINTEQ database 138 
[28]. The SI values of major minerals, containing calcite, dolomite, gypsum, and halite, were 139 
calculated to evaluate the chemical equilibrium between minerals and water in nature environment. 140 

Multivariate statistical analysis was carried out using SPSS 20 software. The correlation matrix 141 
based on the Pearson’s correlation coefficient was used for showing relationships between those 142 
variables, with a range of values from -1 to +1. Values close to +1 present strong positive correlation, 143 
while values approximate to -1 imply strong negative correlation. Values equal to 0 mean no linear 144 
correlation. Principle Component Analysis (PCA) was conducted to analyze the relationship 145 
between the variables and evaluate the factors affecting hydrochemical components. 146 

4. Results and discussion 147 

4.1. Hydrochemical characteristics of water samples 148 

Surface water (stream, river), groundwater (fractured water, cold spring), thermal water and 149 
rain samples were classified, as shown in Table S1. The Schöeller diagram for those samples is 150 
illustrated in Figure 3, indicating the variations of physicochemical parameters. 151 

The surface water and groundwater are neutral to alkaline in nature and have similar chemical 152 
compositions, whereas thermal water contains higher concentrations of major ions (Figure 3). The 153 
TDS (total dissolved solid) values of surface water, groundwater and thermal water are 52.2-177.1 154 
mg/l, 82.2-227.4 mg/l and 104.6-1666.9 mg/l, respectively. In the most water samples, the anions are 155 
dominated by HCO3- with abundance order of HCO3- > SO42- > Cl-, while the main cation is Ca2+, with 156 
abundance order of Ca2+ > Na+ > Mg2+ > K+. Piper’s diagram illustrates the scatter plots of the cations 157 
(Na+ + K+, Ca2+, and Mg2+) and anions (HCO3-, Cl- and SO42-), classifying the hydrochemical 158 
characteristics [29]. Herein, two main water types have been identified; most water samples were 159 
concentrated on the field of Ca2+-HCO3-, whereas a few thermal water samples were plotted on the 160 
field of Na+-Cl- (Figure 4). The greater concentrations of major ions and higher TDS values of thermal 161 
water suggest a longer residence time and stronger water-rock interaction. 162 
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 163 

 164 
Figure 3. Schöeller diagram for different water samples (unit: meq/l). Dash lines stand for the mean 165 
values of different water samples. TS- Thermal spring, CS- Cold spring, FW- Fractured water. 166 

4.2. Hydrochemcial process of surface water and groundwater 167 

4.2.1. Correlation of major ions 168 

The soluble ions of groundwater can be sourced from a variety of natural processes, such as 169 
precipitation, evaporation, and water-rock interaction. Gibbs diagram is used to distinguish the 170 
effects of these different processes [30]. In the Gibbs TDS versus Na+/(Na+ + Ca2+) and Cl-/(Cl- + 171 
HCO3-) diagrams, the majority of the samples plotted in the field of rock weathering (Figure 5), 172 
indicating water-rock interaction is the main factor controlling dissolved hydrochemical 173 
components of water samples. 174 

 175 
Figure 4. Piper plot of water samples. 176 
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 177 
Figure 5. Gibbs plot. (a) TDS versus Na+/(Na+ + Ca2+), (b) TDS versus Cl-/(Cl- + HCO3-). 178 

The concentrations of major ions and their correlation give insight to the hydrochemical process 179 
triggered by water-rock interaction [31]. Due to the major water type of Ca2+-HCO3-, the dissolution 180 
of carbonate minerals (calcite and dolomite) should be responsible for the source of Ca2+ and HCO3- 181 
in water, as shown in the following equations (1) and (2). 182 

CaCO3 (calcite) + H2CO3 → Ca2+ + 2HCO3-                         (1) 183 

CaMg(CO3)2 (dolomite) +2H2CO3 → Ca2+ + Mg2+ + 4HCO3-                (2) 184 

Based on the equations (1) and (2) above, the dissolution of calcite and dolomite would produce 185 
the Ca2+/HCO3- and (Ca2+ + Mg2+)/HCO3- molar ratio of 0.5. In this study, the Ca2+/HCO3- ratios of 186 
most samples were between 0.5 and 1 (Figure 6a), while (Ca2+ + Mg2+)/HCO3- ratios were greater than 187 
1 (Figure 6b). Hence, the excess concentrations of Ca2+ and Mg2+ should be affected by other 188 
hydrochemical processes rather than sole dissolution of carbonates (calcite and dolomite). Moreover, 189 
the Ca2+/Mg2+ molar ratio is used to clarify the dissolution of carbonates [3]. Ca2+/Mg2+ molar ratio 190 
below 1 triggers dissolution of dolomite, whereas Ca2+/Mg2+ molar ratio higher than 1 indicates 191 
dissolution of calcite. Additionally, Ca2+/Mg2+ molar ratio greater than 2 can be the result of the 192 
dissolution of silicate minerals. Most samples had the Ca2+/Mg2+ molar ratios largely greater than 2 in 193 
this study. Therefore, we can infer Ca2+ concentration should be affected by the dissolution of silicate 194 
minerals as well. 195 

If Na+ is derived from the dissolution of halite, the Na+/Cl- molar ratio generally is equal to 1. 196 
However, the Na+/Cl- molar ratio of water samples are much higher than 1, implying the excess Na+ 197 
concentration is derived from silicate weathering (Figure 6c). In addition, the low Cl- concentration is 198 
consistent with the absence of Cl-bearing minerals in Kangding County. The Ca2+ and SO42- 199 
concentrations of groundwater are controlled by gypsum dissolution and precipitation processes, 200 
which are shown in equation (3) below. 201 

CaSO4·2H2O ⇄ Ca2+ + SO42- + 2H2O                              (3) 202 

In condition of simple gypsum dissolution and precipitation, the ratio between Ca2+ and SO42- 203 
would be 1: 1. The plots are distinctly below 1:1 line in Ca2+ versus SO42- diagram (Figure 6d), 204 
implying a majority of enriched Ca2+ that would be produced from dissolution of carbonates and 205 
silicate minerals. The deficient SO42- concentration suggests weak effect from anthropogenic activity. 206 

The Ca2+, Mg2+, HCO3- and SO42- would be derived from dissolution of carbonates and sulfate 207 
minerals when the plots follow the 1:1 line in the (Ca2+ + Mg2+) versus (HCO3- + SO42-) diagram. 208 
Furthermore, the plots above the 1:1 line suggest ion exchange as dominant process (4), while the 209 
plots below the 1:1 line indicate existence of reverse ion exchange (5). 210 

Ion exchange: 2Na+-Clay + Ca2+ →2Na+ + Ca2+-Clay2                   (4) 211 

Reverse Ion exchange: Ca2+-Clay2 + 2Na+ → Ca2+ + 2Na+-Clay               (5) 212 
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Most samples plotted above the 1:1 line of (HCO3- + SO42-)/(Ca2+ + Mg2+) ratio (Figure 7). The 213 
(Ca2+ + Mg2+) concentrations are slightly deficient compared with HCO3- and SO42-. As the dominated 214 
cation, Ca2+ is more preferable than Mg2+. Considering the equations (4) and (5), we can assume the 215 
deficiency of Ca2+ is due to ion exchange process that is a significant result from silicate weathering. 216 

 217 
Figure 6. Distributions of ionic ratios in water samples, (a) HCO3- versus Ca2+, (b) HCO3- versus Ca2+ 218 
+ Mg2+, (c) Cl- versus Na+, (d) SO42- versus Ca2+. 219 

 220 
Figure 7. HCO3- + SO42- versus Ca2+ + Mg2+ diagram 221 

  222 
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4.2.2. Mineral saturations 223 

During the process of water-rock interaction, the mineral equilibrium calculation can reflect the 224 
thermodynamic process of natural water system [12, 13]. Moreover, Saturation index (SI) gives 225 
insight of the reactivity of minerals. Herein, SI values of water samples were calculated using 226 
Phreeqc 3 software, based on the equation (6) below, 227 

SI = log (IAP)/K                                    (6) 228 

Where IAP is the Ion Activity Product, K is the equilibrium constant. Positive SI values (SI>0) 229 
show minerals oversaturation and precipitation, whereas negative SI values (SI<0) imply minerals 230 
under saturation and dissolution. The calculated results for surface water and groundwater samples 231 
are listed in Table S1. Most water samples yielded similar SI calculated results as follows: calcite and 232 
dolomite are slightly under saturated to oversaturated, gypsum is weakly under saturated, and 233 
halite is strongly under saturated (Figure 8). Those calculated results propose water-rock interaction 234 
has not reached to equilibrium yet in surface water and groundwater of Kangding County. In 235 
equation (3), abundant Ca2+ released from the dissolution of calcite will hamper the solubility of 236 
CaSO4·2H2O, leading to the under saturation of gypsum. The absence of Cl--bearing minerals would 237 
account for the low SI values of halite. Due to the positive correlation between SI values and TDS, 238 
the hydrochemical characteristics of surface water and groundwater are mainly determined by the 239 
dissolution and precipitation of minerals from bedrocks.  240 

 241 

 242 
Figure 8. SI (calcite), SI (dolomite), SI (gypsum), and SI (halite) values versus TDS (mg/l) diagrams 243 

  244 
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4.2.3. Multivariate statistical analysis 245 

The correlations applied to the eight variables (pH and major ions) shed light on the 246 
relationships among those variables and water-rock interaction controlling the hydrochemical 247 
parameters. The values of R>0.75 and 0.75>R>0.50 suggest strong and moderate correlations between 248 
the hydrochemical parameters, respectively. The results of correlation analysis are listed in Table 1. 249 
Ca2+ shows great consistency with Mg2+, representing the aquifer system of carbonates. pH has 250 
moderate and negative correlation with carbonates elements (Ca2+, Mg2+ and HCO3-), indicating the 251 
chemical equilibrium between pH and dissolution of carbonates. However, the correlation between 252 
Ca2+, Mg2+ and HCO3- are not as high as expected, inconsistent with simple source from the 253 
dissolution of carbonates. In addition, the negative correlation between Ca2+, Mg2+ and Na+ reveals 254 
the possibility of ion exchange process from the dissolution of silicate minerals. The pairs of 255 
Ca2+-SO42- and Na+-Cl- have weak correlation, respectively, suggesting they are not considerably 256 
affected by the simple dissolution of gypsum or halite.  257 

Table 1. Correlation matrix of the species in water samples. 258 

Correlation pH Na+ Cl- K+ Ca2+ Mg2+ SO42- HCO3- 
pH 1.000        
Na+ 0.535 1.000       
Cl- 0.251 0.424 1.000      
K+ 0.360 0.691 0.483 1.000     

Ca2+ -0.378 -0.422 -0.138 0.074 1.000    
Mg2+ -0.225 -0.351 -0.110 0.094 0.755 1.000   
SO42- 0.424 0.373 0.040 0.201 0.426 0.479 1.000 

HCO3- -0.374 0.494 -0.077 0.213 0.436 0.349 0.515 1.000 
Table 2. Factor loadings and eigenvalues of the eight extracted factors. 259 

Scaled Coordinates PC1 PC2 
pH 0.808 -0.119 
Na+ 0.679 -0.601 
Cl- 0.166 -0.832 
K+ 0.427 -0.738 

Ca2+ 0.872 0.388 
Mg2+ 0.819 0.350 
SO42- 0.405 0.129 

HCO3- 0.917 0.264 
Eigenvalues 4.090 1.971 
%Variance 51.120 24.640 

Cumulative % 51.120 75.760 
Hydrochemical parameters including pH and major ions were used for principal component 260 

analysis, which is helpful to trace the sources of those ions. The results of principal component 261 
analysis includes eigenvalue, percentage of variance, cumulative percentage of variance, and the 262 
factor loading, presented in Table 2. Scree plot for groundwater samples showed a distinct change of 263 
slop after the third factor (Figure 9a). Using the Kaiser Criterion and scree plot, two major factors of 264 
eigenvalues greater than 1 have been obtained, accounting for the total variance of 75.76% (Figure 265 
9b). The dominant factor (PC1) is responsible for 51.12 % of total variance and has a strong loading of 266 
pH, Na+ Ca2+, Mg2+, and HCO3-. This factor indicates the general trend of hydrochemcial 267 
characteristics and is probably dominated by the dissolution of carbonates and silicate minerals with 268 
ion exchange process. The second factor (PC2) explains 24.64 % of total variance and has medium 269 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 November 2017                   doi:10.20944/preprints201711.0114.v1

Peer-reviewed version available at Water 2018, 10, 80; doi:10.3390/w10010080

http://dx.doi.org/10.20944/preprints201711.0114.v1
http://dx.doi.org/10.3390/w10010080


 10 of 17 

 

positive loading of Ca2+, Mg2+ and SO42-. Due to the dissolution of carbonates, amounts of Ca2+ are 270 
occurred in water, restraining the dissolution of gypsum. As such, PC2 could be linked to weak 271 
dissolution of gypsum. In addition, the negative loading of Na+ and Cl- is exhibited, indicating Na+ 272 
and Cl- concentrations are determined by different factors rather than simple dissolution of halite. 273 

 274 
Figure 9. (a) Scree plot, (b) Factor loadings for the PC1 and PC2. 275 

4.3. Mixing model of groundwater and thermal water 276 

The main anions (Cl-, SO42- and HCO3-) have been used to identify the mixture between thermal 277 
and cold water [32]. The majority of thermal water samples are distributed on the field of peripheral 278 
water (Figure 10a), indicative of the involvement of cold water. Furthermore, the Na-K-Mg ternary 279 
diagram shows that all thermal water samples are typical of immature water [32] (Figure 10b), as 280 
well as relatively deficient saturated indices of different minerals in Table S1. Giggenbach and 281 
Goguel (1989) suggested the low equilibrium of thermal water would be attributed to the dilution 282 
and mixing of surficial cold water [33]. The water-rock equilibrium at different temperatures is 283 
interpreted using the 10Mg2+/(10Mg2+ + Ca2+) versus 10K+/(10K+ + Na+)  diagram. In Figure 10c, all 284 
thermal water samples plotted above the curved line of the full equilibrium, yielding the recharge of 285 
cold water. Hence, we can infer that thermal water is typical of immature water, involved with cold 286 
water. 287 

To evaluate the original temperature of thermal water and mixing ratio of cold water, the field 288 
temperatures and silica concentration of thermal and cold water have been extensively carried out 289 
[34, 35], based on the equations (7) and (8) below: 290 

Scx + Sh (1-x) = Ss                                      (7) 291 

SiO2c + SiO2h (1-x) = SiO2s                                  (8) 292 

Where Sc is enthalpy of cold water, Sh is the initial enthalpy of deep thermal water, Ss is the last 293 
enthalpy of thermal water, SiO2c is SiO2 concentration of cold water, SiO2h is the beginning SiO2 294 
content of deep thermal water, SiO2s is SiO2 concentration of thermal water. Founier and Truesdell 295 
(1974) proposed a graphical way to obtain the two unknowns [34]. In the Figure 11, red and blue 296 
curves are drawn, and their intersections represent the mixing portion of cold water and estimated 297 
reservoir temperature. Based on the results from Fig. 11, we can infer the original temperature and 298 
mixing ratio are 112-195 oC and 0.56-0.79, respectively. Moreover, a silicon-enthalpy graphic method 299 
has been conducted to estimate the reservoir temperature of mixing water [33]. It is assumed no 300 
silica deposition existed before or after mixing and that quartz determines the solubility of silica in 301 
thermal water. A straight line connecting point of cold water and points of thermal water intersects 302 
with the solubility curve for quartz at a point that gives the silica content and enthalpy value of 303 
thermal water in the condition of no steam loss (Figure 10d). If steam separation took place at 89.5 oC 304 
(local boiling temperature), the calculated reservoir temperature is 148 oC. When no steam loss 305 
occurs, the reservoir temperatures range from 130 oC to 199 oC, consistent with the calculated results 306 
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from mixing ratio model. Hence, the calculated temperatures should be reliable. It is noteworthy 307 
that the estimated reservoir temperatures are much greater than the discharge temperature, 308 
suggesting plenty of cold-water recharge in surficial place. 309 

 310 

Figure 10. (a) Giggenbach Cl--SO42--HCO3- and (b) Na-K-Mg ternary diagrams, (c) Mg2+/(Mg2+ + Ca2+) 311 
versus 10K+/(10K+ + Na+) diagram, (d) SiO2 versus temperature diagram. Silica concentration of cold 312 
water is the average values of groundwater samples in Table S1. 313 

4.4. Evaluation for δD and δ18O isotopes 314 

The results of δD and δ18O isotopes from surface water (river), groundwater (cold spring and 315 
fractured water) and thermal water were list in Table S2. The δD and δ18O values of surface water 316 
and groundwater in study area have a similar range of -75.39 to -86.47‰ and -11.01 to -12.47‰, 317 
while δD and δ18O values of thermal water largely vary from -78.77 to -113.27 ‰ and -10.04 to 318 
-16.13‰, respectively. Compared to thermal water, surface water and groundwater have richer δD 319 
values. Most samples were distributed around the Global Meteoric Water Line (GMWL) (solid line: 320 
δD = 8*δ18O + 10‰) [36] and Local Meteoric Water Line (LMWL) (dash line: δD = 9.4*δ18O + 28.5‰) 321 
[37], indicating a meteoric origin (Figure 12). It is generally acceptable that δD and δ18O values will 322 
decrease corresponding to changing elevation, due to topographic precipitation [38]. Hence, using 323 
the recharge altitude calculated by δD and δ18O values, we can constrain the general recharge area of 324 
those water samples. In study area, the ratio between δD and altitude has been suggested in -2.24‰ 325 
per 100 m [37]. The calculated results present the recharge altitudes of surface water and 326 
groundwater are 1059-1517 m. The recharge area of thermal water is located in a large variation of 327 
2199-5302 m, greatly higher than those of surface water and groundwater. Therefore, we can 328 
propose thermal water is recharged by precipitation from high elevation, while surface water and 329 
groundwater are recharged by precipitation from low elevation. Moreover, obvious δ18O drift in 330 
Figure 12 suggests thermal water experienced remarkable and prolonged water-rock interaction 331 
during the deep circulation, corresponding to high TDS and concentrations of major ions.  332 
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 333 

Figure 11. Relations between fraction of cold water and temperature in the mixing model. Blue curve 334 
= enthalpy, red curve = silica. 335 
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 336 

 337 
Figure 12. Variation of δD and δ18O in groundwater and thermal springs associated with Global 338 
Meteoric Water Line (GMWL) [36] and Local Meteoric Water Line (LMWL) [37]. 339 

4.5. Hydrological conceptual model of natural water system 340 

Based on the aforementioned geological setting, hydrochemical and isotopic analyses above, a 341 
hydrological conceptual model for the natural water system (surface water, groundwater, and 342 
thermal water) in Kangding County has been constructed (Figure 13). A joint study of the ratio of 343 
major ions, geochemical modelling, and multivariate statistical analysis concluded hydrochemical 344 
processes of surface water and groundwater are dominated by the dissolution of carbonates and 345 
silicate minerals, corresponding to the limestone and granite aquifers in Kangding County. δD and 346 
δ18O isotopic results show the high recharge elevations of 2199-5302 m, implying the potential 347 
recharge area from the Mount. Gongga (7556 m) and adjacent mountain areas. Based on the 348 
concentrations of major ions and SiO2, thermal water samples have been identified as immature 349 
water, within cold-water mixing ratio of 0.56-0.79. Meanwhile, the discharge temperatures in 350 
surficial place are much lower than the estimated reservoir temperatures, indicative of large 351 
involvement of cold water. The N-S direction Xianshuihe fault and adjacent NNE-striking secondary 352 
fractures are responsible for vertical and lateral flow in natural water system. Herein, it is reasonable 353 
that abundant groundwater penetrating through those fractures recharges the thermal aquifer 354 
system. Additionally, the favorable hydraulic connection between surface water and groundwater 355 
has been determined by their similar hydrochemical and δD-δ18O isotopic characteristics. Therefore, 356 
we can conclud the Xianshuihe fault provides the deep channel for upwelling of thermal water, 357 
while those fractures are the ideal chamber for the surface water-groundwater interaction and 358 
recharge to thermal water in surficial place. 359 

5. Conclusion 360 

Integrated assessments of variable data based on hydrochemical analysis, multivariate statistics 361 
and geochemical modelling, provide the basis for comprehensive understanding of natural water 362 
system in Kangding County, which can be summarized as follows: 363 

(1) Surface water and groundwater are dominated by Ca-HCO3 type, while thermal water belongs to 364 
Ca-HCO3 and Na-Cl type. 365 

(2) Correlations of major ions, multivariate statistical analysis, and saturation index indicated the 366 
dissolution of carbonates and silicate minerals were the main hydrochemical processes affecting 367 
chemical components of natural water system in limestone and granite aquifers. Detailed effects of 368 
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anthropogenic activity on hydrochemistry have yet to be further investigated yet by more minor 369 
elements in future. 370 

(3) Thermal water is typical of immature water that is involved with cold-water fraction of 0.56-0.79. 371 
The estimated reservoir temperatures have a range of 130 oC to 199 oC. 372 

(4) δD and δ18O isotopes revealed a meteoric origin of hydrological system. Thermal water is 373 
recharged by precipitation from high elevation, while surface water and groundwater are recharged 374 
by precipitation from low elevation.  375 

(5) The Xianshuihe fault is the rising channel for thermal water, while adjacent secondary fractures 376 
provide the chambers for groundwater-surface water interaction and groundwater recharging with 377 
thermal water. 378 

 379 
Figure 13. Hydrological conceptual model of natural water system in Kangding County 380 

Supplementary Materials: The following are available online at www.mdpi.com/link, Table S1: Hydrochemical 381 
composition of water samples, Table S2: δD and δ18O isotopes of representative water samples.  382 
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