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Abstract Karst groundwater is important water resources
for local people in southwest China, especially in Xide
country, Sichuan Province. Stable isotopes (H and O) that
incorporated with major ions of groundwater were used to
identify the origin of groundwater, and determine the
dominant water—rock interaction processes controlling the
hydrogeochemical characteristics of groundwater in the
study area. The stable isotopes results indicated that all
groundwater derived from meteoric water. The chemical
analysis showed that the cold groundwater was HCO;-
Ca-Mg type, and the thermal water was HCO3-SO4-Ca-Mg
type. The major ions of groundwater combined with the
equilibrium stated of the groundwater based on the satu-
ration index (SI), suggested that the hydrogeochemical
characteristic of groundwater was mainly governed by
dissolution of carbonate minerals and gypsum rocks, and
ion exchange. Other factors such as evaporation and
anthropogenic activities may also play roles on it. The
results revealed the dominant hydrogeochemical processes
controlling groundwater water quality in this karst area,
which would provide significant insights into the local
governments that can make effective policy for ground-
water utilization.
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Introduction

Southwest China is one of the largest karst areas in the
world (covers about 780,000 kmz) where karst groundwa-
ter is a vital source of drinking water to about 100 million
people (Cai 1996; Jiang et al. 2006; Peng et al. 2011). Karst
groundwater in these areas can be divided into two sys-
tems, including the covered-buried karst water system and
the bare karst water system. The main strata in these areas
include Devonian, Permian, and Lower and Middle Trias-
sic, which typically develop from carbonate rocks (Jiang
et al. 2006). Being important resources of drinking water
for southwest China, extensive studies have been studied in
these karst areas, which were principally focusing on
topography and geological structure, runoff respond to
rainfall, hydrological dynamics of under-groundwater, and
the influence of land cover on hydrogeochemistry, tracer
test for tracing the connection of karst groundwater in karst
aquifer (Chen et al. 2013; Hu et al. 2015; Jia et al. 2004;
Lan et al. 2015; Liu et al. 2011, 2015; Pan et al. 2015;
Sebela and Liu 2014; Zhao et al. 2015). However, seldom
studies were conducted to the hydrogeochemical processes
that control the quality and chemical component of karst
groundwater in karst aquifer, especially in Xide country.
The hydrogeochemical processes taking place in karst
aquifer are governed by many factors, such as the com-
position of rain water, geological structure and mineralogy
of aquifer, and water—rock interaction along the flow paths
(Alberto Sanchez—Sanchez et al. 2015; Delbart et al. 2016;
Grimmeisen et al. 2016; Ma et al. 2011; Thilakerathne
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et al. 2015; Wang et al. 2015a, b; Yang et al. 2010, 2013).
Beyond that, karst groundwater systems are also vulnerable
to anthropogenic activities, including excessive agricultural
practices, chemical fertilizers, mining activities, and
domestic sewage (Bhat et al. 2014; Calijuri et al. 2012; Han
et al. 2013; Jiang et al. 2008; Lang et al. 2006; Re et al.
2014; Yuan et al. 2016). However, it is worth noting that
karst aquifer is a unique and complex flow system due to
high heterogeneity in geology and geomorphologic condi-
tions, and special water-rock reactions, etc. (Han et al.
2014). Thus, it is difficult to identify the dominant hydro-
geochemical processes that control the hydrogeochemical
characteristics of groundwater by conventional hydrogeo-
chemical studies.

Previous studies have demonstrated that spatial varia-
tions in the chemical characteristics of karst groundwater
can be effective to interpret the origin of groundwater and
water-rock interactions in aquifer (Han et al. 2013). In
addition, stable isotopes (H and O) are useful tracers for
recognizing the origin and pathways of groundwater
recharge. Combined major ions and stable isotope in karst
groundwater could help determine the karst groundwater
origin, movement, and hydrogeochemical processes that
contributed to hydrogeochemical characteristics (Pu et al.
2013; Wang et al. 2015b; Yuan 2013). However, few
comprehensive works were carried on the hydrogeochem-
ical processes in karstic aquifers by combing stable iso-
topes and major ions (Pu 2013; Pu et al. 2013; Yuan et al.
2016).

The study area, Xide country, is a Yi ethnic community
in southwest Sichuan, located in southwest China. Several
karst springs and thermal water occur along the Sunshui
River are the dominant drinking and irrigation water
resources for local people in the western part of Xide
country. In spite of the importance of karst groundwater in
these areas, the exploitation degree of groundwater in these
karst areas is generally low, due to the complicated
hydrogeologic conditions and the relatively backward
regional economy. Understanding the hydrogeochemical
processes occurring in these karst areas is, therefore, crit-
ically needed for the policy making of local governments in
the light of karst groundwater utilization and management
(Wang et al. 2006).

This study investigated the predominant hydrogeochem-
ical processes that govern hydrogeochemical characteristics
of karst groundwater in Xide country. The spatial variations
of stable isotopes (O and H) and major ions in groundwater
are applied to identify the origin of groundwater and deter-
mine the dominant hydrogeochemical processes that con-
trolling the chemical compositions of karst groundwater.
The results would provide a basis of developing strategies for
water resources utilization in Xide country.
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Geology and hydrogeology setting

The study area is situated in the Xide country of Sichuan
province, southwest China. Its elevation ranges from 1580
to 3500 m above mean sea level, and shows a declining
from north to south, and from east to west. A subtropical
monsoon climate dominates here with an annual mean
temperature of 14 °C. The annual precipitation is
1006 mm, and about 88% of its rain falls between May and
October. The Sunshui River is the most important river in
Xide country, with a total length of 110 km and an area of
1617.5 km?. It flows through some rivers and streams, with
an average discharge of 37.2 m’/s.

Two main sets of faults are found to control the structure
in this area (Zhao 1987). The first one is the set of NE-SW
trending faults, which belong to the Anning River tectonic
system. The second one is the set of NW-NS trending
faults that crosswise distributing in the western part of Xide
country. These faults with multi-period cut the stratum into
various patterns of geological tectonic units with different
lithologies. The outcrops in our study area are made up of
carbonate rock, clastic rock and metamorphic rock from
the Proterozoic system to Quaternary system except the
Carboniferous system, Permian system, Silurian system
and Cambrian system. As shown in Figs. 1 and 2, the
exposed strata are principally sea platform carbonate rocks
of Sinian strata, followed by earlier Triassic continental-
facies clastic rocks. Sulfate evaporate strata, though minor,
also exists in the region studied.

Dolomitic limestone is the predominant aquifer in the
study area, from which cold and thermal springs emerged
occasionally, with flow ranging from 0.50 to 284.00 L/s.
The others are mainly clastic rocks, and the flow of springs
distributed in those aquifers is lower than that of dolomitic
limestone aquifer, which ranged from 0.09 to 0.15 L/s. In
general, groundwater is ultimately discharged to the Sun-
shui River along the flow paths (from north and south).

Sampling and analysis

A total of twelve cold and thermal water samples were
sampled from spring and borehole in August 2014.
Groundwater temperature (7), electrical conductivity (EC),
pH, and the total dissolved solid (TDS) were determined
in situ by portable Hanna meters (HI991301). The free
carbon dioxide (CO,-free) was also measured in situ in
term of standard methods (Yang et al. 2015). Alkalinity
was measured within 12 h in terms of the Gran titration
method. All groundwater samples were filtered through a
0.45 pm filter and stored in new 500 ml polyethylene
bottles. Groundwater samples for cation measurement were



Carbonates Evaporites (2018) 33:223-234

225

102°20'30"E ~ 102°21'0"E ~ 102°21'30"E
1 1

28°20'0"N

A .

28°19'30" N
28°19'0"N—¢

28°18'30"N:

28°17'30"N

102°21'0"E

102°20'30"E

102°21'30"E

102°24'0"E
28°20'0"N

28°19'30"N

0 500 1,000 Meters
I I

28°1830N [ egend

e Sampling site

Fig. 1 The sketch geological map and sampling location of the study area

3000m-|

2500m—|

—— Geology border
—— Fault
[ River
— Canal
- N\ 2 28°1730"N
102°23'0"E  102°23'30"E  102°24'0"E
-3000m

> ‘l = >
~ Q <\ <X 2 J 2
2000m-| e &_“_-‘| S Tbg y ]-2000m
Q \ T zed N
~N
% \\O i Ze
1500m \ZI Quaternary. Alluvial depositon Triassic. Quartz and arkose, mudstone Sinian. Dolomites, limestones, mudstone [1500m
2 Fault
m Jurassic. Sandstone, mudstone zed | Sinign-cambrigi. Dolomites " e 5 IS'
1000, - - Ptj | Mesoproterozoic. Phyllite 1000m

Fig. 2 Geological cross-section from northwest to southeast of our study area

acidified with ultrapure HNO; to pH < 2. Anions (Cl™, and
SO,*7) were measured using ion chromatography (IC,
Dionex), and cations (Ca®", Mg>", Na™, and K*) were
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES, Perkin Elmer Icap 6300). The
charge balances and uncertainties of the measured cation
and anion concentrations were within 5%.

Groundwater samples were also collected to measure the
stable oxygen and hydrogen isotopes by mass spectrometer
(MAT253) at the Institute of Karst Geology, Chinese
Academy of Geological Science. The analytical precision
of 8'®0 and 8D was 0.1 and 1%o, respectively. The former
was determined by the CO, equilibration method and the
latter was by the Zn reduction method (Coleman et al.
1982).

The saturation index (SI) of major minerals, including
calcite (SICalcitc)’ dolomite (SIDolomite)’ gypsum (SIGypsum)
and anhydrite (SIpnnydriee)s Was calculated to estimate the
chemical equilibrium between groundwater and minerals
by the geochemical program PHREEQC (Parkhurst and
Appelo 1999).

Results and discussion
Oxygen and hydrogen isotopes
As shown in Fig. 3, almost all thermal and cold ground-

water were distributed around the Global Meteoric Water
Line (GMWL) (solid line: 8D = 88'%0 + 10) (Craig
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Fig. 3 Variation of 8'®0 and 8D in groundwater associated with
GMWL and LMW

1961) and Local Meteoric Water Line (LMWL) (dash line:
3D = 7.545'%0 + 4.84) (Liu et al. 1997). The 3D and
3'%0 values of thermal water ranged from —94.8 to
—102.2%0 and —13.29 to —13.99%., respectively, while
that of cold groundwater varied from —86.9 to —94.7%o
and —12.74 to —13.46%o, respectively. There was no
obvious isotope shift in 3'%0 values for thermal and cold
groundwater, indicating that all water samples were
meteoric origin. Moreover, it is worth mentioning that the
cold groundwater samples were relatively enriched in
heavier isotopes than those of thermal water samples,
which may be explained as the results of the different
recharge altitude and geological conditions. Previous
studies have demonstrated that the altitude effectiveness of
isotope could be used to calculate the recharge altitude of
groundwater, and then reveal the recharge area (Krimisssa
et al. 1994; Yuan 2013; Zhou et al. 2015). The calculation
results showed that the recharge altitude of thermal water
ranged from 2874 to 3092 m, while that of cold ground-
water was about 2584-2818 m. In addition, the elevation
of mountain situated in the north of the Sunshui River
ranged from 2400 to 3300 m, which may be the dominant
recharge area for the thermal water samples located in the
north of the Sunshui River. The difference in recharge
altitude could lead to heavier isotopes enrich in cold
groundwater with lower recharge altitude. Furthermore, the
thermal water samples derived from the deep circulation
groundwater, which was controlled by fracture. The
recharged cold groundwater flowed through fracture to
form thermal water, and then reached the surface. While
the cold spring samples originated from shallow cycle
dissolved-fissure type groundwater. The precipitation from
low recharge altitude transported along the dissolved-fis-
sure or sinkholes, and then outcropped near river valley,
formed cold spring. Thus, the difference in geological
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conditions for thermal water and cold groundwater formed
could also result in the enrichment of heavier isotopes in
cold groundwater.

Hydrogeochemisty of cold and thermal groundwater

The pH of cold groundwater (except for No. 6) ranged from
7.01 to 7.62, was slightly higher than that of thermal
groundwater, which was 6.68-6.95. The lower pH occurred
in thermal groundwater may be because the thermal water
was derived from the deep circulation groundwater, more
CO,-free was generated through the dissolution of deep-
carbonate minerals at high temperature (Table 1), and thus
leading to the lower pH in thermal groundwater. It agreed
with the concentration of CO,-free in thermal and cold
groundwater. As shown in Table 1, the concentration of
CO,-free in thermal groundwater varied from 92.4 to
165 mg/L, while that in cold groundwater ranged from 5.5
to 70.4 mg/L, with an average of 18.7 mg/L. The TDS was
variable in different aquifers. It ranged from 102.1 to
847.4 mg/L in dolomitic limestone aquifer (Table 1), while
it was of 51.8 mg/L and 85.9-142.4 mg/L in metamorphic
terrain and clastic sediment aquifer, respectively. This may
be associated with the mineralization of major minerals in
the aquifers, and was demonstrated in the next sec-
tion. Furthermore, The TDS of thermal groundwater sam-
ples were general higher than that of cold groundwater,
suggesting stronger water—rock interaction occurring at
high temperature.

The mean concentrations of HCO5;™, SO427, and Cl™ in
thermal water were of 474.0, 190.2, and 61.0 mg/L, which
were higher than that of cold groundwater. In addition, the
dominant cation was Ca®", followed by Mg*" in all
aquifers. Piper diagram showed that most of the cold
groundwater from the dolomitic limestone aquifer and
clastic sediment aquifer were predominantly of HCOjs-
Ca-Mg types, while that of thermal water was of HCOs;.
SO,-Ca-Mg type (Fig. 4). The dominance of (Ca*" + -
Mg”"), together with HCO;~ maybe result from the
dissolution of carbonate minerals (dolomitic and calcite)
and gypsum rocks in the study area.

Geochemical evolution of groundwater

The geochemical evolution of groundwater is mainly
controlled by atmospheric precipitation, water—rock inter-
action and evaporation (Krimisssa et al. 1994; Wang et al.
2006; Yuan 2013). In this study, the Gibbs diagram was
introduced to distinguish the dominant processes that
controlling the hydrogeochemical characteristic of
groundwater. It contains three distinct segments, including
atmospheric precipitation dominance, rock dominants and
evaporation dominance (Gibbs 1970). As shown in Fig. 5,



227

Carbonates Evaporites (2018) 33:223-234

9pe— 9I'¢— 611~ 50— SN'eDY0DH  ¥Tvl 861 SIvl 9y 0¥ 7’6 9°6C €1 0¢ sTL Tl
e 17¢— LTT— 00'1— SN'eDY0DH 668 38 LOL 9¢ 09 v 81 L1 0¢ sTL 11
ILe— 8T €~ 97— 8TC—  ENSNED'OSFOOH 8IS SIS €8T L€l 8T I'e SIS 01 8¢ oL 0l
€S- €TI— €670 81°0 SNED-"OSFOOH 1618 26 9°0¢S 0s0T L€ 99¢  ¥6Il 8T  ¥Sr  ¥69 6
Y9 1— vEI— 910 010 SINED"OSFOOH  L'LY9 9501 0'L9Y STl €¥T Sor  OSII 67T tEE S69 8
vS1— Y- T€0— L10— SINED"OSFODH  ¥'L¥8 91 STy I'e0c 0Lzl €Y9  6lEl 9ST IS 899 L
60T 8L 1— 19'1— 080~ SINED"OSFODOH  TIS¢E v'0L SL8I 108 9Ly TST 98 SOl 10T S99 9
L8T— LST— LTO— 81°0— SNeD-f0DH €791 99 SIPl 661 611 €91 €6¢ €1 $9 9L S
6T 19°C— 3G 1— ¥8°0— SN'eD-Y0DH  9T€l €yl L'601 07 6L T B v €1 YL 8I°L v
£5¢— €TE— 691~ 88°0— SN'eD-Y0DOH 1701 9Ll 1901 €¢ 09 T 60T Lo 90 SI'L ¢
8¢~ 80°€— Y0 1= §S0— SNED—F0DH  6°0C1 121 €0zl L9 I'L 17l €1t Tl 60 8L (4
or¢— 08°C— Py LUT— SNED-IDFOOH  6'8T1 el 9IL €€l 00T 6L 61T T I'v 10L I
awphyuvyg  wmdfppg  amwoledyg ARG ad£y 1018 M Sdl 930D  _f0ODH  _/OS D SN B S 4eN Hd  oN
0°02C 061 S1°0 9¢81 48°60,8108C £0°0S,£To201 Y10T/71/8 yoor dnse[) a3e[[1A onfeys Iojempunoln 4!
0°s¢1 Tyl 600 6581 49°8S,L108C #6ETETT01 Y10T/71/8 Yoox dnse[) a3e[[1A onfeys Io)eMpunoln I
Sv9 Tel 160 090C #1°86,8108C WCHTOTT01 YI0T/71/8 Yoo orydroureioy a3e[[1a YIS Io)eMpunoln 01
0°L811 079 9L'S 16L1 #¥'92,61.8C u6°9,TTT01 Y10T/S1/8 aywojoq age[[Ia nySury oM [EULIdY], 6
0'LI6 oS 0$°0 1€81 4EVT61.8C W 17,2801 Y10T/S1/8 aywojoq age[[ia nySury oM [EULIdY], 8
0°0€T1 0Ty 0¢'11 2081 46'LT61.8C #6°TETTT01 Y10T/S1/8 anwojoq age([iA nySury oM [BULIDY], L
00 01T or'ee 1181 46 1€,6108C #8'0€,Co201 Y10T/71/8 ajuwojoq a3e[[iA nySury Iojempunoin 9
1'2ee 01 151 081 #8°TS/6108C A TT1T201 Y10T/71/8 ajwojoq a3e[[1a uenbuenx IojeMpunoln S
9'L81 8Tl ST8l 181 #8°LS,6108T £6°02,125201 Y10T/71/8 anwojoq a3e[[1a uenbueng Io)eMpunoln ¥
T091 S1I 00°0001 8LLI JL,6168T M8, 1T.201 YI0T/71/8 anuwojoq a3e[[ia uenbueng Io)eMpunoln €
00v1 vel 000¥8¢C 86L1 4L'P1,61.8C A0 11,125201 YLOTH1/8 aywojoq age[[ia nySury IoleMpunoIn (4
6'9¢1 061 or'11 8781 4L'62,81.8C 4S98,2TT01 YL0TH1/8 anwojoq aZe[[IA undury IolEMpUNOID I
oA L (/DO (ur) opminpy opmne| opmiSuo] elep Surdureg Ioymby AeooT sadA, ON
(paimseaw jou -, pue ‘oo ur QO o Q PUB 49 ‘woys ur D ‘D, U,z 103 1dooxa /3w ur) eare Apmys oy) ur sojduwres 1orem jo siojowrered [edrwoyd pue [edISAY4 [ JqeL

pringer

A



228

Carbonates Evaporites (2018) 33:223-234

Fig. 4 Piper diagram of cold
and thermal groundwater
samples in the study area
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both thermal water and cold groundwater (except for
sample 10) scattered in rock dominance segment, implying
that water-rock interaction was the predominant hydro-
geochemical processes that regulated the chemical com-
ponents of groundwater. It was worth noting that sample 10
plotted closely to atmospheric precipitation dominance
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segment, meaning that the chemical component of sample
10 was affected by atmospheric precipitation. Moreover,
the TDS of sample 10 was relatively lower than other
samples. This may be due to that sample 10 was collected
from a higher altitude metamorphic aquifer (Table 1),
which had a shorter flow path, and then resulting in a weak
water—rock interaction.

Saturation index (SI)

SI is useful to illustrate the water—rock interaction in karst
aquifer system. Generally, the minerals were saturated or
supersaturated in groundwater as the SI of minerals are
greater than 0. On the contrary, if SI value is less than O,
the major minerals were under-saturated with groundwater.
In the study area, SI of carbonate minerals (Calcite and
Dolomite) for thermal water (No. 7 and No. 8) were greater
than O (Table 1), meaning that thermal groundwater was
saturated or supersaturated with carbonate minerals.
However, SI was less than 0 for all cold groundwater. This
could be because thermal water is conducive to the disso-
lution of carbonate minerals, and/or thermal groundwater
stem from deep circulation groundwater, which had expe-
rienced prolonged residence time with these minerals than
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cold water, and therefore, leading to more carbonate min-
erals dissolved. Additionally, both thermal and cold
groundwater were unsaturated with gypsum and anhydrite
minerals, suggesting that the water—rock interaction in the
karst aquifer did not reach equilibrium, and more gypsum
and anhydrite could be dissolved in groundwater. This
could be considered as insufficient gypsum and anhydrite
minerals sources in this study area, and consequently
resulted in limited interactions between groundwater and
minerals (Han et al. 2013).

Furthermore, diagram analyses of TDS, SI and major
ions were employed to illustrate the origin of chemical
constituents of karst groundwater (Han et al. 2013). The
results can be used to identify dominant hydrological
processes in this study area.

There was obvious correlation between the concentra-
tions of major ions (Ca®", Mg?* and HCO; ™) and Slcacite
(Fig. 6a) and Slpgomie (Fig. 6b) for most groundwater
except thermal groundwater, implying that more calcite and
dolomite could be dissolved in cold groundwater along
groundwater flow path. Moreover, there were distinct dif-
ferences in hydrogeochemical characteristics of groundwa-
ter collected from different aquifers. This could be the result
of the flow at different aquifers were variable, causing dif-
ferent residence time, and thus affected the interaction
between groundwater and reservoir minerals. In addition,
SlGypsum Of all groundwater samples were less than 0, and
was positively associated with Ca®", SO4*~ and TDS
(Fig. 6¢ and Fig. 6d), implying that more gypsum minerals
can be dissolved along the groundwater flow direction,
which then can release more Ca*" to groundwater. Fur-
thermore, there was also obvious positive relationship
between the concentration of Ca®*, Mg®*, HCO;~ and
SO42_ vs. TDS (Fig. 6e, f), respectively. For cations, the
slope between Ca** and TDS (r2 = 0.992) was much greater
than those for K™, Na™ and Mg*" (Fig. 6e), meaning that the
concentration of Ca** made the biggest contribution to TDS
in groundwater than other cations. And for anions, the con-
centration of HCO5;™~ and TDS showed the highest slop than
Cl™ and SO~ (Fig. 6f). The results were consistent with
hydrochemical types of groundwater in this area (Fig. 4).

Primary reactants dissolution in the study area

It has been well demonstrated that the variation of chem-
ical compositions of groundwater can be applied to illus-
trate the hydrogeochemical processes that is taking place in
the karst aquifers (Yuan et al. 2016). In Xide country, karst
aquifers are mainly made up of dolomite and dolomitic
limestone of Sinian. Generally, the dissolution of calcite
and dolomite released Ca*" and Mg?", and thus lead to
high concentration of Ca®>" and Mg”" in karst groundwater
(Han et al. 2014). It was assumed that calcite was the sole

source of Ca*" in groundwater of our study area. When it
dissolved, released Ca*t and HCO;™ into groundwater,
and therefore the slope of [Ca2+]/[HCO37] would be
1:1-1:2, as following:

CaCO; + H' = Ca*' + HCOj (1)
CaCO; + H,0 + CO, = Ca*" +2HCO; (2)

As shown in Fig. 7a, the concentration of Ca%t
increased with increasing HCO3 ™, and there was a good
linear relationship between them (Fig. 7a). Additionally,
the concentration of HCO;3™ increased as TDS increased
(Fig. 6f), and Slcgciee is less than O for cold groundwater
(Fig. 6a), implying that calcite dissolution is a feasible
source of Ca®" and HCO;™ for cold groundwater in the
study area. While the slope of [Ca”]/[HCO{] was less
than 1:2. The low [Ca2+]/[HCO3_] ratios could be the
result of either an extract source of HCO;~ or Ca’"
depletion by cation exchange change. Likewise, the total
concentration of Ca®* and Mg”" increased with increasing
HCO;5™ (Fig. 7b), meaning that dolomite should be another
source of Ca®" and HCO;™. Previous studies suggested
that if the mole ratio of ([Ca®"] 4+ [Mg*]):[HCO; ] is 1:1
to 1:2, the dissolution of calcite and dolomite, not distin-
guish, may main sources of Ca®" and Mg”" in groundwater
(Bhardwaj et al. 2009). In the study area, the
([Ca*"] 4+ [Mg*"]):[HCO; 7] of cold and thermal ground-
water from karst aquifer, metamorphic aquifer and clastic
rock aquifer were between 0.5 and 1.0, indicated that the
carbonate rocks were the main source of Ca**. Moreover,
thermal groundwater and sample No. 6 were slightly
deviated from the lines of [Ca”]:[HCO{]:l:Z and
([Ca**]+[Mg>*]):[HCO5]=1:2, implying that there was
other likely source of [Ca**], such as gypsum dissolution.

When gypsum dissolution, the ration of [Caz+]/[SO42_]
would be 1:1 (Wang et al. 2006). As shown in Fig. 7c,
Ca”>* was positively correlated with SO,>~, and the ratio
[Ca2+]:[SO42_] was 1.380. It meant that the dissolution of
gypsum was a source of Ca®" and SO,>~ for groundwater
in the study area, and the higher ratio of [Ca2+]:[SO42_]
may be results of dissolution of carbonate as well as gyp-
sum. Beyond that, ion exchange may also be an important
source of Ca*" in thermal and cold groundwater.

Ion exchange and possible source of sodium

Though Na® and Cl~ were not the dominant ions in
groundwater, the sources of them could also be used to
identify the hydrogeochemical processes taking place in
the aquifer. Previous study has demonstrated that halite
sporadically distributed in our study area (Zhao 1987). The
dissolution of halite may be a probable source of Na™ and
CI™. Generally, the relationship between Na*t and Cl™ in
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groundwater can be used to interpret the source of Na™ and
Cl~. If Na* and CI~ mainly resulted from halite dissolu-
tion, the ration of Na/Cl would be a constant of 1.0.
However, as shown in Fig. 8a, most of groundwater sam-
ples deviated from the line of Na and Cl (1:1), and the
concentration of Na* and C1~ was not high in groundwater
(Table 1), thus it could conclude that the dissolution of
halite was not an important source of Na® and Cl™.
Moreover, as mentioned above, Ca*", Mg®", SO,*~, and
HCO;~ were dominant ions in groundwater, mainly orig-
inated from the dissolution of carbonate and gypsum.
While, some groundwater samples plotted below or above
the line of (Ca 4+ Mg) and (SO4 + HCO3) (1:1), indicated
that (Ca + Mg) was deficient or excess in these ground-
water samples. On the contrary, Na* was excess or defi-
cient in groundwater. The results signified that ion
exchange could take place in the aquifer, which can be
expressed as following formulation:

Ca*' (and/or Mg®*) + 2Na—EX

= 2Na® + Ca (and/or Mg*") — EX (1)

When ion exchange occurred in aquifer, Na® can be
exchanged from minerals by Ca®>" or Mg>" in groundwa-
ter, and therefore, leading to the concentration of Nat in
groundwater increased, and instead, the concentration of
Ca’" or Mg®" decreased. In Fig. 8c, the groundwater
samples distributed in the right quadrant of the plot sug-
gested that there was ion exchange in those groundwater
samples. On the contrary, the samples located in the upper
left quadrant of the diagram implied the presence of reverse
ion exchange. It is worth noting that the concentrations of
ClI in most water samples increased with a narrow variation
ration of Na/Cl (less than 1) (Fig. 8d), which may be
caused by evaporation and/or anthropogenic activities
(Yuan et al. 2016). More works are needed to provide
evidence in the future.
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Conclusions

Major ions that incorporated stable isotope (8'%0 and 8D)
were employed to identify the predominant hydrogeochemi-
cal processes that govern hydrogeochemical characteristics of
karst groundwater in Xide country, Sichuan Province.

The results of stable isotope (8'%0 and D) showed that
both thermal and cold groundwater samples were of
meteoric origin. Furthermore, cold groundwater was rela-
tively enriched with heavier isotopes than thermal water.
This may be due to the different recharge altitude and
geological conditions of them. The chemical compositions
of the groundwater were mainly governed by the water—
rock interactions taking place in the aquifer. Ca®*, Mg ™,
HCO;™ and SO, were the major ions in groundwater in
this study area. The cold groundwater was predominantly
of HCO3-Ca-Mg type, while the thermal water was mainly
HCO;-S0,4-Ca-Mg type.

@ Springer

The results of SI showed that both thermal and cold
groundwater were unsaturated with gypsum and anhydrite
minerals. In addition, calcite and dolomite were under-
saturated in cold groundwater, while that for thermal water
were saturated or supersaturated. The major ions of
groundwater combining with equilibrium stated of the
groundwater based on the SI indicated that the dissolution
of carbonate rock (calcite and dolomite) and gypsum rock,
and ion exchange were the dominant factors controlling
hydrogeochemical characteristic of groundwater. Addi-
tionally, evaporation and anthropogenic activities may also
play roles on the hydrogeochemical characteristics of
groundwater.
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