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ABSTRACT: The temporal pattern of water—rock interaction is significant in B el
predicting the ion concentration of the effluent in coal mine underground |7 ficumone: | 4% Muones 3 *ieudone B
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water (mine water and fissure water) of the Daliuta coal underground reservoir
as the research object and designed four groups of dynamic simulation
experiments of the water—rock interaction. Based on the main ion
concentrations in the water sample at different reaction times, Q-type
hierarchical cluster analysis (HCA) was used to classify the stages of water—
rock interaction. The types and intensities of water—rock interaction in each y
stage were identified by combining the ion ratio and principal component Early stage Middle stage Lute stage
analysis (PCA). Q-type HCA shows that the dynamic simulation experimental
water samples can be divided into three categories according to the reaction
time, representing the early, middle, and late stages of the water—rock
interaction process. The influence of water quality on the division of the water—rock interaction stage is greater than that of
rock characteristics. The ion ratio and PCA show that the dissolution of pyrite minerals, cation exchange reaction, and mineral
adsorption mainly occur in the early stage of water—rock interaction, in which the cation exchange reaction plays a leading role in the
change of ions in water. In the middle stage, the cation exchange reaction and the dissolution of carbonate minerals, such as calcite
and dolomite, mainly occur, in which mineral dissolution is the main. In the late stage, the water—rock interaction is relatively weak,
and the change of ion concentration in water is not obvious. This study proves the temporal patterns of water—rock interaction
between caved rock and mine water (or fissure water) and differences in the types and intensities of water—rock interaction in each
stage. The results can provide a theoretical basis for the optimization of the operation cycle of coal mine underground reservoirs and
the prediction of effluent ion concentration.
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1. INTRODUCTION significantly improved after being stored in the underground
reservoir, and the concentration of pollutants such as suspended
solids, chemical oxygen demand (COD), heavy metal ions, and
TDS was significantly reduced.””™"> For example, the field
investigation found that the suspended solids, turbidity, and
COD in the effluent of the Daliuta underground reservoir
decreased significantly; TDS decreased by 162 mg/L; the
concentration of Na* and Cl™ increased, while the concentration
of Ca®" decreased; the hydrochemical type changes from Cl +
SO,—Ca + Na of inlet water to Cl + SO,—Na + Ca of outlet
water;'®"” based on the indoor simulation experiment, some
scholars analyzed the water—rock interaction process from the

The western region (Shanxi, Shaanxi, Mongolia, and Gansu) has
the largest coal production potential in China, accounting for
70% of the country’s annual coal output but only about 4% of the
country’s water resource distribution.' ~> At the same time, the
region also has ecological and environmental problems, such as
desertification and severe soil erosion.” The serious shortage of
water resources and the fragile ecological environment restrict
the development and utilization of coal resources in this
1‘egion.6’7 Given the above problems, Gu proposed and
developed the coal mine underground reservoir technology,
which is used to transfer, purify, store, and utilize of mine water
using the cavity of broken rock mass in the goaf after coal
mining.* ' This technology realizes the efficient recycling of
water resources and does not destroy the surface eco-
environment, which is significant to the sustainable develop-
ment of mining areas in Western China.'""?

With the application of underground reservoir technology,
some scholars found that the water quality of mine water was
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changes in ion concentration and rock properties. They deduced
that the process mainly occurred through the dissolution of
minerals (i.e., dolomite and albite), adsorption, and cationic
exchange.'®"” Although the types of water—rock interaction
have been clarified, current research focuses on the entire
process of water—rock interaction, ignoring the effect of
occurrence time on the type and intensity of water—rock
interaction. In fact, due to the dynamic change of the storage
capacity of the underground reservoir, the mine water will stay
for some time after entering the reservoir, and the residence time
ranges from more than ten days to several hundred days. The
residence time has a significant impact on the concentration of
main ions in the outflow water, which is due to the mixing effect
caused by the constant replenishment of water in the reservoir
and the coupling effect of various water—rock reactions.”””!
Generally speaking, with the extension of residence time, the
treatment effect of various pollutants (suspended solids, heavy
metals, TDS, COD, etc.) is better. The water from the
underground reservoir of the coal mine is mainly used for two
purposes, one for surface water reuse and the other for
underground water recycling. The concentration level of main
ions in water determines the type of surface water utilization
(industrial water, landscape water, domestic water, etc.).g‘zz’23
Therefore, it is of practical significance to know the change in the
effluent ion concentration of the underground reservoir with the
residence time for predicting the effluent ion concentration and
guiding the subsequent utilization of water resources.

The change of ions in the effluent water of the underground
reservoir is mainly affected by the water—rock interaction
between the incoming water in the underground reservoir and
the overlying collapsed rocks. Given the great uncertainty
caused by natural factors (caved rock characteristics, overlying
fissure water quality, and geological structure) and human
interference (mine water quality and residence time), the
characterization of water—rock interaction in coal mine
underground reservoirs is challenging.”*** The chemical
elements in groundwater largely depend on the dissolution/
precipitation mode of minerals in the aquifer matrix.”® The ion
ratio method, correlation analysis, and principal component
analysis (PCA) are effective methods to identify the causes of
ions in groundwater.27 In addition to these traditional methods,
many researchers have integrated multivariate statistical and
geochemical modeling to interpret complex hydro-chemical
datasets, allowing detailed characterization of groundwater
chemical evolution.”* > Hierarchical cluster analysis (HCA)
is an effective technique of multivariate statistics, which can be
divided into R-type HCA and Q-type HCA.*"** The role of R-
type HCA is similar to PCA, which can cluster the variables
reflecting the characteristics of samples to classify the indicators
into a few data sets. In contrast, the role of Q-type HCA is to
classify water samples with complex chemical data sets to reduce
the duality of multivariable chemical data sets.”>**

The ion concentration of water out of the underground water
reservoir in the coal mine is closely related to the operation time,
and there may be a temporal pattern of water—rock interaction
processes affecting the ion concentration changes. In order to
prove this hypothesis, this study selected the roof-caved rock
and main incoming water (mine water and fissure water) of the
Daliuta coal mine underground reservoir as the research object.
The dynamic simulation experiment of the water—rock
interaction comparing the water quality and rock properties
was designed based on the analysis of the original water sample
and rock sample characteristics. The main research purposes are

as follows: (1) according to the main ion concentrations of water
samples at different reaction times in the simulation experiment,
the temporal patterns of water—rock interaction were defined by
Q-type HCA; (2) the main ion sources of each stage are
analyzed by the ion ratio method; (3) combined with PCA
method, the type and intensity of water—rock interaction at each
stage are revealed. This study is of practical significance to water
quality control and optimization of the operation cycle of the
coal mine underground reservoirs.

2. MATERIALS AND METHODS

2.1. Study Area. This study chose a coal mine underground
reservoir located in the Daliuta coal mine (39°13’53"N-
39°21'32"N and 110°12'23"E-110°22'54"E) of the Shendong
mining area, the largest coal base in China. Shendong mining
area is dry and rainless. The average annual precipitation in most
areas is only 100—400 mm, and the per capita water resource is
only 200—400 m,” which is a serious water shortage area. At the
same time, many large-scale energy and chemical bases have
been established in the mining area, and a large amount of water
resources are required for normal operation and daily life. In
addition, a large amount of mine water formed by coal mining
has high salt and sulfur, which has a certain negative impact on
the quality of groundwater resources, the use of underground
equipment, and the recycling of surface water resources.’' The
goal of the underground reservoir is to use the voids in the caving
zone, diversion fracture zone, and curved settlement zone to
store water to adjust the temporal and spatial distribution of
water resources,”> as shown in Figure 1. The objects of

3

Figure 1. Distributed underground reservoir in Daliuta coal mine."
Adapted or reprinted in part with permission from [Chen, S. Research
on the Key Technology of Water Resources Recycling Utilization in the
Underground Goaf Reservoir in Shendong Mining Area, Xi'an
University of Science and Technology, 2016]. Copyright [2016]
[Xi’an University of Science and Technology/Chen, S.].

regulation and storage are surface water, groundwater, and
underground production wastewater. The mode is to exploit and
use the water resource in the wet season and use manual
intervention to regulate and store water resources in the dry
season. The main components of coal mine underground
reservoir technology are water storage engineering, water
conservation engineering, surface water seepage prevention
engineering, mining engineering, drainage engineering, water
treatment engineering, and water quality monitoring and
management.36 The underground reservoirs of nos. 1, 2, and 3
in the Daliuta coal mine have been built using three goafs in the
272 coal seam, the middle four, the old six, and the new six, with a
depth of approximately 130 m. Two water recycling chambers
have been built in the gob of the 272 coal seam. no. 4
underground reservoir is under construction.

2.2. Sample Collection and Pretreatment. Based on the
site conditions of the Daliuta coal mine, the location of rock
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samples was collected from the roof caving rock of 5% coal seam.
After being sealed and stored, they were transported back to the
laboratory for a simulation experiment. Given the limited
conditions, five water samples were collected on-site. The inlet
and outlet water samples of the reservoir were collected from the
reinjection facilities of no. 2 reservoir recharge facilities (S3) and
no. 1 reservoir 400 outlets (S4) and 406 outlets (S2) to analyze
the impact of the underground reservoir on the quality of mine
water. The mine water samples (S1) and fissure water samples
(SS) used in the simulation experiment were collected in the
water recycling chamber and the side waterway of the coal
mining face in the 57* coal seam, respectively.

According to the apparent morphology, the collected rock
samples can be divided into two types. One is fine sandstone
with fine and dense sand on the surface, and the other is
mudstone with a parallel bedding structure,'” as shown in Figure
2. The two kinds of rocks were crushed to approximately 8 mm

Figure 2. Classification of the macro-appearance of caved rock: (a) fine
sandstone and (b) mudstone. Photograph courtesy of “Shuyu Liu”.
Copyright 2023.

and cleaned with deionized water to remove the surface charge
and magazine dust generated in the process of crushing. Then,
they were dried in a thermostatic drying oven and cooled at
room temperature for later use. The mine water sample and
fissure water sample were filtered to remove the SS to prevent
the pipeline of the experiment device from blocking, thus
interfering with the sample inlet and outlet processes. Then, the
filtered water sample was sealed and stored separately for

standby.

2.3. Dynamic Simulation Experiment of Water—Rock
Interaction. The device for the dynamic simulation experiment
of water—rock interaction is shown in Figure 3. The device
comprises a water storage and inlet container, a water—rock
interaction reaction column, and a water sample collection
container. The column has a height of 30 cm and an inner
diameter of 8 cm. A sieve plate was installed at the bottom of the
column to support the rock layer. Considering that the change of
ion concentration in the outlet water of the underground
reservoir is mainly affected by water quality and rock properties,
four experimental groups were set up to discuss the impact of
water quality and rock properties on water—rock interaction,
namely, the water comparison group (50% fine sandstone + 50%
mudstone)—mine water (SMM) and (50% fine sandstone +
50% mudstone)—fissure water (SMF), and the rock comparison
group is fine sandstone—mine water (SM) and mudstone—mine
water (MM). The pretreated rock samples, with a mass of
approximately 1.9 kg, were filled into the column, and then, the
water samples entered the test column from the water storage
and inlet container. The volume density in each test column is
1.27 g/mlL, and the effective porosity is 0.428 L/L.

During the experiment, phased methods of injection and
sampling were adopted; that is, 200 mL of water sample was
injected and sampled into the device at the same time every day
(the sampling process lasts for 10 min). The cation and anion
concentrations of the water samples were tested on the 2nd, 3rd,
Sth, 7th, 10th, 13th, 17th, 21st, 24th, 28th, 32nd, 37th, 42nd,
48th, 54th, and 60th days after the start of the experiment.

2.4, Test Method of Sample Analysis. The rock samples
(fine sandstone and mudstone) were ground to a particle size
that could pass through a 200-mesh sieve. A Shimadzu (XRF-
800) Japanese Neo-Confucianism (ZSX Primus II) X-ray
fluorescence spectrometer was used for qualitative and semi-
quantitative analysis of elements. A SmartLab SE type X-ray
diffractometer (XRD) (Cu target, Ka radiation, step size of
0.02°, power of 40 kV, 150 mA, continuous scanning) produced
by Rigaku Corporation of Japan for mineral composition
analysis was used. Test conditions had a 26 angle range of 5—80°
and a scanning speed of 4°/min. The surface morphology of the
samples was observed by scanning electron microscopy
(Phenom Desktop SEM), produced by Phenom-World

water storage-
inlet container

| T

water-rock
interaction
| reaction column

water-rock
interaction
reaction column

SM

MM SMM SMF

Figure 3. Diagrammatic diagram of the dynamic simulation test. Photograph courtesy of “Shuyu Liu”. Copyright 2023.
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Table 1. Chemical Composition of Rock Samples for Experiment (%)

composition SiO, AL O, CO, Fe,0; K,0 Na,O MgO CaO P,04 SO,
sandstone 59.199 22.40S 6.184 4.168 3.935 1.097 0.864 0.871 0.184 0.076
mudstone 59.641 21.630 8.786 0.384 3.535 1.037 1.324 0.438 0.216 0.060
composition Cl TiO, ZnO Cr,0; MnO Co0,04 NiO CuO other
sandstone 0.019 0.835 0.014 0.011 0.039 0.003 0.006 0.003 0.087
mudstone 0.014 0.895 0.003 0.014 0.038 0.002 0.007 0.005 1.971
50
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Figure 4. Mineral composition and micromorphology of rock samples: (a) XRD analysis of fine sandstone and mudstone; (b) SEM image of fine

sandstone (4000 times); (c) SEM image of mudstone (7700 times).

companies in the Netherlands. The ASAP 2020M Rapid Specific
Surface/Pore Analyzer (BET) was used to analyze the specific
surface area, total pore volume, and average pore size of the
samples.

Referring to the “groundwater quality inspection method”
(DZ/T 0064-1993), the physical indexes, such as the visible
matter of water samples, were observed and recorded in the field.
The pH value and electrical conductivity (EC) of water samples
were measured immediately using handheld analyzing kits after
the field collection. COD was determined by rapid digestion
spectrophotometry. The determination of CO;*"and
HCO; concentrations can be done by double-mixed indicator
titration. The concentration of K*, Na*, Ca**, and heavy metals
was determined by PerkinElmer NexION 300D inductively
coupled plasma mass spectrometry (ICP-MS) (United States).
Each water quality index was repeatedly tested more than three
times, and the average value was calculated for subsequent
analysis.

2.5. Statistical Analysis Method. First, based on the ion
concentration in the dynamic simulation experiment water
sample, the Q-HCA method is used to classify the water samples
with different reaction times and determine the temporal
patterns of water—rock interaction. Second, the ion ratio was
calculated to identify the source of the main ion. Meanwhile,
combined with one-way variance, the effects of different water—
rock interaction conditions and action stages on the ion source
were analyzed. Finally, the main ions were classified by PCA to
comprehensively judge the reaction types and degrees in
different stages of the water—rock interaction.

13822

3. RESULTS

3.1. Characteristic Analysis of Rock Samples. The
source and concentration change of ions in mine water are
closely related to the properties of underground reservoir rock
samples. The differences between the two types of rocks are
understood from the aspects of chemical composition, mineral
composition, surface morphology, and structure of rocks, which
provides a certain basis for revealing the mechanism of the
water—rock interaction. Using the XRF, the spectral semi-
quantitative mineral element composition analysis results of
rock samples were detailed in Table 1. The main elements of
rock samples were Si and Al, and the total proportion of
corresponding oxides SiO, and Al,O; was 81.6 and 81.3%,
respectively. These elements were followed by a small amount of
C, Fe, K, Na, Mg, Ca, S, and CI. The types of chemical elements
in the two rocks were roughly the same, but the amount of each
element was different, showing that the main mineral
composition in the rock sample is meta-aluminate or silicate
and may also contain common coal seam symbiotic minerals,
such as gypsum, rock salt, and pyrite.””

The mineral composition in the rock sample was qualitatively
and semi-quantitatively analyzed by XRD. The results are shown
in Figure 4a. The main minerals in the rock samples include
quartz; feldspar minerals (albite and potassium feldspar); clay
minerals (kaolinite, illite, and chlorite); and a certain amount of
calcite, rutile, dolomite, and pyrite. The order of percentage of
mineral components in fine sandstone was feldspar minerals
(36.0%) > quartz (32.8%) > clay minerals (30.4%). In
mudstone, the order was quartz (43.7%) > clay minerals
(33.5%) > feldspar minerals (22.8%). Therefore, feldspar

https://doi.org/10.1021/acsomega.2c08145
ACS Omega 2023, 8, 13819—-13832
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Table 2. Surface Structure and Pore Distribution of Rock Samples

specific surface area (m?/g)

total pore volume (cm®/g)

average pore diameter (nm)

BJH BJH single BJH BJH BET BET BJH BJH
sample BET Langmuir adsorption  desorption point adsorption  desorption  adsorption  desorption  adsorption  desorption
fine 5.75 7.19 5.51 6.26 0.022 0.022 0.022 15.22 9.04 15.64 13.99
sandstone
mudstone 8.30 9.73 7.73 8.86 0.027 0.027 0.027 13.07 8.61 13.73 12.17
Table 3. Physiochemical Characteristics of Water Samples®
major ions concentration (mg/L)
sample pH SS (mg/L) TDS (mg/L) Na* K* Ca** Mg** CclI- SO~ HCO;~
S1 7.36 2175 1166 338.53 5.81 64.19 15.3§ 248.67 347.94 292.76
S2 7.5 — 998 359.38 8.34 42.79 1.26 208.17 315.88 252.43
S3 7.48 649 1091 30S.70 9.80 66.62 9.35 235.18 339.51 212.65
S4 7.47 — 99§ 326.72 6.42 45.37 3.72 213.39 300.78 197.48
SS 8.16 — 858 183.05 3.68 82.36 20.54 217.23 258.32 186.24
heavy metal ions concentration (mg/L)
sample turbidity NTU EC (us/cm) COD Fe Mn Cr Cd Pb Cu Zn
S1 513.40 1960 60.85 0.392 0.0426 0.0142 0.00022 0.0075 0.0027 0.1170
S2 9.32 1522 30.27 0.156 0.0296 0.0091 0.00023 0.0058 0.0043 0.0982
S3 191.30 1955 56.34 0.116 0.0331 0.0090 0.00019 0.0054 0.0038 0.0941
S4 8.12 1530 28.67 0.129 0.0284 0.0087 0.00019 0.0052 0.0030 0.0963
SS 2.93 1267 25.32 0.724 0.0572 0.0117 0.00023 0.0087 0.0078 0.1260

a« »

—” means no detection.

minerals in fine sandstone are higher than in mudstone, whereas
clay minerals are lower in sandstone than in mudstone.
Furthermore, calcite and pyrite in fine sandstone are slightly
higher than those in mudstone. Results from the XRF and XRD
analyses, showed the following: K elements were mainly from
orthoclase, illite, and mica minerals. Ca elements were mainly
from calcite, dolomite, and other impurity minerals. Na
elements were mainly from albite and some from mica minerals.
Mg elements in the rock samples were mainly from chlorite and
some from dolomite or other minerals.”®*”

The rock samples (fine sandstone and mudstone) were
observed by a scanning electron microscopy (SEM). Figure 4b,c
show that after crushing, thin plates and strips with irregular
sizes and shapes and some irregular microcracks were found on
the surface of the minerals. Some studies have shown that the
atoms on these edges and micro-cracks may undergo
reconstruction and relaxation, making the mineral surface active
and leading to certain mineral surface adsorption to some ions in
mine water,*’

The specific surface area of rock minerals can characterize the
adsorption properties of substances, and the specific surface area
and pore structure of rock samples are listed in Table 2. The
specific surface area of fine sandstone was 5.51—7.19 m?/ g; that
of mudstone was 7.73—9.73 m*/g. The mean of the total pore
volume of fine sandstone was 0.027 cm?/ g, and that of mudstone
was 0.022 cm®/g. The specific surface area and total pore volume
of fine sandstone minerals were lower than those of mudstone.
The higher specific surface area and total pore volume are more
conducive to the adsorption and removal of ions or pollutants in
mine water.*’ The measured pore size of fine sandstone was
9.04—15.64 nm, and the mudstone was 8.61—13.73 nm. The
pore size of mudstone was less than that of fine sandstone,
indicating that the pore distribution in mudstone was denser.
Consistent with the specific surface area analysis results, the
adsorption capacity of minerals for pollutants in mine water is
mudstone > fine sandstone.
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In conclusion, compared with mudstone, fine sandstone
contains more feldspar minerals, chlorite, muscovite, and calcite,
and the dissolution of these minerals will affect the
concentration of major ions, such as Na*, K*, Ca**, and Mg*,
in water. The mudstone has denser pores and a larger specific
surface area than fine sandstone, so the ion adsorption capacity is
stronger.

3.2. Chemical Property Analysis of Water Samples.
Fissure water and mine water are the main incoming sources of
water in the underground reservoir. Learn the difference in the
quality between the two incoming waters from the main physical
and chemical composition of the water sample to understand the
impact of water quality on the change of ions. The
physicochemical characteristics of the collected water samples
are summarized in Table 3. The water samples from the
underground reservoir in this area were slightly alkaline, and the
pH was 7.36—8.16. The average value of influent of SS
concentration was 1412 mg/L, and the average turbidity of
effluent was 8.72 NTU. The mean value of inlet COD was 58.60,
and the mean value of the effluent was 29.47. EC and TDS can
be used to characterize the content of dissolved substances. The
average values of EC and TDS of the inlet were 1957.5 ps/cm
and 1128.5 mg/L, respectively, and those of effluent were 1526
pus/cm and 996.5 mg/L, respectively. Therefore, the pollutant
concentration of SS, COD, and dissolved substances from the
reservoir water decreased, and fissure water quality was better.

The ions with higher concentrations in the water sample
included Na*, Ca**, CI~, SO,*~, and HCO; ™, whereas those with
lower concentrations of K and Mg**. The average concen-
tration of Na*, Ca**, CI~, SO,*~, and HCO;™ in the influent was
322.16, 65.41, 241.93, 343.73, and 252.71 mg/L, respectively,
and that of effluent was 343.05, 88.16, 210.78, 308.33, and
224.96 mg/L, respectively. The relative concentration of Ca**
changes greatly, which was 34.78%, whereas the relative
concentration of other ions changes less, ranging from 6.48 to
12.88%.
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Figure S. Temporal patterns based on the Q-type HCA method: (a) SM, (b) MM, (c) SMM, and (d) SMF.

From the heavy metal ions, the concentrations of Fe, Mn, and
Zn in the collected water samples were relatively high, and the
concentrations of Pb, Cd, Cu, and Cr were relatively low.** The
concentration of heavy metal ions in the effluent of the reservoir
decreased to varying degrees, indicating that the caved rock in
the coal mine groundwater reservoir had a certain adsorption
and removal capacity for heavy metal ions in the mine water.

To sum up, there is a big difference in the concentration of
major ions between mine drainage and fissure water. Compared
with mine drainage, fissure water has a lower concentration of
ions. In the actual operation of an underground reservoir, the
mixing effect of mine water intake and overlying fissure water of
good quality has a great contribution to the improvement of
reservoir effluent quality.

3.3. Determination of the Temporal Patterns of
Water—Rock Interaction. Based on the main ion concen-
tration of the water samples in the dynamic simulation
experiment, the samples with different reaction times were
classified by using the intergroup join (square Euclidean
distance) method in the Q-type cluster analysis method, and
the system tree diagram was obtained. The appropriate
intergroup distance was selected to divide the samples, and
different water sample groups divided according to time series
could be obtained, as shown in Figure S. In each group of
experiments, the position of the line at a linkage distance of 6
allows a classification of the dendrogram into three clusters,
depending on the collection time of water samples. In the SM
group, water samples on the 2nd, 3rd, Sth, and 7th days were
clustered into the first cluster, water samples on the 10th, 13th,
17th, 21st, and 24th days were clustered into the second cluster,
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and water samples on the 28th, 32nd, 37th, 42nd, 48th, S4th, and
60th days were clustered into the third cluster. Considering that
the water—rock interaction reaction is continuous, we named
the first, second, and third clusters as early, middle, and late
stages, respectively, to determine the temporal patterns of the
water—rock interaction. In the SM group, the early stage is 0—7
days, the middle stage is 8—24 days, and the late stage is 25—60
days. For the MM experimental group, the early, middle, and late
stages are the same as the SM group. It showed that rock
properties had no noticeable effect on the determination of the
temporal patterns of the water—rock interaction. In the SMM
group, the early, middle, and late stages of water—rock
interaction were concentrated in 0—10, 11—-21, and 22—60
days, respectively, whereas those of the SMF group were
concentrated in 0—17, 18—28, and 29—60 days, respectively.
Therefore, water quality had a greater impact on the
determination of the temporal patterns, different from rock
properties.

Based on the temporal patterns, we further observed the time
variation of the main cations (Na’, K*, Ca®", and Mg**) and
anions (CI~, SO,27, and HCO;") in the four experimental
groups, as shown in Figure 6. The change in main cations with
time in the four experimental groups was similar; that is, in the
early and middle stages, the concentration of Na* and K'
increased first and then decreased, and the changing trend of
Ca" and Mg** showed the opposite. In the late stage, the change
of the main cation concentration becomes smaller. With the
extension of time, the ion concentration hardly changes
anymore, and the system is in a dynamic equilibrium state.
However, due to the influence of water quality and rock
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properties, the time of the inflection point of cation change
trends was different for the SM, MM, and SMM groups. The
inflection point was mainly concentrated in 3—7 days, similar to

the time point of the early stage of these experimental groups
being divided. The variation trend of anion concentration in
different groups was dissimilar. In general, in the early and
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Figure 7. Source analysis of Na*: (a) Na*/Cl7; (b) group differences of Na*/CI~; (c) group differences of CAI; and (d) group differences of SAR.

middle stages, ClI” showed a trend of increasing first and then
decreasing, while HCO;™ and CI™ had the opposite, and in the
late stage, the main anion concentration gradually reached the
equilibrium state. In SM, SMM, and SMF groups, SO,*” showed
a trend of rising in the early stage and then slowly fluctuating to
equilibrium, whereas SO,>” in the MM group showed a
decreasing trend in the early stage. Two different intersection
points were found between the change curves of CI” and HCO;~
in the three groups of SM, MM, and SMM. The second
intersection point was exactly consistent with the division of the
previous stage in the cluster analysis results. The reliability of the
Q-type HCA applied to determine the temporal patterns in the
water—rock interaction process was confirmed further. The
concentration of CI” in the SMF group was always higher than
that of HCO;™. The reason is that the ion concentration in
fissure water was low, and the relative abundance was different
from that of mine water, which affects the changing trend of
ions.*

4. DISCUSSION

4.1. Analysis of the Main lon Sources in Each Stage of
Water—Rock Interaction. The ion ratio method was used to
analyze the source of the main ions to explore the differences in
the types and strengths of the water—rock reaction in each stage.
The ion ratio method usually indicates the ion source and the
water—rock interaction, providing valuable information on
geochemical processes.”* By the Tukey test, p < 0.05 indicates
a significant difference between the groups. Two interesting
things can be found in Figures 7 and 8: (1) among the various
ion ratios, the ions ratios range of the water samples in the SMF
group was always significantly different from the other three
groups, indicating that water quality differences could affect the
intensity of the water—rock reaction. (2) The ion ratio changes
regularly with time, and the trend of the change was similar in
different groups, which further proved the temporal patterns in
the water—rock interaction.

4.1.1. Source Analysis of Na* in Each Stage of Water—Rock
Interaction. In the process of the water—rock interaction, the
increase or decrease in the concentration of Na* was affected by
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many effects, among which mineral dissolution and cation
exchange are usually the most obvious."**° Na*/Cl™ can reflect
the deficiency or excess level of Na' relative to Cl7, if Na* and
CI” only come from the dissolution of halite; then according to
the chemical composition of halite, the molar concentration
ratio of Na"/Cl™ should be a fixed value of 1. Figure 7a shows
that the concentration of Na* changes regularly with the increase
of CI”, and the Na*/CI™ of all water samples is less than 1. Na*
was relatively in excess compared to Cl7, and the source of Na*
involved other sources besides halite dissolution. According to
the mineral composition analysis, the dissolution of sodium-
containing silicate minerals, such as albite, alurgite, and
muscovite occurred in fine sandstone and mudstone. Figure
7b shows that the range of Na"/Cl™ in the SMF group was
different from the other three groups. Combined with the
analysis of the chemical properties of the water samples, the level
of Na* in fissure water was lower than that of mine water,
whereas the level of CI™ was higher than that of mine water. As a
result, the value of Na*/Cl™ in the SMF group was significantly
lower than that of the other groups. This indicates that the
concentration of Na* and Cl™ in water affects the dissolution
intensity of halite. The study of Yin** and Jia** also concluded
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that the ion concentration in water had a great influence on the
dissolution amount and rate of soluble salt minerals.

CAI (Cl-(Na + K)/Cl) is often used to judge whether a
cation exchange reaction occurs in the water—rock interaction.”’
As shown in Figure 7c, the values of CAI for the four groups were
negative, showing cation exchange in the process.48 Consistent
with the significant difference between groups of Na*/Cl~, the
CAI value of the SMF group was significantly different from
other groups, which further indicated that the relative
abundance of Na* and CI” in water would significantly affect
the intensity of the cation exchange reaction during the water—
rock interaction. Next, the sodium adsorption ratio (SAR) can
be used to identify the strength of cation exchange in the water—
rock interaction.”” Figure 7d shows that the SAR value of the
SMF group was lower than that of the other groups, indicating
that the cation exchange in the SMF group was relatively weak in
the process of the water—rock interaction. From the time stage,
the order of SAR values in the four groups was early-stage >
middle-stage > late-stage, showing that the cation exchange
effect decreased gradually with the extension of the reaction
time. Significant difference analysis showed that in SM, MM, and
SMM groups, the cation exchange reaction was more intense in
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the early and middle stages, whereas the SMF group was only
more intense in the early stage. In the SM, MM, and SMM
groups, extremely significant differences were observed between
the late stage and the other two stages, whereas, in the SMF
group, extremely significant differences were observed in all
three-time stages.

4.1.2. Source Analysis of Ca**, SO,?~, and HCO;™ in Each
Stage of Water—Rock Interaction. Ca**, SO,*~, and HCO;~
were derived from the dissolution of carbonate minerals (such as
dolomite and calcite) and evaporated minerals (such as gypsum
and anhydrite).”°~>” If Ca** and SO,*~ only come from gypsum
dissolution, the moral concentration ratio of Ca**/S0O,>~ should
be a fixed value of 1. If Ca** and HCO;~ only come from calcite
dissolution, the molar concentration ratio of Ca?*/HCO;~
should be between 1:1 and 1:2. As shown in Figure 8a,b, the
concentration of Ca** changes regularly with the increase of
$O,*” and HCO;™, and Ca**/S0,>™ and Ca**/HCO;™ in all
water samples are less than 1. Therefore, the lack of Ca** relative
to SO,*~ and HCO, " is mainly related to the relative abundance
of Ca**, SO,*7, and HCO;™ in raw water. Furthermore, the
cation exchange reaction further leads to a shortage of Ca®".
Combined with the analysis of rock mineral composition, the
source of Ca’* may come from the dissolution of dolomite in
addition to the dissolution of gypsum and calcite minerals. In
addition to gypsum dissolution, the source of SO,>~ may be a
small amount from the oxidative hydrolysis of pyrite, and
HCO;™ mainly comes from the dissolution of calcite, dolomite,
and other minerals.”*>*

The levels of Ca**/SO,*” and Ca**/ HCOj;™ at different time
stages are shown in Figure 8c,d. Combined with the change of
main ions with time, Ca** showed a decreasing trend in the early
stage, an increasing trend in the middle stage, and stability in the
late stage. The analysis in the previous section shows that the
cation exchange reaction is strong in the early stage of water—
rock interaction, and the result will lead to an increase in the
concentration of Na* and a decrease in the concentration of
Ca?". Therefore, in the middle stage, the water—rock reaction of
supplying Ca*" concentration is the main reaction, which may
include the dissolution of calcium-containing minerals, such as
calcite, dolomite, and gypsum. Unlike the MM group, in the SM
group, the Ca>*/SO,*™ in the middle stage was slightly lower
than in the early stage. Combined with mineral composition
analysis, calcite and dolomite were found to be contained in fine
sandstone rather than mudstone and were dissolved, promoting
the precipitation of HCO,™ and reducing the ratio of Ca*'/
HCOj;™. Therefore, the dissolution reaction of the carbonate
minerals, such as calcite and dolomite, is more intense in the
middle stage of the water—rock interaction. This is basically
consistent with the previous use of soil column experiments to
study the dissolution behavior of carbonate minerals in the
water—rock interaction during the infiltration of surface water
polluted by mine water, that is, it increases first and then
decreases until it is stable.”

4.2. Type and Intensity of Main Water—Rock Inter-
action at Each Stage. According to Sections 3.3 and 3.4, given
the influence of water quality, the temporal pattern and the
change rule of ion concentration were quite different from the
other groups. PCA was conducted to decompose the variables of
ions, such as Ca**, Mg**, Na*, K, HCO; ", Cl~, and SO,*", in the
SMF water samples. The results showed that all indexes were
reduced to 1 dimension; thus, it was not suitable for PCA.
Similarly, 48 samples in the SM, MM, and SMM groups were
analyzed using PCA to decompose variables of ions, and the

results are shown in Tables 4 and 5. As shown in Table 4, the
Kaiser—Meyer—Olkin was 0.759, and Bartlett’s test of sphericity

Table 4. Correlation Matrix for Factor Analysis

initial eigenvalues

component total variance (%)  cumulative (%) statistical test
1 5.019 71.704 71.704
2 1.184 16911 88.615
3 0.441 6.297 94912 KMO = 0.759
4 0.152 2.179 97.090 Sig = 0.000
S 0.111 1.587 98.677
6 0.076 1.082 99.760
7 0.017 0.240 100.000
Table 5. Component Matrix after Rotation
factor
index 1 2
Na* 0.959 0.209
K* 0.925 0.135
Ca* —0.933 —0.056
Mg** —0.954 0.020
Cl- 0.884 —0.299
Noe 0.067 0.990
HCO;™ 0.797 —0.301

declined, indicating that the data were correlated, and the factor
analysis was effective. With two principal components, the
cumulative contribution rate was greater than 80%, and the
information extraction rate of each variable was greater than
0.70.°*%” The two principal components can better reflect most
of the information of the original variables, and the effect of PCA
is good. As shown in Table 5, ions of Na*, K*, Ca**, Mg**, CI’,
and HCOj;™ possessed high loading values in the PC, direction,
whereas the ion of SO,*~ had a high loading value in the PC,
direction. According to the above analysis, PC; can represent
cation exchange and the dissolution of minerals (such as halite,
calcite, and dolomite), and PC, can represent the oxidative
hydrolysis of pyrite and the adsorption of minerals.”®*” The
oxidative hydrolysis of pyrite leads to an increase in the
concentration of SO,*”, whereas the adsorption of minerals
leads to a decrease in the concentration of SO,*”. The two
effects have opposite effects and need to be analyzed with the
actual situation.

The factor score diagram of each water sample was drawn,
taking the common factors PC, and PC, as the coordinate axes,
as shown in Figure 9. The load distributions on PC, and PC, of
the water samples in the early, middle, and late stages were
different. Most of the water samples in the early and middle
stages were distributed in the positive direction of PC,,
indicating that the main water—rock reaction in the early and
middle stages included the cation exchange and the dissolution
of minerals, such as halite, calcite, dolomite, and gypsum. Based
on analysis of the ion source, the early stage of water—rock
interaction could be dominated by cation exchange, supple-
mented by mineral dissolution. In contrast, the middle stage was
dominated by mineral dissolution, supplemented by cation
exchange. The water samples from the late stage were
distributed in the negative direction of PC;, showing that the
cation exchange is weak in the late stage and that the dissolution
of minerals has reached equilibrium. The early water samples of
SM and SMM were distributed in the positive direction of PC,,

https://doi.org/10.1021/acsomega.2c08145
ACS Omega 2023, 8, 13819—-13832


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
T T T T T T T T
6 ®  Early stage _
®  Middle stage
Late stage
95% confidence ellipse of "Early stage”
4 [ [~ 95% confidence ellipse of "Middle stage'! B
95% confidence ellipse of "Late stage"
2k _
~ _
o 4 oy
S .
O
— 0
~ . .
o
2
AN
2k S - .
4 _
6 - _
1 1 1 1
-4 -2 0 2 4

PC, (71.7%)

Figure 9. PCA plot of the hydro-chemical of the SM, MM, and SMM
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whereas those of MM were distributed in the negative direction
of PC,. According to the mineral composition and ion change,
the mudstone contains more clay minerals than the fine
sandstone and almost no pyrite, resulting in a lower SO,*~
content in the MM formation than in the SM and SMM
formations in the early stage. Therefore, the positive direction of
PC, can explain the strength of oxidative hydrolysis of pyrite,

whereas the negative direction can explain the strength of the
adsorption of minerals. The water samples in the middle and late
stages were relatively evenly distributed in the positive and
negative directions on PC,, and the load was small, indicating
that the oxidation hydrolysis reaction of pyrite and the
adsorption of clay minerals in the middle and later stages of
the water—rock interaction was weak. The water samples in the
middle and late stages were evenly distributed in the positive and
negative directions on PC,, and the load was small. The
oxidation hydrolysis reaction of pyrite and mineral adsorption
was weak in the middle and late stages of the water—rock
interaction. The influence of different components and contents
of soluble minerals and clay-like minerals in the rocks on the
type and intensity of water—rock interaction in each stage is
different, which is basically consistent with the results of
previous studies on the mechanism of the influence of rock
mineral characteristics on the water—rock interaction.”’

In summary, the temporal pattern of water—rock interaction
can be determined by the Q-type HCA method. Combined with
the ion ratio method and PCA method, the main types and
intensity of water—rock interaction in each stage can be further
analyzed. The above research methods provide new ideas for
revealing the mechanism of the water—rock interaction, such as
the application in the geochemical aspects of natural gas hydrate
exploitation and exploration.””®> The research shows that, in
general, the water—rock interaction process between the
collapsed rock (fine sandstone and mudstone) and the main
water (mine water and fissure water) in the underground
reservoir can be divided into three time stages: early, middle, and
late. The specific stage division and mechanism of action are
shown in Figure 10. The early stage of water—rock interaction is

Temporal pattern

Reaction of water-rock interaction process

Halite
SM Nat, CI-
Nat, K+
0d 7thd 24thg 60thd Pyrite 0,
Ca2+. Mo+ Fe2t, Fe3t, SO,
a g .
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Figure 10. Temporal pattern and mechanism of the water—rock interaction.
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Early stage: cation exchange reaction is dominant
Middle stage: mineral dissolution reaction is dominant
Late stage: all kinds of water-rock reactions are weak
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dominated by the cation exchange reaction, in addition to the
dissolution of soluble minerals, such as halite and calcite, and the
adsorption of clay minerals. The middle stage of the water—rock
interaction is dominated by mineral dissolution, supplemented
by the cation exchange reaction and mineral adsorption. In the
late stage of the water—rock interaction, the water—rock
reaction is weak and in a dynamic equilibrium state, which is
basically consistent with previous studies.”® The nature of water
and rock will affect the type and intensity of the water—rock
interaction in each stage, and the nature of water has a greater
impact. The research results are of great significance for the
prediction of groundwater reservoir effluent ions. According to
the conclusion of this study, it can be seen that in this system, the
cation exchange reaction is the dominant roles in the early
stages, so the concentration of Ca®* decreased during this period
by about 1/2 the amount that of the concentration of Na*
increased. It is worth noting that during the actual operation of
the underground reservoir in the coal mine; the water—rock
interaction process is often affected by the mixing action of the
newly incoming water and the overlying fissure water, which
causes relatively large changes in the ion concentration. The ion
concentration in the later stage can be estimated based on the
initial ion concentration and flow of the two incoming waters.

5. CONCLUSIONS

In the actual operation of underground reservoirs in coal mines,
the concentration level of ions in the effluent is closely related to
the length of residence time. Based on field monitoring, this
paper designed a dynamic simulation experiment of the water—
rock interaction aimed at the comparison of water quality and
rock properties and explored the temporal patterns of the
water—rock interaction, as well as the source of ions in each stage
and the type and intensity of the water—rock interaction. This
study shows that the water—rock interaction can be divided into
early, middle, and late stages and that water quality has more
influence on the temporal patterns than rock properties. The
types and intensities of the water—rock interaction were
different at different time stages. Generally speaking, the early
stage was dominated by cation exchange, the middle stage was
dominated by mineral dissolution, and the late stage was
relatively weak with little relative change in ion concentration. In
practice, the mixing between the overlying fissure water of good
quality and the mine water will further dilute the ion
concentration in the water and improve the effluent quality of
the reservoir. The research conclusion has a certain practical
value for guiding the prediction of effluent ion concentration in
underground reservoirs and the selection and optimization of
subsequent water quality assurance measures. However, this
paper only considers the change rule of main ions with time and
does not consider the change rule of concentration of suspended
solids, COD, heavy metals, and other pollutants with time and
their coupling effect. It is suggested that further research be
carried out later.
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