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Abstract: The construction of a large reservoir with a high dam may cause irreversible changes in
the water flow system and even affect the original environmental balance. Xiluodu reservoir, as a
representative of the high arch dam reservoirs in China, clearly has this potential issue. Based on the
monitoring data of the hydrochemistry and stable isotopes of the water (δD, δ18O) in the Xiluodu
reservoir, this study presents the evolution of the hydrochemical and isotopic characteristics of the
surface water and groundwater in the reservoir before and after impoundment using cluster analysis
and saturation index analysis. The main cations in the reservoir water and groundwater change
from Ca2+ and Mg2+ to Ca2+ and Na+, respectively, while the ratio of HCO−3 to the total anions
dropped from 0.86 to 0.7 as the main anion. The cluster analysis results show the high correlation
between the groundwater and surface water before and after water impoundment. The calculation of
saturation indices indicates that the hydrogeochemical process of the groundwater includes a different
trend of the dissolution of minerals. The study of deuterium excess shows that the evaporation
of the groundwater near the reservoir decreased after impoundment. Based on the above results
and the recharge elevation, this research concludes that the interaction between the surface water
and groundwater before and after impoundment is prominent and different. The groundwater
replenished the river water before impoundment, while this relationship reversed after impoundment.
This evolution process is caused by reservoir storage, and the drainage system and other conditions
make this evolution possible. In addition, the influence of interaction evolution on the regional water
decreases continuously along the dam site, and some areas even have irreversible changes.

Keywords: Xiluodu reservoir; water storage; water interaction; hydrochemistry characteristics;
stable isotope

1. Introduction

China is listed by the United Nations as one of the thirteen most water-scarce countries in the
world. The main problems of water resources are the low per capita possession, the uneven spatial
and temporal distribution and the serious water pollution [1–4]. In order to make full use of limited
water resources to support the rapid development of the economy and the process of urbanization,
many reservoirs with large installed capacities and storage capacities were built or have been under
construction since the last century [5–9].

The impoundment of a reservoir can reverse the groundwater system around the reservoir, leading
to the irreversible change of the nature of its hydraulics and hydrochemistry. Furthermore, it can
change the stress fields of the local groundwater, and then affect the balance of the original surrounding
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environment. Thus, it is of vital importance to record the chemical evolution in order to determine
the characteristics of groundwater flow when it migrates from the intake area to the discharge area,
as the groundwater flow is concealed. There is a strong connection between groundwater and surface
water, which is an essential part of analyzing the water balance and water flow systems of an area.
Making the interaction between surface water and groundwater clear not only plays an important
role in the managing quantity and quality of local water resources; it also provides evidence for the
evolution of regional water flow systems after the reservoir impoundment. The interaction between
groundwater and surface water can be revealed by reviewing the hydrochemical and isotope evolution
of groundwater and surface water [10–14].

It has been demonstrated that both natural and human factors influence groundwater evolution
strongly. For instance, recent studies have shown that the specific hydrogeochemical processes
are determined by different hydrogeological environments relating to topographical, geological and
meteorological conditions [15–19]. In addition, the chemistry of groundwater relies on human activities,
such as the exploitation of industry, agriculture and other huge projects [20–22]. The influence of the
above factors on the chemical evolution of groundwater can be evaluated by the spatial and temporal
changes of the concentration of the main dissolved ions on the groundwater seepage diameter [23–26].

In addition to the hydrochemical method, specific isotope data have been proved to be a useful
method to determine the origins of water. Hydrogen and oxygen isotope content (δD and δ18O) and
their ratios in precipitation are of vital importance in understanding the changes in natural isotopic
concentrations in the hydrological cycle [27,28]. Generally speaking, the changes of phase from vapor
to liquid or ice lead to the variation of D/H or 18O/16O ratios [29]. δD and δ18O are linearly related,
satisfying δD = 8δ18O + 10; namely, the global atmospheric water line (GMWL) [27]. In most cases,
deuterium surplus (d-excess, d), which is expressed as d = δD − 8δ18O, is determined as the deviation
of a line with a slope of eight but a non-zero intercept. It comes from diffusion fractionation during
evaporation [28]. Hydrogen and oxygen isotopes and their relationships have been widely used to
obtain information about the recharge sources of surface water and groundwater, such as the elevation
of the recharge area and the relationship between different recharge sources [19,22,30–35].

Xiluodu reservoir is located in the north of the Yunnan–Guizhou Plateau, and it is the main
stream of the Jinsha River. The research of [36–38] evaluated the hydrogeological conditions of
this reservoir before and after the impoundment, and [39,40] described the chemical character of
the groundwater around Baihetan reservoir, which is at the upper zone of the reservoir along the
Jinsha River. Furthermore, [41] studied the causes and distribution characteristics of SO2−

4 content
differences in groundwater on both sides of Wudongde reservoir at the upstream of the Jinsha River.
Moreover, [42] investigated the efflorescence process along the Jinsha River, using hydrochemistry and
carbon isotopes. Many scholars have studied the hydrochemical and isotopic characteristics of surface
water and groundwater in some regions of China, India, Greece, Iraq and other countries [11,13,15,17].
This paper used hydrochemical, isotopic and multivariate analyse techniques, and aimed to (1) find
out the hydrochemical and isotopic characteristics of surface water and groundwater before and
after impoundment; (2) determine the evolution rules of the interaction between surface water and
groundwater during the impoundment; (3) clarify the regularity, characteristics, differences, causes
and impact on the environment of these interactions. The research results are of great significance
for understanding the regional hydrochemical evolution, and ensuring the long-term safe and stable
operation of the dam.

2. Study Area

2.1. Physical Geography

Xiluodu reservoir is located between 103◦30’ and 104◦30′ E longitude and 28◦40′ and 29◦20′ N
latitude (Figure 1a). It is built on the main stream of the Jinsha River (Figure 1b), which is in the upper
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reaches of the Yangtze River. The dam of the reservoir is 285.5 m high. The reservoir began to be filled
in 2013, and the range of the reservoir level during a storage cycle is 540 m to 600 m.
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Figure 1. (a) Location map of the study area; (b) The main stream of the Jinsha River; (c) A regional
plan of Yongsheng syncline basin; (d) A geological section of the Yongsheng syncline basin.

Yongsheng synclinal basin covers an area of 750 km2 (Figure 1c). It is high in the north and south,
with an altitude over 3000 m. The reservoir is located in the west wing of the core of the Yongsheng
syncline basin. Judging from the relationship of the groundwater recharge and discharge, the basin
can be considered as an independent hydrogeological unit, except for the Jinsha River passing through
it [38]. The dam site starts at the Doushaxi ditch and goes down to the Xiluodu ditch, which covers
4 km. The mountains on both sides of the river are thick, and the cross-section of the river valley
is relatively symmetrical (Figure 1d) [36]. The study area is located in the subtropical climate zone.
According to the survey report, the annual precipitation in the area ranged from 586 mm to 850 mm
in 2001, which was concentrated in May to October. The annual evaporation is 934 mm to 2139 mm,
and the annual average temperature was 12 ◦C to 20 ◦C in 2001. The vertical zonation of the climate
is obvious.

2.2. Geology and Hydrogeology

The emergence layer of the dam site (Figure 1d) is mainly the Upper Permian Emeishan basalt
(P2β). The Yangxin limestone of the Maokou formation in the upper part of the lower Permian series
(P1m) exists in the riverbed near the Doushaxi ditch, upstream of the dam site and the northern and
southern part of the synclinal basin, while the sand shale of the Xuanwei formation of the upper
Permian series (P2x) remains in the valley shoulder of each bank. There is a disconformable contact
between the different layers. Loose deposits of quaternary systems (Q) with various origins are
not integrated on the above bedrock. The Permian limestone (P1m) embeds 70 m below the dam
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foundation, the total thickness of which is about 500 m, while the thickness revealed by drilling is
260–280 m. The drilling shows that the limestone layer mainly contains carbonate minerals, such as
calcite and some clay minerals. There is a layer of mud shale sediments (P2βn) about 3–5 m between
P2β and P1m, which are marine continental strata [38]. Preliminary investigation showed that the
middle part of P2βn contains a small amount of pyrite crystal (FeS2), and the lower part is pale illite
clay rock. There is no fault distribution in the area, and the main structural planes are interlayer,
intra-layer dislocation interfaces and joint fissures.

The annual average water level of the Jinsha River is about 370 m under natural conditions.
The river water level varies greatly, and the variation period is short. The groundwater level on both
sides of the basin is higher than the river level most of the time, and the amplitude of the seasonal
variation of the groundwater level is more obvious than that of the river level, the maximum variation
of which in a year is about 30 m, so the relative magnitude of the groundwater level and the river
water level will change with the season. According to the characteristics of the recharge, runoff and
discharge of groundwater, the groundwater flow system in the basin can be divided into a local water
flow system and a regional water flow system under natural conditions [37]. The local flow system
includes the local flow system of the pore medium, fracture medium and fracture–karst medium.
The regional water mainly receives precipitation from the high-elevation limestone outcropping area at
the edge of the basin (the high-elevation limestone outcropping area) and then flows to the limestone
outcropping area in the reservoir for drainage through the limestone layer. The basalt groundwater
of the upper Permian Emeishan (the basalt groundwater) is mostly stored in the form of vein water
before impoundment. The limestone layer is the main aquifer in the basin, and plays a major role in
controlling the process of groundwater recharge and drainage in the region.

3. Methods

3.1. Sampling and Analysis

Twenty sampling points were used at the Xiluodu reservoir between 1996–1999 before
impoundment, including fifteen groundwater samples debunking limestone (GB01–GB15), three river
water samples (SB1–SB3), a Doushaxi ditch sample (SB4) and a Xiluodu ditch sample (SB5) (Figure 2a).
Sixteen samples were collected from the Xiluodu reservoir in April of 2019 after impoundment,
which consists of fourteen groundwater samples debunking limestone (GA01–14), a reservoir water
sample (SA1) and a Jinsha River water sample (SA2) (Figure 2b). All sampling points were mainly set
based on the geological conditions near the dam site area and the feasibility of sampling. The sampling
points were fixed in real-time using GPS.
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The pH value of each sample was measured in situ with a microcomputer acidity pH-temperature
measuring instrument (HI9124, Hanna Instruments). The main hydrogeochemical compositions, Na+,
K+, Ca2+ and Mg2+, were measured by inductively coupled plasma optical emission spectrometry,
while SO2−

4 and Cl− were analyzed by ion chromatography (LC-10A, Shimadzu), HCO−3 by titration.
All samples were satisfied with a charge balance error within 10%, which is consistent with the
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equilibrium according to [43]. Stable isotopes of δD and δ18O were measured by the LGR water isotope
analyzer, and results were conveyed in %� according to the Vienna mean sea water standard (VSMOW,
0%�). The standard deviation of each parameter measured had be listed, except for the group of water
samples whose samples are less than or equal to 3, according to the mathematical mean of standard
deviation. The data of all samples are listed in Table 1.

Table 1. The location of each sampling point, and the parameters and main components of water sample.

Water
Type

Sample
No.

Longitude Latitude pH
TDS

(mg/L)
Main Ion Content (mg/L)

K+ Na+ Ca2+ Mg2+ Cl− SO2−
4 HCO−3

Ground
water

previous

GB01 103◦38′30′′ 28◦15′43′′ 7.0 223 3.7 11.1 31.1 7.7 12.1 8.2 139.7
GB02 103◦38′43′′ 28◦15′34′′ 7.8 206 3.0 9.2 30.7 5.0 6.0 8.2 134.2
GB03 103◦38′41′′ 28◦15′14′′ 8.4 144 7.1 21.4 15.0 4.0 8.5 15.8 62.2
GB04 103◦38′52′′ 28◦15′22′′ 7.1 306 3.9 11.8 50.9 8.9 7.5 44.7 168.4
GB05 103◦38′59′′ 28◦15′28′′ 6.9 196 2.4 7.1 33.4 3.8 6.0 2.5 130.9
GB06 103◦39′05′′ 28◦15′32′′ 7.1 191 2.2 6.6 27.7 7.7 4.6 13.9 118.4
GB07 103◦39′00′′ 28◦15′10′′ 7.2 300 6.3 18.8 41.8 7.6 6.0 22.5 186.7
GB08 103◦39′04′′ 28◦15′14′′ 6.9 191 1.6 4.7 35.5 3.8 4.5 12.5 118.4
GB09 103◦39′12′′ 28◦15′21′′ 7.4 284 2.2 6.7 19.2 15.1 8.5 2.4 219.7
GB10 103◦39′18′′ 28◦15′27′′ 7.0 187 1.7 5.1 30.9 5.7 6.7 2.4 124.5
GB11 103◦39′24′′ 28◦15′16′′ 7.7 209 2.9 8.7 30.5 7.4 6.4 10.1 133.0
GB12 103◦41′21′′ 28◦15′07′′ 7.1 190 1.2 6.6 27.7 7.7 4.6 13.9 118.4
GB13 103◦39′13′′ 28◦15′08′′ 7.1 306 3.9 11.8 50.9 8.9 7.5 44.7 168.4
GB14 103◦39′24′′ 24◦14′44′′ 7.9 222 8.0 24.3 7.2 7.8 13.8 39.9 111.1
GB15 103◦39′50′′ 28◦14′50′′ 6.5 330 2.9 8.6 44.3 18.2 9.9 4.8 231.3

SD - - 0.5 57.0 2.1 6.0 12.2 4.0 2.7 14.9 43.8

Surface
water

previous

SB1 103◦38′05′′ 28◦15′42′′ 8.1 247 5.1 15.6 33.7 11.9 24.3 25.6 120.7
SB2 103◦39′36′′ 28◦14′57′′ 8.0 202 1.0 3.1 30.9 12.6 13.1 4.3 126.7
SB3 103◦40′24′′ 28◦14′27′′ 7.9 257 1.6 4.8 42.7 11.7 11.7 12.0 162.9
SB4 103◦38′07′′ 28◦16′22′′ 7.9 115 1.5 4.4 17.0 3.4 3.9 6.2 68.3
SB5 103◦40′07′′ 28◦14′39′′ 7.5 161 1.0 2.9 23.0 8.9 5.0 17.8 92.7
SD - - 0.2 59.5 1.7 5.3 9.9 3.8 8.2 8.7 35.8

Ground
water
late

GA01 103◦38′31′′ 28◦15′14′′ 8.2 339 1.3 26.1 47.1 14.0 26.1 43.3 171.0
GA02 103◦39′15′′ 28◦15′44′′ 10.7 558 1.5 79.0 4.0 1.2 12.2 41.0 0.0
GA03 103◦38′58′′ 28◦15′03′′ 8.1 317 0.8 15.3 48.1 14.0 19.0 32.1 174.0
GA04 103◦39′27′′ 28◦15′32′′ 8.0 239 1.8 20.2 33.1 3.0 13.3 22.3 125.0
GA05 103◦39′07′′ 28◦15′15′′ 8.2 292 1.5 22.6 43.0 11.1 33.3 44.2 123.0
GA06 103◦39′13′′ 28◦15′20′′ 8.0 318 1.0 16.9 48.0 14.6 22.0 47.5 154.0
GA07 103◦39′08′′ 28◦15′09′′ 8.4 335 2.2 30.2 39.0 17.5 36.9 46.4 153.0
GA08 103◦39′14′′ 28◦15′14′′ 8.2 285 1.9 23.8 35.0 13.8 27.0 37.3 137.0
GA09 103◦39′20′′ 28◦15′19′′ 8.1 268 1.4 17.3 34.0 13.7 15.0 27.1 150.0
GA10 103◦39′16′′ 28◦15′05′′ 8.1 259 1.1 14.2 36.0 11.6 12.7 23.6 151.0
GA11 103◦39′20′′ 28◦15′09′′ 8.1 292 1.3 23.5 35.0 15.0 24.2 33.9 148.0
GA12 103◦39′27′′ 28◦15′14′′ 8.1 288 1.3 24.7 35.0 14.6 28.8 38.2 135.0
GA13 103◦39′23′′ 20◦15′03′′ 8.6 241 1.7 33.5 22.0 7.9 19.5 35.9 109.0
GA14 103◦39′28′′ 28◦15′05′′ 8.1 264 1.5 30.9 29.0 9.8 23.0 44.9 114.0

SD - - 0.7 79.0 0.4 16.0 11.5 4.7 7.7 8.3 42.6

Surface
water late

SA1 103◦38′37′′ 28◦15′36′′ 8.3 358 2.5 33.2 40.0 18.9 35.9 47.9 171.0
SA2 103◦39′42′′ 28◦14′54′′ 8.1 360 2.2 32.7 46.0 16.7 38.9 51.3 165.0

3.2. Data Treatment for Multivariate Analysis

The saturation index (SI) is an important indicator of the degree of mineral dissolution [44,45].
In this study, the changing of the mineral phase saturation index in the groundwater of the Xiluodu
reservoir was simulated in order to analyze the hydrogeochemical processes and their influence on
water quality. The cluster analysis helps analyze the water samples and infer the similarity between
them, and further identify major chemical trends [46–48]. Moreover, the interaction between the
groundwater and surface water, and the hydraulic connection between the samples could be judged
combined with geological conditions.
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4. Results

In this section, the types of groundwater and surface water are determined by the piper diagrams.
The samples of surface water and groundwater are clustered into different groups according to
correlation analysis. PHREEQC, a simulation software, is employed to calculate mineral saturation
indices in equilibrium with groundwater. In addition, the δD, δ18O and d-excess values in the surface
water and groundwater are discussed.

4.1. The Characteristics of the Surface Water and Groundwater before Impoundment

4.1.1. Hydrochemical Features

The content of the main hydrochemical components of all of the water samples are listed in Table 1.
Figure 3a reveals that the hydrochemical type of the river water is Ca-Mg-HCO3, which is the same as
that of both the ditch waters (Doushaxi ditch and Xiluodu ditch). The even total dissolved solids (TDS)
value of all the river water samples is 235 mg/L, while those of both the ditch waters are 115 mg/L and
161 mg/L, respectively.
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Figure 3. Characteristics of the water samples before impoundment. (a) Piper trilinear diagram of the
groundwater quality; (b) Q-diagram of the cluster analysis of the water samples.

According to Figure 3a, the pattern of groundwater in the upstream zone of the dam (GB01–GB06),
the dam site (GB07–GB10) and the downstream dam zone (GB11–GB15) (from the upstream to the
downstream) is mainly Ca-Mg-HCO3. The distribution of the TDS in the groundwater resembles that
of the ions (Table 1). The TDS value of the groundwater from upstream to downstream ranges from
200 to 300 mg/L, 180 to 300mg/L and 190 to 330 mg/L, respectively. This calculation indicates that
there is a strong connection between Na+ and Cl− (n = 15, R2 = 0.8), which shows that Na+ and Cl−

are mainly from the dissolution of NaCl, while the other cations and anions show a weak connection,
which reveals the diversity of the ion sources.

The results of the cluster analysis are shown in Figure 3b. When the correlation coefficient is over
0.9, all samples are divided into four groups. The first group consists of GB04, GB07, GB13 and SB3,
as the first three samples are taken from the Jinsha River as the regional drainage reference point,
while the water of SB3 is affected by the groundwater discharge. GB09 and GB15 are in the second
group. The water is from the deep limestone groundwater from the drilling at the riverbed, and it
shows different compositions from the shallow limestone groundwater. The ingredients of the third
group (SB4, SB5) are nearly the same, as they are all recharged by precipitation and discharge into
the Jinsha River through surface runoff. All other samples are the fourth group, and are hosted in the
limestone of the basin, except SA1 and SA2, which are recharged partly by the limestone aquifers on
both sides of the river through the limestone outcropping area in the reservoir.
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Based on the CO2 partial pressure, the ratio of Ca2+/Na+, and the reactant phases consisting
of anhydrite, aragonite, calcite, dolomite, halite and gypsum, partial samples of GB01–GB15 were
chosen to simulate the flow path of the groundwater. Table 2 presents the mineral saturation states
for a representative range of groundwater samples. Some investigators have suggested that SI is a
little untrustworthy as a pointer of the precipitation state of minerals [49]. Thus, precipitation is fully
considered by the PHREEQC in order to make sure that it can reveal the different features of the
geochemical reactions when the water–rock reactions are simulated. The SI of minerals revealed in
Table 2 is consistent with that simulated by the PHREEQC, which shows that the major minerals, such as
calcite, are all in the dissolution process, accompanied by the release of CO2, and the corresponding SI
values are less than −0.2.

Table 2. Values of the SI for key minerals in the limestone aquifer.

Sample No. Anhydrite Aragonite Calcite pCO2 Dolomite Gypsum Halite

GB01 −3.59 −0.90 −0.76 −1.85 −1.77 −3.37 −8.42
GB02 −3.58 −0.12 0.02 −2.67 −0.40 −3.36 −8.81
GB09 −4.35 −0.53 −0.38 −2.06 −0.52 −4.13 −8.80
GB12 −3.39 −0.91 −0.77 −2.02 −1.75 −3.17 −9.07
GB15 −3.75 −1.07 −0.92 −1.14 −1.88 −3.53 −8.63
GA01 −2.77 0.50 0.65 −2.99 1.12 −2.55 −7.73
GA02 −2.88 0.43 0.57 −2.88 0.96 −2.66 −8.10
GA03 −3.12 0.07 0.21 −2.91 −0.27 −2.90 −8.12
GA07 −2.82 0.56 0.7 −3.25 1.41 −2.6 −7.52
GA08 −2.93 0.30 0.44 −3.08 0.83 −2.71 −7.75
GA09 −3.07 0.23 0.38 −2.94 0.71 −2.85 −8.14
GA11 −2.98 0.23 0.38 −2.95 0.73 −2.76 −7.81

4.1.2. Isotopic Characteristics

The local meteoric water line (LMWL, δD = 7.44δ18O + 6.36, R2 = 0.93) (Figure 4) is determined
on the basis of the average monthly atmospheric stable isotope content observed by the Global
Precipitation Isotope Monitoring Website, from 1985 to 2018, at various observation points [50]. As the
Yongsheng basin is located in the same area and the climate conditions are similar, this formula can
be used to represent the isotope relationship of atmospheric precipitation in the basin. The research
of [27] determined the global meteoric water line (GMWL), and figured it out as δD = 8δ18O + 10.
It can be seen from Figure 4 that the slope and intercept of the LMWL are smaller than that of the
GMWL, which indicates there is a second evaporation during the precipitation, and the evaporation
is unbalanced.
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The values of δ18O and δD in the river water and the Doushaxi ditch water are listed in Table 3.
The apparent diversity shows that the recharge of the river water and ditch water is different. The value
of δ18O and δD climbs steadily from upstream to downstream. All of the samples are distributed near
the GMWL and LMWL, except the river water, which shows that the ditch water and groundwater
come from precipitation, while the river water is from other areas. All of the groundwater samples fit
the formula δD = 6.4007δ18O−4.2444 (n = 15, R2 = 0.996).

Table 3. δ18O and δD values of water samples before and after water impoundment, as well as the
supply elevation.

Water Type Sample
No.

Elevation
(m)

δ18O
(%�)

δD
(%�)

d-Excess
(%�)

Recharge Elevation
(m)

Groundwater
previous

GB01 424.3 −8.9 −61.4 9.8 911.5
GB11 404.3 −7.9 −55.1 8.1 670.5
GB15 405.7 −8.5 −58.3 9.7 788.5

Surface water
previous

SB03 380.0 −11.4 −97.4 −6.2 2207.5
SB04 380.0 −8.6 −60.5 8.3 854.9

Groundwater
late

GA03 389.9 −12.6 −94.8 6.0 2119.3
GA04 387.8 −11.8 −86.9 7.5 1829.7
GA07 335.0 −13.9 −101.5 9.7 2337.2
GA09 335.0 −12.2 −85.1 12.5 1735.8
GA10 335.0 −11.9 −82.1 13.1 1625.8
GA11 335.0 −13.3 −92.5 13.9 2007.2

SD - 0.83 7.16 - -

The value of δD and δ18O in precipitation decreases with the rise of the elevation, and the two
have a good linear relationship, i.e., an altitude effect. The recharge altitude can be determined
according to the altitude effect [51,52]. The value of d-excess in the river water and ditch water
shows a great difference, relating to different recharge altitudes. The recharge altitude of the river
water is about 2200 m (Table 3), which is the comprehensive effect of atmospheric precipitation in
the upstream of the Jinsha River basin, nearly a thousand kilometers away. The recharge altitude
of the Doushaxi ditchwater is around 850 m, showing it forms a surface runoff with precipitation.
The recharge altitude of the groundwater ranges from 700 m to 1000 m, as it is synthetically supplied
by the high-elevation limestone outcropping area, the supply elevation of which is about 2000 m,
and atmospheric precipitation infiltration in the limestone outcropping area in the reservoir, with a
350–800 m recharge elevation.

4.2. The Characteristics of the Surface Water and Groundwater after Impoundment

4.2.1. Hydrochemical Features

The TDS of the reservoir water (SA1) and river water (SA2) is around 360 mg/L, and the pH
of both is over 8.1. The two items apparently increase compared with the previous groundwater
(SB1–SB5) (Table 1). The Ca2+, Na+ and Cl− in the surface water rise evidently, while the HCO−3 shows
the opposite trend, and the type of the two surface waters is Ca-Na-HCO3-Cl (Figure 5a).

Compared with the former data, the content of Ca2+, Na+, SO4
2- and Cl- climbs speciously while

HCO−3 drops (Table 1). Due to the improper storage of the GA02 water sample, the test result has a
large error, so it isn’t included in the analysis. The types of groundwater in the right bank, left bank
and near the cushion pool are Ca-Mg-Na-HCO3, Ca-Na-HCO3 and Ca-Na-HCO3-SO4, respectively
(Figure 5a), while the TDS values are 328 mg/L, 239 mg/L and 284.2 mg/L, respectively. This fits the space
distribution of chemical ions (Table 1). The relationship between different ions in the groundwater near
the cushion pool is weak (n = 10, R2 < 0.4), showing that there is a complex source in the groundwater.
The ratio between SO2−

4 and Cl- is 1.7, while that between HCO−3 and SO2−
4 is around 0.3. The value of
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SO2−
4 in the groundwater near the cushion pool is relatively high, indicating that a sulfide mineral is

dissolved in the study area.
When the correlation coefficient is over 0.85, all of the water samples are parted into three groups

(Figure 5b). The first group includes the reservoir water, river water and several groundwater samples,
indicating that the reservoir is the main origin of the downstream river. The limestone at the near-shore
slope on both sides of the strait is closer to other limestone receiving water supply from the reservoir.
The reservoir water leaked along with the drainage tunnel with a low altitude near the cushion pool.
The groundwater of the second group is the mixture flow of the first and third groups. All other
samples belong to the third group, which is the groundwater in limestone, matching the trend of the
hydrochemical pattern in this area. When the correlation coefficient is over 0.8, the first part is the
surface water and the other part is the groundwater in the limestone near the reservoir.
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Figure 5. Characteristics of water samples after impoundment. (a) Piper trilinear diagram of
groundwater quality; (b) Q-diagram of the cluster analysis of the water samples.

Partial samples of GA01–GA14 were used to simulate the flow path (Table 3). The anhydrite,
gypsum and rock salt dissolve, and CO2 is released from upstream to downstream. In addition,
the aragonite, calcite and calcite begin to settle with a diminishing supersaturated state. The value of
pCO2 (−3.25–−1.14) is higher than that of air (−3.5) after impoundment, indicating that the groundwater
can dissolve more carbonate rock. The precipitation after storage may be due to kinetic effects during
degassing or gypsum dissolution [53], so the minerals are likely to settle after becoming saturated as a
result of the thick permeable rock.

4.2.2. Isotopic Characteristics

The value of δ18O and δD shows that the sources of the groundwater for the right and left bank
are different. The difference between GA01 and GA03 is because GA01 is supplied by the reservoir
water. The differences in isotopic values and the diversity of the groundwater’s hydrochemical types
confirm each other, verifying that the source of the groundwater in the area is controlled by multiple
sources. The groundwater matches δD = 7.5258δ18O + 4.4091 (n = 14, R2 = 0.77) after impoundment,
which is obviously different from that before the impoundment.

The d-excess (d) in the groundwater has a wide range, with an average value of 10.4%�. The d-excess
of the groundwater near the cushion pool is higher than that in both banks. The recharge altitude after
impoundment ranges from 1600 m to 2300 m (Table 3), showing the recharge source of groundwater
is the high-elevation limestone outcropping area and the reservoir, the elevation of both of which is
greater than or near 2000 m.
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5. Discussion

5.1. The Interaction between Surface Water and Groundwater before Impoundment

5.1.1. Hydrochemical Characteristics

The same hydrochemical types (Ca-Mg-HCO3) of river water, ditch water and groundwater should
be related to the equilibrium of long-term interaction between the surface water and groundwater
under natural conditions before impoundment. The relatively low TDS content of the ditch water
shows that it only receives atmospheric infiltration to form surface runoff, resulting from the weak
water–rock effect. Considering the fact that the groundwater level is higher than that of the river
water, as well as the similarity of the proportion of the main ion content and the TDS value between
the river water and the groundwater (Table 1), we conclude that the river water has not only been
mainly replenished by the upstream of the Jinsha River but also received some groundwater recharge.
The results of the PHREEQC simulation show that the major minerals, such as calcite, are unsaturated,
indicating that the groundwater has the potential to dissolve more minerals.

It is worth noting that the contents of ions (Na+ and SO2−
4 ) in GB01, GB03, GB04, GB07, GB13

and GB14 are significantly different from those in other samples (Table 1). Further studies found that
all the six sampling points were located in the right bank or near the right bank of the Jinsha River
before impoundment (Figure 2a). A lot of evidence shows that this phenomenon is related to the
different saturation state of the P2βn layer in the left and right banks. Some river water directly goes to
the downstream of the Jinsha River following layers on the right bank, because of an approximate
right-angled turning in the Doushaxi ditch (Figure 1c). This results in the accumulation of right bank
groundwater, which is confirmed by survey data. Affected by the accumulation, the P2βn layer on
the right bank above the limestone is saturated under natural conditions, while the riverbed and the
left bank of the P2βn layer are partially saturated. The reaction degree of Na+ and SO2−

4 is completely
different due to different environmental conditions.

5.1.2. Stable Isotope Ratios

The isotopic characteristics of the river water, ditch water and groundwater and the corresponding
recharge elevations are quite different, indicating that they have complex supply relationships.
According to the isotope characteristics (Table 3), it can be judged that the ditch water mainly comes
from local atmospheric precipitation. It can be seen from Table 3 that the source of the groundwater
is not river water or ditch water. Instead, the rainfall infiltration replenishes the high-elevation
limestone outcropping area, and then flows underground to the limestone layers along the limestone
aquifer on both sides of the dam site, as a result of the local geological conditions. As the elevation
of the limestone outcropping area in the reservoir is about 300 m, part of the rainfall would be
directly supplied into the groundwater runoff. Therefore, the isotopic characteristics of the limestone
groundwater are between the two mixed sources; namely, the high-elevation limestone outcropping
area and the limestone outcropping area in the reservoir. The isotopic values of the water samples of
groundwater and ditch water are all near the LMWL and slightly lower than the LMWL, indicating
that there is weak evaporation in the basin along the Jinsha River, which matches to the general
conclusion [54]. The subtropical climate in Yongsheng syncline basin—which is hot in summer,
with long sunshine periods, concentrated rainstorms and drastic temperature changes—leads to the
occurrence of evaporation.

The deviation of the LMWL of the river water (Figure 4) and the supply elevation is more than
2000 m (Table 3), which indicates that the river water mainly accepts the surface water and groundwater
recharge along the upstream of the Jinsha River. The survey data show that the change of the river water
has been similar for many years, which shows one peak and one valley during the year. During the
normal period, the groundwater level on both sides of the basin is higher than that of the river. The river
water level rises for a short period during the flood season, and there is a short-term or partial reversal
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of the groundwater level of the bank slope, which means the groundwater in the dam site is supplied
by the Jinsha River. Therefore, the groundwater and the river water are closely related to and interact
with each other. However, as the atmospheric rainfall characteristics of the upstream of the Jinsha River
are different from that of the basin, the d-excess of SB3 is obviously different from the other samples.

5.2. The Interaction between the Surface Water and Groundwater after Impoundment

5.2.1. Hydrochemical Characteristics

The hydrochemical features of the river water and the reservoir water changed from Ca-Mg-HCO3

to Ca-Na-HCO3-Cl (Table 1), which shows the hydrochemical evolution caused by impoundment.
The reasons for the great increase in the Na+ and SO2−

4 concentrations may be related to the P2βn layer,
which contains illite (including Na2O) and pyrite (FeS2). The left and right bank of the P2βn layer,
which were previously in different states, all become saturated after impoundment, so the reaction
conditions of the minerals changed. In addition, the enhancement of the groundwater’s hydraulic
gradient improves the water–rock interaction, so the dissolution of the mineral reactions increases.
Many artificial hydraulic structures made of concrete around the reservoir, and the vast quantity of
living and production garbage—such as excreta and chemical fertilizers—are associated with the
increase of Na+ and Cl−. The increasing pressure of the limestone aquifer (nearly 200 m measured on
site) increases the dissolution of calcium bearing minerals; that is, the content of Ca2+ increases.

The hydrochemical characteristics of the groundwater are basically the same as those of the
reservoir water after impoundment (Table 1), and the correlation analysis of the water samples
showed that they are highly correlated (Figure 5b). The investigation showed that there is a good
hydraulic connection between the two under natural conditions, and that the connection still exists
after impoundment. Moreover, there is a high consistency between the long-view data of the limestone
groundwater level and the reservoir water level (Figure 6). As the reservoir water level is higher than
that of limestone groundwater, the reservoir water replenishes the limestone groundwater on both
sides. However, there are some differences in the hydrochemical types of groundwater between the
two sides, which indicate that the groundwater of the two sides should not only be replenished by the
reservoir water, but also be replenished by other sources. The groundwater of the left and right banks
was supplied by the limestone outcrops in the northwest and southeast of the dam site, respectively,
so their hydrochemical characteristics were different. The replenishment of the downstream river
water in the dam site area mainly comes from the tail water discharge of the upstream of the reservoir
water, seepage around the dam, groundwater discharge through the engineering drainage facilities,
atmospheric rainfall and the surface runoff of the mountains on both sides.
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After impoundment, the groundwater is active in the water–rock interaction, with the dissolution
of minerals as the main hydrogeochemical process. However, calcite and other calcium-bearing
minerals are saturated due to the increase of Ca2+ and further form precipitation, which tends to



Sustainability 2020, 12, 5805 12 of 17

decrease significantly from the upstream to the downstream (Table 2). The upstream pressure is small
and the precipitation is strong, while the downstream pressure is the opposite, indicating that the
characteristics of the hydrochemistry are affected by the pressure change.

5.2.2. Stable Isotope Ratios

According to the isotopic characteristics of the groundwater, the recharge elevation of the two are
both calculated to be more than 2000 m, so it was determined that the groundwater on both sides of the
basin is still controlled by the recharge of the high-elevation limestone outcropping area at the basin’s
edge, the elevation of which is more than 2000 m (Figure 7a). The fact that the isotopic characteristics
of the groundwater are different on both sides and downstream of the reservoir indicates that the
downstream groundwater is affected by the reservoir water more than the groundwater of both sides
of the reservoir.Sustainability 2020, 12, x FOR PEER REVIEW 13 of 17 
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Figure 7. Schematic diagram of the water flow system after impoundment in the basin. (a) Plane graph;
(b) Profile map.

The d-excess of the groundwater samples (GA07, GA09, GA10, GA11) is significantly larger than
that before impoundment (Table 3), and the isotope value deviated from the LMWL more, indicating
that groundwater evaporation is weakened and unbalanced evaporation is enhanced. We speculate
that the reason is that the limestone outcropping area in the reservoir is partly submerged by the
reservoir water after impoundment, so the evaporation area is reduced, causing the groundwater
evaporation in the dam site area to be weakened. The limestone layer, in addition to the high-elevation
limestone outcropping area (Figure 7a) and the limestone outcropping area in the reservoir, are buried
in another relative water-resisting layer before and after impoundment, including the Xuanwei group
(P2x), the Silurian system (S) and the mud shale (P2βn), so that only weak evaporation exists in this
part of the limestone layer, which can be ignored.

5.3. The Evolution Laws, Reasons and Influences of the Interaction Between the Surface Water and Groundwater

The research shows that the interaction between surface water and groundwater is prominent
and different before and after impoundment. Before impoundment, the groundwater was replenished
by rainfall infiltration in the high-elevation limestone outcropping area and discharged into the Jinsha
River from the limestone outcropping area in the reservoir by underground runoff. The river water was
mainly replenished by the groundwater and the ditch water along the Jinsha River, then discharged
to the downstream along the river. After impoundment, the groundwater in the reservoir mixed
recharged by the groundwater of the high-elevation limestone outcropping area and the reservoir



Sustainability 2020, 12, 5805 13 of 17

water while the reservoir water mainly from the surface water and groundwater of upstream along the
river as well as the ditch water of the reservoir bank. Downstream the river supply is mainly from the
upstream tail water discharge, seepage water around the dam and groundwater through engineering
drainage discharge (Figure 7b) while the source of ditch water supply has always been precipitation.
The interaction between the surface water and groundwater is prominent and has obvious changes
due to impoundment. In the past, the regional groundwater replenished the river water, but now the
reservoir water replenishes the groundwater reversely within a limited area and a period of time.

The influence of the reservoir impoundment on the interaction within the basin is decreasing
along with the dam site. First, the groundwater in the dam site received the reservoir water recharge
for a period of time. Eventually, the reservoir water and the regional groundwater will reform a
dynamic balance. During this process, the groundwater in the reservoir bank, which directly receives
the reservoir water recharge, will undergo irreversible changes, including the groundwater level and
the hydrochemical type. Secondly, the basalt aquifer in the basin, which is not rich in water, will change
irreversibly as it receives the replenishment of the reservoir water, which is raised by the water level.
However, the middle zone, between the dam site area and the high-elevation limestone outcropping
area, does not directly accept the reservoir water supply and forms a groundwater exchange. It will also
form a temporary change of the groundwater level due to the rising of the reservoir water level. As the
regional water flow system tends to balance, this change will slowly recover and the ultimate change
will be relatively small. The main groundwater recharge source (atmospheric rainfall infiltration) in
the high-elevation limestone outcropping area has not changed and has the largest elevation, so the
groundwater in this area is basically unchanged. The reservoir impoundment makes the regional
groundwater flow system change adaptively, and this change will eventually form a new dynamic
balance between the reservoir water and the regional groundwater.

The fundamental reason for the evolution of the interaction between the surface water and
groundwater is that the reservoir impoundment changes the boundary conditions of the regional
seepage field. The changes and characteristics of the regional seepage field can be verified and analyzed
by the changes of the absolute and relative contents of the major ions and stable isotopes (δD, δ18O, d)
in the surface water and the groundwater before and after impoundment. The study of this specific
form of interaction requires the analysis of the evolution law of the above seepage field, combined
with the regional hydrogeological conditions and human factors. The impoundment has changed
the natural hydrogeological condition that the groundwater level is higher than the river. It means
that the groundwater of the dam site area cannot recharge the reservoir water through the limestone
outcropping area in the reservoir, while the reservoir water can reverse recharge the groundwater
caused hydraulic gradient. The conclusion that the groundwater in the dam site accepts the reservoir
water replenishment can be reached through the similar chemical characteristics of the groundwater
and reservoir water (Table 1), as well as the high consistency between the groundwater level and
reservoir water level (Figure 6). The artificial drainage facilities in the mountains enable the original
groundwater to be discharged downstream through the facilities, so that the aquifer has enough space
to receive the reservoir’s replenishment.

The reservoir impoundment has a great influence on the water flow system of the basin. First, the
interaction between the surface water and groundwater was changed, which changed the recharge
relationship between the groundwater and the reservoir water. Secondly, it changed the water’s
chemical type and the content of each ion of the surface water and groundwater. For example,
the water–rock interaction is more intense in the mud-shale (P2βn) after impoundment, which makes the
content of Na+ and SO2−

4 in the groundwater significantly increase after impoundment. These changes
of ion content further affected the hydrogeochemical process. For example, due to the increase of
the content of Ca2+, calcium-containing minerals such as calcite, which were originally unsaturated,
are in the state of supersaturation after impoundment, and then precipitation occurs. In addition,
the impoundment also made the regional groundwater aquifer system change from the original single
limestone fracture–fissure medium into a dual basalt–limestone medium. The basalt reservoir has poor
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water storage according to the natural hydrogeological condition. Therefore, the groundwater flow
field was dominated by the limestone aquifer before impoundment, which was a single groundwater
aquifer system of limestone fracture–karst medium, and the interaction was mainly between the river
water and limestone groundwater. The rise of the reservoir water making the reservoir water contact
with the basalt layer means that the basalt layer on the bank of the reservoir is able to accept the lateral
pressure supply of the reservoir water (Figure 7b), resulting in the groundwater level of the basalt
layer rising accordingly, as is consistant with the monitoring results. With the increase of groundwater
in the basalt layer, the basalt groundwater will have a greater impact on the regional groundwater
system, so the regional groundwater system will become a dual basalt–limestone medium. There is
also a local water flow system of a pore medium in the basin, which is mainly distributed in the loose
sediments. This system directly receives rainfall infiltration recharge, so it does not directly change
under the influence of the reservoir storage. However, the possibility that impoundment may cause
changes in local climatic conditions and thus affect the intensity of the rainfall and evaporation cannot
be excluded.

6. Conclusions

Hydrochemistry, stable isotope, Q-cluster and saturation index analyses were employed to study
the evolution of the interaction between the groundwater and surface water in the Xiluodu reservoir
site before and after impoundment. The hydrochemical type of the Jinsha River changed from
Ca-Mg-HCO3 to Ca-Na-HCO3-Cl, while the type of the groundwater changed from Ca-Mg-HCO3 to a
mixture of Ca-Na-HCO3 and Ca-Mg-SO4. The saturated state of the minerals varied with time and
space according to the calculation of the saturation index. The differences between isotope values,
d-excess, the GMWL and LMWL show that there exists a certain degree of evaporation of surface water
and groundwater. It was determined that there is a continuous and significant interaction between the
surface water and groundwater along the bank of the basin. The recharge relationship between the
surface water and groundwater in the dam site reversed after impoundment.

The influence of the impoundment decreases outwardly along the dam site, and the water flow
system in some areas even saw an irreversible change. The occurrence of the above phenomenon is
caused by the impoundment of the reservoir, and the geological conditions and facilities enable it
to continue to develop. The influence of the interaction evolution on the environment includes the
regional water supply relationship, the change of the hydrochemical characteristics and the change
of the hydrogeochemical process. The groundwater aquifer system changed from a single limestone
fracture–karst medium into a dual basalt–limestone medium.
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