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The chemical characteristics of groundwater in the gas coal seam section of the tunnel have rich geological significance. To study
the chemical evolution process and controlling factors of groundwater in the gas-bearing coal seam section of the tunnel, and the
influence of tunnel coal removal on the groundwater quality, field investigations and laboratory experiments were carried out on
the groundwater in the coal measure strata and the high-gaseous section and surrounding aquifers. Through hydrochemical
analysis, correlation analysis, hydrochemical simulation, and other methods, the chemical origin of groundwater in coal
measure strata and other aquifers was revealed. The water quality of groundwater was analyzed by water quality index (WQI),
sodium adsorption rate (SAR), percentage of soluble sodium (Na+%), and participation of sodium carbonate (RSC). The results
show that the water samples of each aquifer are weakly alkaline. Influenced by formation lithology and mineral redox
reactions, the genesis of coal formation water is more complex than that of natural karst groundwater. The water chemistry
characteristics show obvious differences among aquifer groups, with low correlation of HCO3

-, Ca2+, and Mg2+. The central
drainage ditch is dominated by dolomite dissolution, and the sloping shaft side ditch is dominated by calcite dissolution, and
ion exchange effects are prevalent in different water sources. In terms of irrigation water quality, the permeability index (PI),
magnesium hazard (MH), and Kelly index (KI) calculations show that 45.8% of the water samples are in the “unsuitable”
condition. This study helps to fully understand the quality of coal seam water in tunnels and can provide a reference for
groundwater utilization.

1. Introduction

At present, more and more tunnels encounter high-gas-
developed strata and coal measure strata in the process of
excavation, which may pollute the groundwater environ-
ment. The interaction between coalbed methane-groundwa-
ter-coal-rock and its hydrochemical response is a research
hotspot [1–3]. After tunnel excavation, CO2, CH4, and other
gases adsorbed in the coal seam are dissolved in the ground-
water, while various physicochemical reactions occur
between the groundwater and the coal seam and surround-
ing rocks in the runoff process. Also, elements in the coal
seam also enter the aquifer through leaching, and the chem-
ical properties of the groundwater in the original aquifer
would be influenced.

In the natural state, there is little exchange of water
between the coal formation water and the surrounding karst

aquifers in the tunnel site area. However, tunnel construc-
tion breaks the original hydraulic and chemical balance
within the groundwater system, accelerates the groundwater
circulation and water-rock interaction between different
aquifers [4], and transforms the relative water barrier in a
certain range into a permeable layer. As a result, the rela-
tively retained coal formation water is discharged or mixed
with other aquifers, which affects the field groundwater
system.

Karst groundwater is an important part of the ecosystem
in Guizhou Province [5, 6] and is closely related to local
human life and economic development. Karst groundwater
systems are highly nonhomogeneous due to their unique
hydrogeological characteristics, and their water quantity
and quality changes are very sensitive to the external envi-
ronment [7]. Tongzi Tunnel is the first long highway tunnel
under construction in Guizhou Province. It needs to pass
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Figure 1: Location and overview of the study area (China map from Ministry of Natural Resources Standard Map System).
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through high gas and coal measure strata during construc-
tion. Therefore, revealing the hydrochemical evolution pro-
cess of groundwater in coal measure strata and its impact
on water quality is of great significance to protect the
groundwater environment in the tunnel area.

Relevant scholars have conducted a series of studies on
water chemistry and water quality changes caused by tun-
nel construction. Li and Kagami [8] investigated the chem-
ical composition and flow of groundwater from tunnel
seepage and water from springs and wells around the tun-
nel and concluded that when tunnel seepage and diving
and springs all come from the same aquifer, their chemical
composition should be similar. Hasegawa et al. [9] estab-
lished the relationship between the conductivity E and
the location of the aquifer based on the changes of water
chemistry and water quality in the fracture water at the
tunnel palm face and effectively predicted the direction
of the aquifer. Mossmark et al. [10, 11] monitored the
water chemistry during the construction of the Harranza
railroad tunnel, and the results showed that the groundwa-
ter infiltration into the tunnel changed the physicochemi-
cal properties of underground water, and the minerals
underwent redox reactions, which releases SO4

2-, and has
a long-term influence on water chemistry. Based on the

principal component analysis of groundwater samples
from 31 tunnel boreholes, Saberinasr et al. [12] found that
the main controlling factors of groundwater chemistry was
water-rock interaction and the mineral dissolution process
led to the excess concentration of many ions in water.
Howladar and Rahman [13] conducted a comprehensive
evaluation of granite mine tunnel wastewater quality, and
the results showed that direct discharge of wastewater
was hazardous to aquatic organisms.

Previous studies show that tunnel construction has great
influence on the hydrogeochemical process and water qual-
ity of groundwater. However, less attention has been paid
to the chemistry and quality of water in the gas-bearing coal
stratigraphic section, especially the differences in the hydro-
chemical genesis of coal seam water and natural karst
groundwater in the tunnel site area. At the same time, for
karst tunnels, groundwater is abundant, and there is a huge
potential for the use of groundwater discharged from the
tunnels. The quality of groundwater mainly depends on
the concentration of ions in the water, and water quality
evaluation is the basis for deciding whether groundwater
can be used. Therefore, it is very necessary to clarify the
water-rock effect and groundwater quality of tunnel coal
measure strata.
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Figure 2: Geological profile of Tongzi Tunnel.
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In this paper, a case study based on the Tongzi Tunnel
was conducted. Groundwater samples in the tunnel passing
through the gas coal measure strata, in the side ditches of
the main cave, and in the central drainage ditches of the
main cave were collected to conduct laboratory experiments.
Statistical methods were used to establish the connection
between the tunnel and the hydrogeological environment
and to evaluate the quality of coal measure formation water
and surrounding karst groundwater. The main objectives of
this study are as follows: (1) to describe the hydrochemical
characteristics of coal seam water and karst water; (2) to
analyze the evolution mechanism of groundwater chemistry
in the tunnel through coal section and surrounding aquifers;
and (3) to evaluate the suitability of coal seam water and dis-
charged groundwater for drinking and irrigation and to ana-
lyze the main contaminant components and their sources.
The results of the study can provide references for under-
standing the groundwater chemical characteristics in the
tunnel through coal section and the utilization path of coal
system water.

2. Tunnel Overview

2.1. Geographical Location. The tunnel is a typical superlong
mountain highway tunnel, located in the northern Guizhou
Plateau, the karst area of Southwest China. As shown in
Figure 1, the tunnel starts at Dahe Town, through Tongzi
County, and ends at Mazong Township, Tongzi County,
with a total length of 10.5 km. The starting and stopping
pile numbers of the left line are ZK34 + 508~ZK45 + 005,
the elevation of the bottom plate at the inlet and outlet is
895.87m and 1079.35m, respectively, and the maximum
buried depth is 649m. The starting and stopping pile num-
bers of the right line are YK34 + 530~YK45 + 015, the ele-
vation of the inlet and outlet floor is 896.30m and
1079.25m, respectively, and the maximum buried depth is
639m. The longitudinal slope of the tunnel is 1.75%. The
tunnel is dug at both ends of the entrance and exit to speed
up construction, ventilation, and drainage; a total of four
inclined shafts are set up. This study involves the ground-
water of slant well No. 4.

(a) (b)

(c) (d)

Figure 3: Stratigraphic samples. (a) Coal seam on the tunnel face. (b) Coal seam. (c) Limestone intercalated with mudstone. (d) Mudstone.
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2.2. Geology and Hydrogeology. The landforms in the tunnel
site area are divided into two types: dissolution landforms
and erosion landforms. The exposed bedrock mainly
includes middle Permian Qixia formation (P2q) limestone
carbonaceous mudstone, middle Silurian Hanjiadian forma-
tion (S1h) mudstone locally intercalated with argillaceous
limestone, middle Silurian Shiniulan formation (S1sh) argil-
laceous mudstone, middle Permian Maokou formation
(P2m) limestone, lower Triassic Maocaopu formation
(T1m) limestone, mudstone of the fifth member of the lower

Triassic Yelang formation (T1y
5) intercalated with marl-

stone, limestone of the fourth member (T1y
4), mudstone of

the third member (T1y
3) intercalated with marlstone, lime-

stone, argillaceous limestone, mudstone of the second mem-
ber (T1y

2), mudstone of the first member (T1y
1), limestone

of Changxing formation (P3c) of upper Permian system, coal
measure strata of upper Permian Longtan formation (P3l),
and lower Ordovician Meitan formation (O1m) silty mud-
stone intercalated with limestone. In the exit section, the
tunnel passes through Tuanyuanjie Coal Mine, Mazong

Aqueous samples central-drainage

Inclined shaft no. 4 aqueous samples lateral-drainage

Main tunnel aqueous samples lateral-drainage

Fissure water

Figure 4: Schematic diagram of sampling points.

Table 1: Sample points corresponding to pile numbers.

Group Sample Corresponding pile number Group Sample Corresponding pile number

I

1 YK43+645

III

13 YK43+000

2 YK43+715 14 YK43+150

3 ZK43+800 15 YK43+350

4 YK36+071.4 16 YK43+080

5 YK43+140 17 YK43+200

6 ZK43+287 18 YK43+610

7 YK43+648 19 No. 4 inclined shaft

8 YK43+650 20 No. 4 inclined shaft

II

9 YK43+936

IV

21 No. 4 inclined shaft

10 YK43+820 22 No. 4 inclined shaft

11 YK43+820 23 No. 4 inclined shaft

12 YK43+930 24 No. 4 inclined shaft
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Township, Tongzi County; the coal mine transportation lane
is about 79 meters away from the roof of the tunnel; coal
mine goaf is more sensitive to tunnel construction response.
The geological longitudinal section of the tunnel is shown in
Figure 2.

The Songkan River, Tongzhi River, and Qingxi River in
the area are all mountainous rain-fed rivers, which are
mainly recharged by precipitation runoff.

Under the influence of stratum lithology, the groundwa-
ter in the tunnel field is widely recharged by meteoric water
and some surface water and infiltrates through the fissure
dissolver, and the groundwater is basically the infiltration
runoff type. The rainy period is from June to August; after
December, the rainfall is significantly reduced. The buried
depth of groundwater is generally 50~100m and larger than
200m in some sections; the tunnels are basically located
below the groundwater level.

2.3. Coal Seams and Gas. The P3l coal seam in the tunnel site
area contains 7 layers of coal (lines), which can be numbered
from C1 to C7 from bottom to top, and there are three
recoverable coal seams (C3, C5, and C6). The coal seam is
black, gray-black semidark to semibright bituminous, with
asphalt luster and a small amount of glass luster; the coal
seam dip angle at the tunnel through the coal about 70° is
sharply inclined coal seam, coal rock structure damage type
III (strongly damaged coal). The lithological combination of
this set of coal system strata is complex, and the lithology
includes carbonaceous mudstone, siltstone, and sandstone
with several thin layers of tuff, mudstone, marl, carbona-
ceous tuff, flint limestone, and coal seam, with brownish
gray and grayish white aluminous mudstone at the bottom
and contains more sulphide iron ore. The rock samples are
shown in Figure 3.

Tongzi Tunnel has high gas content and high gas pres-
sure in the coal-penetrating section, and the grade of gas sec-
tion is class 1. According to the data measured in the
Liangfengya Tunnel, which is similar to the Tongzi Tunnel
and crosses the same coal seam, the absolute gush of CH4
from the new Liangfengya Tunnel P3l coal seam is 1.37m3/
min~7.17m3/min and the absolute gush of CO2 is 0.54m

3/
min~2.81m3/min, with a maximum gas pressure of 1.5MPa.

2.4. Climate. The average annual temperature in the tunnel
area is 14.7°C, with an extreme maximum of 36.6°C and an
extreme minimum of -6.9°C. The average annual precipita-
tion is 1037.3mm, the maximum annual rainfall is
1374mm, the maximum daily rainfall is 137.3mm, and the
average annual evaporation is 1119.5mm.

3. Materials and Methods

3.1. Sample Collection and Analysis. According to the actual
construction progress and research purpose of the tunnel, a
total of four sets of samples were collected. Among them,
group I is the groundwater samples from the tunnel main
cavern seepage, mainly concentrated in the coal-bearing
stratigraphic section; group I can approximately represent
the groundwater in the original coal-bearing aquifer. Group

Table 2: Relative weights of groundwater quality parameters
studied and reference standards.

Chemical
parameter

WHO
standards

Weight
(wi)

Relative weight
(Wi)

pH 6.5-8.5 4 0.074

EC 1500 4 0.074

TDS 1000 4 0.074

HCO3
- 500 3 0.056

SO4
2- 250 5 0.093

Cl- 250 4 0.074

NO3
- 45 5 0.093

F- 1.5 5 0.093

Ca2+ 75 2 0.037

Mg2+ 50 2 0.037

Na+ 200 3 0.056

K+ 12 2 0.037

NH4
+ 0.5 3 0.056

Fe 0.3 4 0.074

Al 0.2 4 0.074

Note: NH4
+ and Al refer to WHO standards and Chinese groundwater

quality standards [22, 23].

Table 3: Water quality classification.

Range Type of water

<50 Excellent

50-100 Good

100-200 Poor

200-300 Very poor

>300 Unsuitable for any use

Table 4: Irrigation water quality evaluation index.

Parameters Formula

SAR
Na+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ca2+ +Mg2+ð Þ/2
p

Na+%
Na+ + K+

Na+ + K+ + Ca2+ +Mg2+
∗ 100

RSC HCO−
3 + CO2−

3
� �

− Ca2+ +Mg2+
� �

PS Cl− + 0:5SO2−
4

PI
Na+ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

HCO−
3ð Þp

� �

Na+ + Ca2+ +Mg2+ ∗ 100

MH
Mg2+

Ca2+ +Mg2+
∗ 100

KI
Na+

Ca2+ +Mg2+

TH Ca2+ +Mg2+

6 Geofluids



II is the groundwater samples in the central drainage ditch,
mainly from YK43+820 to the direction of large mileage.
Group III is the groundwater samples in the side trenches
of the main tunnel, mainly concentrated under the coal mea-
sure stratum. Due to the slope of the tunnel, the coal mea-
sure stratum water may flow into the side trenches through
seepage. Group IV is groundwater samples from slanting
well No. 4 without coal strata, which can be used as the
observation group for comparative analysis. The water
intake point is shown schematically in Figure 4, and the cor-
responding tunnel cross-section stakes are shown in Table 1.

Before sampling, raw water was used to wash the bottle,
and the cap was tightened in the water to prevent the air
from entering. The water sample was drip-fed with nitric
acid until pH < 2. The water samples used for testing cations
were titrated with nitric acid to pH < 2. The anions F-, Cl-,
SO4

2-, and NO3
- were determined by ion chromatography,

and HCO3
- was titrated by acid-base titration. Cations K+,

Ca2+, Na+, and Mg2+ were determined by flame atomic
absorption spectrophotometry. All the above tests were car-
ried out in the College of Resources and Environmental
Engineering and the Key Laboratory of Karst Environment
and Geological Hazards, Guizhou University.

3.2. Research Methodology

3.2.1. Integrated Approach to Water Chemistry. Groundwa-
ter chemistry is the result of the interaction between the
groundwater and the rocks and minerals of the aquifer. To
study the main processes of hydrochemical evolution of
groundwater, experimental data were plotted on piper dia-
grams and Gibbs plots to visually analyze the relative con-
tent and hydrochemical characteristics of conventional ions
in groundwater [14, 15]; the main causes of ions in ground-
water were revealed by scatter plots and correlation analysis,

the correlation coefficient r ranges from -1 to 1, and larger
value indicates a stronger correlation between the chemical
parameters [16]. The saturation index (SI) of the main min-
erals in the study area was calculated using the PHREEQC
software, and the aqueous solution was saturated when the
SI was greater than 0. When the SI was less than 0, the min-
erals continued to dissolve [17].

3.2.2. Water Quality Assessment

(1) WQI Water Quality Index. Water quality index is a com-
prehensive value calculated by the experimental results of
several parameters to analyze the water quality status visu-
ally and quantitatively. The calculation process is divided
into the following four steps [18–21]:

Step 1. The relative weight Wi is calculated based on the
weight ωi of each indicator, and the calculation formula is
shown in

Wi =
ωi

∑n
i=1ωi

, ð1Þ

where ωi is the weight of the indicator; the weights of each
indicator are shown in Table 2; Wi is the relative weight;
and n is the number of indicators.

Step 2. The quality evaluation index qi is calculated based on

qi =
ci
si
× 100, ð2Þ

where ci is the measured concentration of each indicator; si
is the World Health Organization (WHO) standard value

Table 5: Statistics of groundwater water chemical parameters (mg/L).

Group I Group II Group III Group IV
Mean Min Max Mean Min Max Mean Min Max Mean Min Max

pH 8.32 7.98 8.61 8.45 8.27 8.60 8.69 8.56 8.95 8.38 8.08 8.62

EC 332.38 138.00 601.00 254.25 188.00 328.00 299.33 211.00 516.00 229.67 31.00 282.00

TDS 165.88 69.00 300.00 126.50 94.00 163.00 148.67 106.00 253.00 114.50 16.00 140.00

HCO3
- 117.95 0.00 190.69 101.28 3.43 183.06 75.64 0.00 179.25 107.53 19.07 163.99

SO4
2- 53.90 0.42 122.56 37.50 8.29 69.41 83.53 70.27 114.79 26.23 5.77 53.78

Cl- 1.32 0.35 2.76 1.51 0.69 1.94 1.70 1.43 2.20 0.91 0.18 1.82

NO3
- 6.26 1.15 30.20 3.50 0.28 6.67 4.33 3.00 5.26 2.84 0.68 5.07

F- 0.41 0.22 0.74 0.65 0.24 1.53 0.47 0.20 0.60 0.21 0.11 0.33

Ca2+ 34.31 1.56 69.31 21.64 0.00 46.81 28.32 2.90 64.27 38.12 0.19 57.55

Mg2+ 22.18 0.00 69.20 5.21 3.36 7.07 3.55 0.00 5.82 8.89 0.00 23.86

Na+ 18.58 1.15 40.20 27.62 6.55 38.74 25.12 14.80 32.59 6.53 0.23 11.69

K+ 8.29 0.82 45.42 11.10 2.02 29.72 18.98 4.34 47.66 3.34 0.13 7.20

NH4
+ 1.04 0.00 6.63 0.16 0.00 0.48 0.04 0.00 0.22 0.06 0.00 0.24

Fe 0.36 0.00 0.78 0.23 0.00 0.59 0.32 0.08 0.74 0.28 0.00 0.53

Al 0.03 0.00 0.11 0.07 0.00 0.23 0.17 0.02 0.76 0.03 0.00 0.08

Note: pH is dimensionless, conductivity unit is s-cm-1, and other units are mg/L.
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Figure 5: Continued.
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corresponding to the indicator; and qi is the quality evalua-
tion index.

Step 3. The subindex SIi for each sample is calculated based
on Equation (2).

SIi =Wi × qi: ð3Þ

Step 4. The water quality index WQI is calculated for each
sample based on Equation (4), and the water quality condi-
tion is judged according to the WQI value and the rating cri-
teria in Table 3.

WQI = 〠
n

i=1
SIi: ð4Þ

(2) Irrigation Water Quality Assessment. The chemical com-
position of irrigation water affects plant metabolism and soil
permeability [24], and indicators commonly used to evaluate
the suitability of irrigation water are sodium sorption rate
(SAR), sodium percentage (Na+%), residual sodium carbon-
ate (RSC), potential salinity (PS), permeability index (PI),
magnesium hazard (MH), Kelly index (KI), and total hard-
ness (TH) [18, 25]. The formulae for these indicators are
shown in Table 4, and the ion concentrations in the formu-
lae are in meq/L.

4. Results and Discussion

4.1. Water Chemical Composition Concentration. The statis-
tics of the concentration of each ion in the water samples are
shown in Table 5, and the main ion box plots are shown in
Figure 5. The results show that the overall water samples
in the study area are weakly alkaline, with the maximum
mean pH value of 8.69 in group III and the minimum mean
pH value of 8.32 in group I. The maximum mean TDS value

of 165.88 in group I and the minimum mean TDS value of
114.50 in group IV indicate that the tunnel coal seam water
is subjected to the longest water-rock action and has the
most inorganic salts and dissolved substances. The inorganic
salts and dissolved substances in the water are the most
abundant. The trend of conductivity is basically the same
as TDS. The overall anions in the study area show HCO3

-> -
SO4

2->Cl-, and Na++K+ is higher in the cations compared to
the carbonate strata due to the presence of coal strata [26].

4.2. Water Chemistry Types and Water
Chemistry Characteristics

4.2.1. Water Chemistry Type. The Piper diagram of the study
area is shown in Figure 6. It can be seen that group I cations
are more dispersed in the diagram, while anions are basically
distributed in the HCO3

- line side. In the diamond diagram
of the Piper diagram, the water sample points basically fall in
zone 1, and the groundwater type is mainly Ca-HCO3 type.
Group II cations are near the Na++K+ end, and anions are
scattered on the side of HCO3

- and SO4
2-. In the diamond

shape of the Piper diagram, the water sample points fall in
zones 1, 2, and 5, and there are more groundwater types,
including Ca-HCO3 type, Na-Cl type, and mixed type.
Group III cations are obviously concentrated at the
Na++K+ end, while the anions are distributed on the SO4

2-

side of the line. In the diamond-shaped plot of the Piper dia-
gram, the water sample points mainly fall in zone 2, and the
groundwater type is mainly Na-Cl type, followed by Ca-
HCO3 type. Group IV cations are scattered at the Ca2+ and
Mg2+ end, and anions are concentrated on the HCO3

- side
of the line. In the diamond shape of the Piper diagram, the
water sample points all fall in zone 1, and the groundwater
types are all of Ca-HCO3 type.

From this, it can be tentatively judged that the water
chemistry components of karst groundwater in the study
area are mainly controlled by the water-rock action of
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Figure 5: Major ion box diagram of the study area.
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carbonate rocks and other minerals. The distribution of
group I samples is more scattered in the map without obvi-
ous patterns. This indicates that compared with the ground-
water in the drainage ditch, the water chemistry of coal
system water is more directly affected by the lithology of
the strata, and the lithology of the strata in different water
extraction sections is different; also, the water-rock action
is more complicated when the surrounding rock alternates
with the coal strata. The groundwater collected in the side
ditches and central drainage ditches of the main cave may
pass through more rock formations due to the long runoff
paths, and from a wider range of sources, but the lithology
may not be as complex as that of group I. In general, the
hydrochemical types are still different. Since the strati-

graphic lithology of No. 4 slanting well is single, the cave
surrounding rocks are mainly medium weathered tuff and
medium weathered surrounding rocks interspersed with car-
bonaceous mudstone, so the distribution of the IV water
sample points is concentrated and the water chemistry type
is single.

4.2.2. Mechanisms Controlling the Evolution of Water
Chemistry. In the Gibbs model, the logarithm of mass con-
centration of TDS is set as the ordinate, and the cation ratio
Na+/(Na++Ca2+) or anion ratio Cl-/(Cl- +HCO3

-) is set as
the abscissa; thus, the three natural control factors of the
main ions in the water, including evaporation and concen-
tration control, water-rock interaction control, and
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Figure 6: Piper diagram of the chemical composition of water in the study area.
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Figure 7: Gibbs plot of groundwater samples in the study area.
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atmospheric precipitation, can be macroscopically reflected
[27]. As shown in Figure 7, it can be seen that the groundwa-
ter samples are basically located in the middle of the Gibbs
diagram, spanning the entire range (0.1~0.9) of Na+/(Na++-
Ca2+) values. This may indicate that the water chemical
composition of the study area is mainly controlled by
water-rock action, and atmospheric precipitation has some
influence on individual points, but evaporation and crystal-
lization are not obvious.

The position of groundwater on the left or right side of
the diagram depends on the groundwater runoff path. The
Na+/(Na++Ca2+) ratio decreases when carbonate minerals
dominate and may be higher when silicate minerals domi-
nate [28]. The end element comparison between different
lithologies can determine the effect of weathering dissolution
of different rocks on the groundwater solute. Figure 8 shows
that the groundwater samples are basically located between
the carbonate and silicate control end elements. The group
II water samples are close to the silicate rock control end,
and the group III water samples are closer to the carbonate
rock control end.

4.3. Water-Rock Action

4.3.1. Correlation Analysis. To maintain equilibrium in
groundwater solutions, such as anions and cations and dis-
solved precipitation, there must be correlations between
the ions, and correlation analysis can determine whether
the ions are homologous [29]. As can be seen in Figure 9,
TDS is highly correlated with K+ and Al, and the correla-
tions of HCO3

--Ca2+ and Ca2+-Mg2+ are lower, which may
be related to the complex mineralogical composition of the
coal-bearing strata. This indicates that besides carbonate
rocks, mineral dissolution such as alunite and hydrargyrite
also has an important contribution to the ions in group I
water. In group II water samples, the correlations of
HCO3

--SO4
2-, HCO3

- -Ca2+, SO4
2--Ca2+, and Cl--Na+ are

high, indicating that these ions are of consistent origin and
conventional carbonate rock, silicate rock, and gypsum dis-
solution are the main ionic genesis in the central drainage.
The SO4

2--Ca2+ and HCO3
--Mg2+ correlations in group III

water samples are high, while the HCO3
--Ca2+ correlation

is low, indicating that the contribution of dolomite to Ca2+
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Figure 9: Correlation matrix of ions in groundwater in the study area.
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Figure 10: Continued.
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is greater than that of calcite, and Ca2+ may come from gyp-
sum in addition to carbonate rocks. The water samples of
group IV showed high correlation between HCO3

--Ca2+,
SO4

2--Ca2+, and Cl--Na+, indicating that the sources of these
ions may be consistent, mainly for carbonate rocks, sulfate,
and salt rocks.

4.3.2. Major Ion Ratio Relationship. Figure 10 shows the
main ion relationships in each group of samples, and Ca2+,
Mg2+, and HCO3

- in groundwater and surface water in the
karst area are mainly from dissolved carbonate rocks [30],
and the products of carbonate rock dissolution should satisfy
that γ(Ca2++Mg2+)/γHCO3

- equals to 1. As shown in
Figure 10(a), most of the water samples fall below the 1 : 1
equivalence line; combined with Figure 10(b) in addition
to the dissolution of carbonate, there is also the dissolution
of sulfate minerals.

If all SO4
2- in groundwater in the tunnel area is derived

from the dissolution of gypsum, the Ca2+ has a good linear
relationship with SO4

2-, and γCa2+/γSO4
2- should be 1 : 1.

From the amount ratio relationship between Ca2+ and

SO4
2- in Figure 10(c), it can be seen that the water samples

in group II are mainly distributed on the 1 : 1 contour, which
indicates that the SO4

2- in this group of water samples
mainly comes from the dissolution of gypsum. For most of
the water samples in group III, the γCa2+/γSO4

2- is below
the 1 : 1 contour. Overall, the contribution of gypsum to
Ca2+ in group III water samples is greater than that of car-
bonate rocks. As shown in Figure 10(e), γHCO3

-/γSO4
2- is

near the 1 : 1 contour, indicating that the carbonate rocks
in group III are mainly dolomite dissolved, and the high cor-
relation between Mg2+ and HCO3

- confirms this inference.
The γCa2+/γSO4

2- values in group IV water samples are all
distributed on the upper side of the 1 : 1 line with good cor-
relation, which also proves that the gypsum is one of the
sources of Ca2+ and SO4

2-, and there is also excess Ca2+,
which has high correlation with HCO3

-. It is believed that
the calcite in carbonate rocks have an important contribu-
tion to Ca2+ in group IV water samples.

The coal seam water samples are more dispersed in
Figure 10, and there is no obvious linear relationship
between ions, while the correlation of Ca2+, Mg2+, HCO3

-,
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Figure 10: The relationship between the main ion ratios in the tunnel area.
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Figure 11: Continued.
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and SO4
2- is also low. It shows that the water samples in this

group are obviously influenced by lithological differences,
and the Ca2+, Mg2+, HCO3

-, and SO4
2- ions among individ-

ual groundwater samples are not uniform in genesis and
generally controlled by carbonate, sulfate, and silicate rocks.

If the Na+ in the study area originates from salt rock dis-
solution, the molar ratio of γNa+/γCl- should be 1 : 1 [31].
According to Figure 10(g), the γNa+/γCl- values of all sam-
ples are far above the 1 : 1 contour. Except for group III,
the correlation between Na+ and Cl- in other water samples
is good. This suggests that a small amount of rock salt disso-
lution exists in groundwater, but rock salt dissolution is not
the only cause controlling the Na+ content, and there may be
other causal mechanisms for Na+ in groundwater, such as
silicate weathering dissolution in nature, mannite dissolu-
tion, and other water-rock effects.

The relationship between γ[(Na++K+)-Cl-]/γ[(Ca2++-
Mg2+)-(HCO3

-+SO4
2-)] and γNa+/γCa2+ allows the analysis

of ion exchange in groundwater chemistry and characteriza-
tion of the degree of mineralization during groundwater
evolution [32]. Usually, the main cation exchange in
groundwater is Ca2+-Na+ ion exchange, and the process is
reversible. As can be seen from Figure 10(i), the γ
[(Na++K+)-Cl-]/γ(Ca2++Mg2+)-(HCO3

-+ SO4
2-) of most of

the water samples in group III and group I has negatively

linear correlation. This reflects the adsorption of Ca2+ and
the release of Na+, which are closely related to the silicate
rock minerals and clay minerals in the surrounding rocks.
The small γNa+/γCa2+ ratio of all water samples in group
IV indicates that the Ca2+ concentration is greater than
Na+ in these water samples, at which time the Ca2+ in
groundwater exchanges for Na+ adsorbed on the surface of
solid particles.

4.3.3. Analysis of Mineral Saturation Index Results. The
dynamic equilibrium of groundwater mineral phase is the
result of water-rock interaction, and the reaction state
between groundwater, surrounding rock, and minerals can
be judged according to the saturation index SI. As shown
in Figures 11(a) and 11(b), calcite dissolution was in equilib-
rium in most of the water samples, and dolomite dissolution
continued to dissolve in some of the water samples in group
I without reaching equilibrium, indicating that nonequal
dissolution of two minerals occurred in the coal-bed water.
The CO2 saturation index of the coal aquifer is larger than
that of other aquifers, which shows that the high pH of coal
bed water slows down the dissolution rate of CO2.

As shown in Figures 11(c)–11(g) and 11(j), the satura-
tion indices of gypsum, fluorite, saltpeter, carbon dioxide,
alum, and water green alum in the study area are less than
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Figure 11: Saturation index of major minerals in the study area.

Table 6: Water quality classification results based on water quality indices.

Group Sample WQI Water quality Group Sample WQI Water quality

I

1 47.18 Excellent

III

13 27.50 Excellent

2 33.15 Excellent 14 27.70 Excellent

3 29.65 Excellent 15 31.14 Excellent

4 107.54 Poor 16 81.90 Good

5 18.65 Excellent 17 33.48 Excellent

6 38.24 Excellent 18 44.45 Excellent

7 45.43 Excellent 19 27.45 Excellent

8 44.48 Excellent 20 32.62 Excellent

II

9 38.65 Excellent

IV

21 18.98 Excellent

10 18.45 Excellent 22 9.09 Excellent

11 34.56 Excellent 23 31.08 Excellent

12 39.05 Excellent 24 34.67 Excellent
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0, indicating that these minerals are in a dissolved state and
none of them have reached saturation, and the participation
of these minerals in aqueous rock action is the main cause of
Ca2+, Mg2+, F-, Na+, Cl-, Al, and Fe in groundwater.
Figures 11(h)–11(i) show that the dissolution of aragonite
and hematite in the study area has basically reached satura-
tion, except for a few sampling points.

4.4. Water Quality Evaluation

4.4.1. Analysis of WQI Calculation Results. The results of
WQI water quality index calculation are shown in Table 6.
The mean value of WQI was 45.54 of water samples in group
I, 32.68 of group II, 41.03 of group III, and 25.65 of group
IV. Sample 4 of group I has the highest WQI value, with
the sampling point at section YK36+071.4, where the sur-
rounding rocks of the cave are medium-weathering tuff,
muddy tuff with marl, and muddy siltstone.

Excluding the 4th sample, the mean value of WQI of
water samples in group I is still higher than those in groups
II and IV. Although the groundwater in the central drainage
ditch and side ditches of the tunnel main cavern was
exposed to air, the water quality did not deteriorate signifi-
cantly. The best groundwater quality is found in the side
trench of No. 4 slant shaft. Overall, the water quality is good,
with 91.6% of high-quality water. The water quality is
mainly affected by the special stratum; also, the reaction
between groundwater and minerals after the tunnel con-

struction exposes minerals, which results in high metal ion
concentration in the water and affects the water quality.

4.4.2. Analysis of Irrigation Water Quality Results. The USSL
plot method (Figure 12(a)) and the Wilcox plot method
(Figure 12(b)) are two commonly used methods to reflect
the quality of irrigation water. As can be seen from
Figure 12(a), all four groups of water samples fall in the
range of C1-S1 and C2-S1, indicating that the study area is
mainly a low-sodium medium saline water body.

As shown in Figure 13, the PI value shows that one coal
seam groundwater is in the “unsuitable” condition, the MH
value indicates that 29.16% of the water samples are in the
“unsuitable” condition, and the KI value indicates that 25%
of the water samples are in the “unsuitable” condition. The
RSC, TH, and PS values of all water samples are within the
“suitable” range.

It indicates that higher concentrations of Mg2+ and Na+

in some water samples are the main factors leading to
unsuitable water quality for irrigation and that high concen-
trations of Mg reduce soil permeability. Most of the water
samples unsuitable for irrigation come from the coal strati-
graphic section, reaching 62.5%, followed by groundwater
in the No. 4 inclined shaft and the central drainage ditch.
According to the previous analysis, the higher Mg2+ and
Na+ in these water samples mainly originates from clay min-
erals and ion exchange.
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Figure 12: USSL and Wilcox plots for tunnel irrigation water classification.

17Geofluids



Group I
Group II

Group III
Group IV

0 2421181512963
Sites

100

Pe
rm

ea
bi

lit
y 

in
de

x

0

75

50

25

Unsuitable

Suitable

Moderate

(a)

Group I
Group II

Group III
Group IV

0 24211815

Good

Medium

Unsuitable

12963
Sites

4

Re
sid

ua
l s

od
iu

m
 ca

rb
on

at
e

–6

2

0

–4

–2

(b)

Group I
Group II

Group III
Group IV

Unsuitable

Suitable

0 2421181512963
Sites

100

M
ag

ne
siu

m
 h

az
ar

d

0

80

60

40

20

(c)

Group I
Group II

Group III
Group IV

Moderate

Very

Hard

Soft

0 2421181512963
Sites

180

To
ta

l h
ar

dn
es

s

0

120

60

(d)

Group I
Group II

Group III
Group IV

Unsuitable

Suitable

0 2421181512963
Sites

2.0

Ke
lly

’s 
in

de
x

0.0

1.5

1.0

0.5

(e)

Injurious to unsatisfactory

Good to injurious

Excellent to good

Group I
Group II

Group III
Group IV

0 2421181512963
Sites

6

Po
te

nt
ia

l s
al

in
ity

0

3

(f)

Figure 13: Irrigation water quality-related index.
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5. Conclusion

In this study, the evolution of groundwater in the coal-
bearing section of the Tongzi Tunnel, and other sources
was analyzed by various methods, and the potability and
irrigability of the discharged groundwater were evaluated.
Based on these studies, the following conclusions were
drawn.

(1) The water-rock interaction between groundwater
and minerals in coal strata during runoff is the main
cause of coal strata water. The main control mecha-
nisms of water chemistry are dissolution and precip-
itation of minerals, oxidation and reduction, ion
exchange and ion adsorption, and desorption. Com-
pared with the drainage path and runoff time, the
complex chemical reactions in the coal seam have a
significant impact on the hydrological properties of
groundwater in the coal seam, and the major ions
in groundwater in the original aquifer show better
correlation and more homogeneity due to the single
lithology

(2) The main sources of Ca2+, Mg2+, and HCO3
- in the

study area are dissolved carbonate rocks and silicate
rocks, among which the dissolved carbonate rocks in
the groundwater of group III are mainly dolomite,
and Ca2+ in the groundwater of group IV is mainly
from calcite. SO4

2- in karst aquifers is mainly derived
from gypsum dissolution, and excess SO4

2- in coal
strata is also mainly derived from sulphide iron
ore. Cl− is relatively stable and derived from the dis-
solution of rock salt. In addition to salt rock dissolu-
tion, the major source Na+ comes from silicate and
cation exchange

(3) According to the results of mineral saturation index
calculation, gypsum, fluorite, salt rock, carbon diox-
ide, alum, and water green alum are in dissolved
state in the study area, and all of them have not
reached saturation. The participation of these min-
erals in water-rock interaction is the main cause of
Ca2+, Mg2+, F-, Na+, and Cl− plasma in groundwater.
Carbonate minerals, aragonite, and hematite are dis-
solved and basically saturated

(4) The water quality index (WQI) shows that the over-
all water quality situation is good. The irrigation
water quality parameters permeability index (PI),
magnesium hazard (MH), and Kelly index (KI) indi-
cate that 45.8% of the water samples are “unsuit-
able.” It is mainly concentrated in the coal
stratigraphic section, which shows that the water
quality of the coal seam is crucial to the utilization
of groundwater discharged from the tunnel
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