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Abstract: Changbai Mountain is the source region of the Songhua, Tumen, and Yalu Rivers. It
is a famous concentrated distribution area of high-quality mineral water in China, which has a
great economic value. Antu County is one of the main distribution areas of basalt and mineral
water in Changbai Mountain. The distribution of mineral water has a strong hydraulic relationship
with surface water, which constitutes abundant recharge reserves. It is important to study the
hydrochemical characteristics and the relationship between surface water and mineral water to
provide a theoretical basis for further discussion on the formation process and rational utilization of
mineral water resources in Changbai Mountain. A total of 18 water samples in the period of abundant
and dry water were collected, including rainwater, mineral water, and surface water. Geostatistics
was utilized to analyze the hydrochemical characteristics. Hydrochemical component tracing and
stable environmental isotope technology with end-number calculation reveals the transformation
relationship between mineral and surface water. The results indicate that: (1) The hydrochemical
type is mainly HCO;3-Ca-Na and HCO3-Ca-Mg type. The average content of H,SiO3 is 50.78 mg/L,
which reach the standard of high quality metasilicate mineral water. (2) The mineral water formation
process is dominated by the water-rock interaction in silicate mineral weathering. Metasilicate came
from hydrolytic reaction of silicate and aluminosilicate under acidic conditions. (3) Atmospheric
precipitation is the main recharge source, and the recharge area locates in the south nature reserve
of the study area. The average retention time of mineral water is 35.5 years, and the recharge ratio
of mineral water to surface water is up to 83.7%. This study will provide a theory guide for the
protection and rational utilization of groundwater resources in study area and a reference for mineral
spring formation study in basalt mountain area.
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1. Introduction

Groundwater is an essential natural and strategic resource, and plays an important
role in the ecological environment system. It is also the material basis for human life and
social development [1-5]. Among many types of groundwater resources, the role of mineral
water cannot be ignored. Mineral water is not only beneficial for human health, but also
helps to maintain natural ecological environment [6]. Therefore, studying the chemical
composition and formation process of mineral water is the basis of rational utilization and
protection of regional groundwater resources.

At present, the combination of hydrochemistry and stable isotope technology has been
widely applied in the formation process and hydrologic cycle [7-15].The most commonly
used isotope in current research is hydrogen (D) and oxygen (80) isotopes. They are
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components of water molecules, so they can represent specific environments and reaction
processes with tiny differences in mass.

The water cycle and amount of water resources discharged by groundwater runoff can
be obtained by using environmental isotopes in the study area or specific hydrogeological
units. Hydrochemistry data is a reflection of the results of the water-rock action process,
while the solute also changes with water quantity exchange [16]. The chemical compo-
sition of natural water records the history of water formation and transport to a certain
extent [17]. In addition, on the basis of the tracer method of conservative water chemistry
and the principle of isotope mass conservation, the exchange relationship between different
water bodies can be revealed. The formation mechanism of water and the interaction
between groundwater and surface water have made remarkable achievements by using
hydrochemistry and isotope method [18-26].

Changbai Mountain is one of the three high-quality water sources in the world [27,28].
The great storage conditions and abundant rainwater provide conditions for the formation
of high-quality water resources. Mineral water resources are mainly distributed in Jingyu,
Fusong, and Antu counties. There have been numerous researches on mineral water in
Changbai Mountain Area. The researches focused on the distribution characteristics, forma-
tion conditions and sustainable utilization of mineral water in Jingyu and Fusong [27—40].
Compared with Jingyu and Fusong, the mineral water in Antu has a higher average content
of metasilicate. However, the development and utilization of Antu mineral water is later than
the other two areas, so there are few relevant studies.

In recent years, the mineral water industry is gradually developing into the pillar
industry of Antu County, and the development degrees and utilization of mineral water
are constantly improving, showing an explosive development trend from 2013 (Figure 1).
From 2012 to 2019, the number of enterprises put into production increased from 2 to 10;
the annual production capacity increased from 150,000 tons to 5 million tons; the annual
production increased from 7000 tons to 2 million tons; the output value increased from
8 million yuan to 2.1 billion yuan. However, at present, the consumption of mineral
water only accounts for 3.11%, staying at the level of resource consumption without deep
utilization. In order to change the existing primary development and utilization of mineral
water resources and further enhance its economic value and better maintain a virtuous
cycle of ecology and environment, it is necessary to clarify chemical characteristics and
formation process of mineral water.
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Figure 1. Development and utilization of mineral water resources in Antu county.
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Based on this, the main research objectives of this paper are as follows: (1) clarify the
spatial distribution characteristics of hydrochemistry and stable isotope of mineral water
in Changbai Mountain and reveal the formation process of mineral water; (2) describe the
influencing factors and reveal the mutual transformation relationship between mineral
water and surface water. The results will help to promote effective utilization and to ensure
the ecological security of Changbai Mountain.

2. Materials and Methods
2.1. Study Area

Antu County is located in the southeast of Jilin Province (127°48'-129°08' E,
42°01'-43°24' N), at the north foot of Changbai Mountain. It belongs to the Yanbian
Korean Autonomous Prefecture, with a total area of about 7400 km2. The average annual
temperature is 4.0°C. The mean annual precipitation is 691.7 mm, with a decreasing trend
from south to north. Precipitation mostly concentrates in June to August, accounting for
60% of the annual precipitation. The surface water belongs to Songhua River system. It
is originated from Changbai Mountain and arranged in parallel from west to East. The
Sandaobai River Basin is the concentrated distribution area of mineral water with a total
length of 96.7 km and a channel ratio of 6.8 %o.

The terrain is high in the south and low in the north, showing a stepped platform. Its
highest point is located near Huangsongpu Forest Farm with a 1308 m elevation, and its
lowest point is located north of Hongfeng Spring in the north with a 685-m elevation. Under
the influence of multistage tectonics, the geological structures in the area are complex. The
Xinghua—-Baitou Mountain Tianchi fault zone is mainly developed in this area. Furthermore,
the topography is composed mainly of an erosional volcanic lava mountain platform, erosional
tectonic mountain, intermountain denudation basin, and intermountain valley plain. The
main strata comprise the Neozoic Quaternary Lower Pleistocene System, and the covered
rocks are the lava rocks of the Junjian mountain group (8Q;). The strata exposed in Antu
are mainly Cenozoic volcanic rocks. The lithology is dominated by compact massive olivine
basalt, stomatal basalt, and trachyte. The content of amorphous silica is high, which laid
a material foundation for the formation of mineral water. Under the influence of volcanic
activities, the faulted structure in the study area is developed. The groundwater type in the
area is complete, including clastic rock fracture-pore water, carbonate fissure—cavern water,
basalt pore fissure water, loose rock pore water, and bedrock fissure water. The basalt pore
fissure water distribution is widespread and is closely related to the occurrence and formation
of mineral springs with clastic rock fracture-pore water. The primary pore and structural
fractures formed by condensation and contraction of magma after erupting to the surface are
interlinked, providing a space for the lixiviation and migration of mineral water. Moreover,
the study area had abundant rainwater and high vegetation coverage, which provide material
source and conservation for mineral water.

2.2. Sample Collection and Testing

According to the Water Quality Sampling Technical Guide (HJ 494-2009), we collected
water samples along the groundwater flow in April and September 2019. The area is full
of typical springs, 17 representative points were selected for sample collection, including
springs and river (Figure 2). A total of 15 hydrochemistry samples and 19 stable isotope
samples were collected, including 14 natural outcrop spring samples and 1 surface water
sample. Polyethylene bottles (500 mL) were used to collect water samples. Subsequently,
the bottles were sealed, stored at 4 °C, and transported to the laboratory for testing.
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Figure 2. Hydrogeological map and sampling sites of the study area.

The chemical composition and stable isotopes (180 and D) were measured at the
Public Technology Service Center of the Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences. The cations and SO4?~ were measured using an inductively
coupled plasma emission spectrometer (ICP-7500, Agilent Technologies Inc., Santa Clara,
CA, USA), and the detection limit was less than 10 pg/L. The other anions were measured
by titration, and the detection limit was 1 mg/L. The detection accuracy was found to be 5%.
Anion balance verification was conducted to ensure that the error range of credibility was
+10%. Statistical Product Service Solutions (SPSS) was used for mathematical statistical
analysis of each index of hydrochemistry data.

The hydrogen and oxygen isotopes were measured using a stable isotope mass spec-
trometer (MAT253, Thermo Finnigan Inc., San Jose, California, USA), and the determination
accuracies of 8D and §'80 were =+ 2%o. The results are reported as the per mil deviation
relative to the VSMOW standard.

5 — (RSample — Rysmow

1) % 1000 % 1)
Rysmow

where Rygpie is the ratio of D/H or 80/1°0 in the water samples, and Rysyow is the
ratio of D/H or 180/1°0 of the VSMOW standard.

2.3. Age of Water

Tritium was measured using an ultralow background liquid scintillation spectrometer
(Quantulus 1220). The isotopic dating equation was as follows:

T N
b= 7069 ™ Ny @)

where t is the isotopic age (a), Ny is the initial tritium concentration of the sample, N is the tritium
concentration of the sample at time t (TU), and T is the half-life of tritium, namely, 12.43 a.

2.4. Water Interaction Elevation

Precipitation isotope has an elevation effect in precipitation isotopes. The groundwater
recharge elevation of each sampling point in the study area can be calculated according to
the 5D and §'80 values. The calculation method is as follows:

H= (6 —p)/K+h 3)
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where, H is the isotope infiltration height, m; & is the elevation of the sampling point, m;
Jp is the value of §'80 (or §D) of the atmospheric precipitation near the sampling point,
dimensionless; & is the value of '80 (or 8D) at the sampling point, dimensionless; K is
the height gradient of atmospheric precipitation, —6/100 m. The global average height
gradient of §'80 is —0.25%o /100 m.

2.5. Water Interaction Ratio

Stable oxygen isotope is selected as the tracer, and the two-terminal element mixed
water source segmentation model is established according to the mass balance equation
and concentration balance equation [18] to quantitatively analyze the contribution rate of
rainwater and mineral water to river. The formula is as follows:

Qr =0Qp+ Qg 4)

O0rRQr = 6pQp + Qg @)

where, Qp and Qg are the flow rates of surface wate with rainwater and mineral water
recharge; Qr is the flow of surface water; dp, g, and dr are the characteristic values of the
180 isotope of rainwater, mineral and surface water. By calculation, the recharge ratio of
groundwater to surface water is Kgr as follows:

Qc _ (Op —4r)
Kgr==*=—"7"-7-+% 6
7 Qr ~ (6p—dc) ©
The recharge ratio of atmospheric precipitation to surface water Kpg is:
Qp _ (6r —dg)
Kpr = == = ——— % 7
PR= O T Gp—d0) @)

3. Results and Discussion
3.1. Hydrochemical Characteristics of Mineral Water

The statistical results calculated by SPSS 25.0 (Statistical Product Service Solutions,
San Francisco, USA) present in Table 1 and Figure 3 pH value of mineral water ranged
from 7.04 to 7.80, with an average value of 7.24, which was neutral The coefficient of pH
variation was 0.03, with minimal spatial variation. The content of cation components inz is
Na* > CaZ* > Mg2+ > K*, and the concentration of anion is HCO3~ >> SO42~ > Cl~. TDS
concentration varied from 104.28 to 154.12 mg/L, with an average value of 123.08 mg/L,
showing low mineralization. The content of metasilicate was within 35.02~57.69 mg/L,
and the average value was 50.78 mg/L. All of samples reach the content requirements
(>25 mg/L) of metasilicic acid type metasilicate mineral water in the limit index of “Drink-
ing Natural Mineral Water” (GB8537-2008). They even belong to high metasilicate mineral
water for drinking.

Table 1. Analytical results of stable hydrogen and oxygen isotope of water samples in study area.

Parameter Unit Min Max Mean Sd Cv
K* mg/L 1.56 3.30 2.63 0.49 0.19
Na* mg/L 491 10.44 7.94 1.85 0.23
Ca?* mg/L 4.99 12.20 7.07 2.23 0.31
Mg2+ mg/L 2.22 5.41 3.95 0.94 0.24
HCO;~ mg/L 43.10 75.82 55.88 7.75 0.14
Cl™ mg/L 0.55 3.35 1.82 0.97 0.54
S042~ mg/L 2.18 7.66 408 1.72 0.42
TDS mg/L 104.28 154.12 123.08 12.26 0.10
H,Si0; mg/L 35.02 57.69 50.78 6.50 0.13
pH - 7.04 7.80 7.24 0.21 0.03

Note: Sd means standard deviation, Cv means coefficient of variation.



Water 2022, 14, 2770

6 of 14

160 -
150 -
140 -

é\ 4
2 130
120~
& ]
S 110~
&
=
2 1
& 07
£ 60
= ]
S 50
S 404
© 30
20
10 -
0

-
“

AL

T

——

K+

Ca®

Na®

Mg®* HCO,” CI’

Figure 3. Box diagram of main components.

s0? HSi0, TDS

According to the metasilicate content of 15 mineral water samples, we drew the
spatial distribution map of metasilicate content (Figure 4) using Surfer and the Kriging
interpolation method.
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Figure 4 exhibits the metasilicate content in study area was mainly distributed in
35-59 mg/L, and presented a trend of high center and low surrounding. We selected
A-A’ profile to study the relationship between metasilicate content and the distance from
Changbai Mountain. At the A-A’ profile, the content of metasilicate increased slowly
first and then decreased sharply. What is the cause? In the southwest of the study area,
Changbai Mountain has a high altitude, and the groundwater flows from south to north.
The exposed strata are mainly Cenozoic volcanic rocks, and the basalt pore water is widely
distributed in the region (Figure 2). The longer the distance from Changbai Mountain
and the runoff time is, the more components were dissolved. The content of salt minerals
is reduced, so the directly dissolved metasilicate is also reduced. However, the content
of metasilicate in the northern region still over 35 mg/L, which is due to groundwater
recharge with high metasilicate in the south.

The Piper and total ionic salinity (TIS) [41] diagrams were drawn (Figure 5a) to get
hydrochemistry type of mineral water. TIS of waters ranges from 1.6 to 2.8 meq/L. Cations
were mainly Ca?* and Na* In the anion, HCO3~ took an absolute advantage, and its
distribution as relatively concentrated. The Piper diagram classified hydrochemistry type
into HCO3-Ca-Na type water, HCO3-Ca-Mg type, followed by HCO3-Na-Mg-Ca type
water, HCO3-Na-Ca-Mg type.

Legend
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Furthermore, the concentration of metasilicate in surface water was as high as
40.38 mg/L. The hyderochemistry type of surface water is very similar to mineral wa-
ter, belonging to HCO3-Ca-Mg-Na type. It can be seen that the surface water and mineral
water in this area have a relationship, and the mineral water may recharge surface water.

3.2. Formation Process of Solutes in Mineral Water

Schoeller diagram is a common method to study hydrochemistry characteristic. With a
simple diagram, it can clearly analyze the concentration changes of main ions (C1~, SO4%~,
HCO3~, Na*, K*, Ca?*, Mg?") in many samples [42]. The parallelism degree of the lines
between different points reflects the differences in water supply and formation processes..
In Figure 6, lines between different points are almost parallel, indicating that supply sources
of mineral water are similar.

Gibbs’ diagram can be used to identify the main factors controlling the evolution
mechanism of chemical types of groundwater [43]. In Gibbs” model, the dominant process
of groundwater formation is divided into three types: (1) precipitation, (2) rock weathering,
and (3) evaporation mechanism. In study area, TDS concentration of mineral water was
between 104.28 and 154.12 mg/L, with an average value of 123.08 mg/L. Na*/(Na* + Ca®*)
was mainly between 0.3~0.7. It can be seen from Figure 6b,c that rock weathering in this
area is dominant [44,45]. Silicate has a great influence on water bodies, which is the main
factor controlling the origin of hydrochemistry [46].
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The main aquifer media in study area is basalt, whose main components are feldspar,
pyroxene, and olivine. The SI for the associated minerals in mineral water was calculated
by PHREEQC (Table 2). All the minerals were unsaturated or Sl is close to 0, indicating
they had a tendency to dissolve [28]. Mineral water in the area was low-salinity with a
large amount of CO,. The process of main water-rock reaction is as follows:

Olivine: (Fe, Mg),SiO4 + 3H,0 +4CO, = 2(Mg, Fe)2+ +4HCO; + H,Si03

Pyroxene: (Fe, Mg)SiOs + 2H,0 4 2CO, = (Mg, Fe)*" +2HCO; + H,Si0;

Potash feldspar: 2KAISi3Og + 2H,CO3 + 5H,O = AL SirOs (OH)4 + 2Kt + ZHCO; + 4H,Si03
Albite: 2NaAlSizOg + 2H,CO3 + 5H,0 = Al»Si;O5 (OH)4 +2Na™ + ZHCO:,)_ + 4H,5i03
Anorthite: CaAl,Si,Og + 2CO, 4+ 6H,O = Al,03-3H,0 + Ca* + ZHCO:,? + 2H,5i03

Table 2. SI values of mineral water samples for specific minerals.

Mineral Water Number

Potash Feldspar Albite Anorthite Pyroxene

Average SI of mineral water 0.02 —1.83 —5.73 —5.61

In conclusion, the solute source of mineral water in the area is similar. The formation
process is dominated by rock weathering, which is mainly formed by water-rock interaction
of silicate mineral weathering. The main source of metasilicate is the hydrolytic reaction of
silicate and aluminosilicate minerals in the process of precipitation infiltration and runoff.

3.3. Age of Mineral Water

Hydrological circulation of natural water leads to isotope fractionation and water
mixing, resulting in different D and §'80 contents. §D and §'80 values in groundwa-
ter are often used to trace the source, recharge area, and interactions with other wa-
ter [47].The variation range of 6D and 5'80 of the mineral water in study area is rela-
tively small (Table 3). During the abundant water period, the variation range of 5D was
—100.53%0~—95.83%0, with an average of —98.59%.. The variation range of 5'80 was
—14.17 %0 ~—13.36 %0, with an average of —13.83%.. During the dry period, the variation
range of 8D was —102.45 %o ~—98.36 %o, with an average value of —100.57 %o. The variation
range of 5180 was —14.95 %o ~—13.95%o, with an average value of —14.47%.. §D and 5'20 of
rainwater was —59.35%o and —9.33%o. the surface values were —94.41%o and —13.10%. in
abundant water period and —95.60%. and —13.53%o in dry period water. It can be seen that
the hydrogen and oxygen isotopes of mineral and surface water in abundant water period
(September 2019) are more abundant than those in dry water period (April 2019). This is
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because the study area is located in the inland area with high latitude, the temperature and
seasonal effect of the isotope is extremely obvious.

Table 3. Analytical results of stable hydrogen and oxygen isotope.

8Dv. 1%o 8180y. /%o

Water Types Time & Quantity V-SMOW V-SMOw
Max Min Mean Max Min Mean
Sprin April 2019 —98.36 —102.45 —100.57 —13.95 —14.95 —14.47
pring September 2019 —95.83 -100.53 —98.59 -13.36 —-14.17 -13.83
Surt April 2019 —95.60 —95.60 —95.60 ~13.53 —~13.53 -13.53
urtace water September 2019 —94.41 —94.41 —94.41 —13.10 ~13.10 -13.10
Precipitation September 2019 —-59.35 -59.35 —-59.35 -9.33 -9.33 -9.33

Tritium concentration distribution ranged from 1.9 to 9.8 TU, with an average value of
6.1 TU. Mineral water is mainly supplied by “modern water”. The water age distribution
ranged from 27.7-57.2 a, with an average of 35.5 a. Water age decreased with the increasing
altitude of mineral water location (Table 3) It better confirms the previous law of spatial
distribution of metasilicate content (Figure 4). Water age affects the residence time, thus
has an influence on water-rock interaction time. Therefore, when the altitude is high, the
distance from Changbai Mountain is short, which reduces water-rock interaction time and
decreases metasilicate content.

3.4. Interaction of Mineral and Surface Water

The interaction relationship between different water bodies can be clarified by an-
alyzing the hydrogen and oxygen isotope components [48]. According to Wang Feng-
sheng’s study [49], the Local Meteoric Water Line (LMWL) in Changbai Mountain area is
§D = 7.76'80 + 9.11, which is not different from the Global Meteoric Water Line (GMWL)
8D = 8580 + 10, indicating that the local evaporation is not strong [49].

In September, water samples in study area were all located between GMWL and
LMWL (Figure 7), indicating that the main source of mineral water is precipitation. In
April, the 8D and §'80 values of water samples slightly deviated from the LMWL. Some
fell on the GMWL and LMWL, but most of them fell on the upper left of two lines. The
slopes of 6D and 5180 line were smaller than GMWL and LMWL, indicating that the
mineral spring in the area was supplied by rainwater, but also by the infiltration of certain
condensate [50-52].
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The results of recharge elevation are shown in Table 4. The basalt pore water in the
region is mainly recharged by meteoric precipitation and condensate infiltration, and the
replenishment elevation is much higher than elevation of mineral water. The replenishment
area is mainly located in the nature reserve which is on the north side of Tianchi lake
in the south. After the meteoric precipitation and condensation water infiltrate into the
groundwater, water accumulates in the basalt pore. Under the influence of topography,
part of the basalt pore water flows from south to north, and the main runoff channel is in
Junjianshan basalt. After the basalt pore water runoff enters the study area, it overflows
the surface in the way of spring or spring group in areas such as low-lying valleys. From
the above analysis, it can be proved that atmospheric precipitation is the main recharge
source of surface and mineral water in study area. Meanwhile, mineral water is distributed
around rivers and the metasilicate content of surface water is 40.38 mg/L, which is close to
mineral water. The content of stable isotope and Cl~ have a similar tendency (Figure 8).
These indicate that there is interaction between mineral and surface water. According to
Formulas (4)—(7), the ratio of mineral water recharging surface water is 83.7%, which is
relatively high. That proved the importance of mineral water to water resources of the
whole basin in study area.

Table 4. Analytical results of tritium of groundwater in study area.

Water Types Sampling Height/m Recharge Height/m Tritium Concentration/TU Agela
663 1801 1.9 57.2
693 1835 5.4 38.4
712 1824 8.2 30.9
Mi 1 1143 2393 9.8 27.7
neral water 956 1855 9.2 28.9
925 1893 74 32.8
812 2110 5.6 37.8
712 1824 6.1 36.2
Surface water 666 1398 8.7 29.9
12
13
14
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Mineral water number
Figure 8. 5D, 5'80 and C1~ content of mineral and surface water (the dash lines present content of

surface water).

4. Conclusions

A combined application of hydrochemistry and stable oxygen and hydrogen isotope
method is performed to investigate the mineral water in the Changbai Mountain area. The
main conclusions are as follows.

(1) The hydrochemistry types of natural mineral water in Changbai Mountain area are
mainly HCO3-Ca-Na type and HCO3-Ca-Mg type. The average content of metasilicate is
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50.78 mg/L, which is a high-quality mineral water. The age distribution range of mineral
water is 27.7-57.2 a, with an average of 35.5 a. The concentration of metasilicate is closely
related to mineral water retention time and runoff length. And (2) the hydrochemistry
formation process and supply source of mineral water is similar. The formation process is
dominated by the mechanism of rock weathering, which is mainly formed by water-rock
interaction of silicate mineral. The main source of metasilicate is the hydrolytic reaction of
pyroxene and olivine in the process of precipitation and runoff under acidic conditions.

(3) Atmospheric precipitation is the main recharge source of mineral and surface water
in this area. At the same time, surface water is closely linked to mineral water in the valley
area, the water level is low and mineral water recharges the surface water. The recharge
ratio of atmospheric precipitation to surface water is 16.3%, while the recharge ratio of
groundwater to surface water is as high as 83.7%, so the river water sample also has a high
content of metasilicate.
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