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Abstract: Coal mining has a certain influence on and causes disturbances in groundwater. To
investigate the variation trend of groundwater around the open-pit mine in grassland area, taking
Shengli No. 1 open-pit mine as an example, the impact and variation trend of groundwater level in
Quaternary aquifer around the mine area was studied by using the data of hydrological monitoring
wells. The results show that the water level around the mining area varies from one year to the next.
Since 2008, the water level has experienced a process of reduction, stability and increase. Compared
with the background water level value, the current water level of each monitoring well is lower than
the background water level. The influence radius calculated by Kusakin formula ranges from 94.15 m
to 906.80 m, and the aquifer is heterogeneous. On the basis of the correlations between changes in
waterline in monitoring wells and the stope distance, the disturbance radius of open-pit mining
on surrounding diving water in grassland area is less than 2000 m. Based on the comprehensive
analysis of the alteration of diving waterline and its influencing factors, the main factors affecting
the variation in the phreatic water level are atmospheric precipitation, evaporation, groundwater
usage and dewatering water. All factors act on the diversification of diving water level synthetically.
The internal waste dump of an open-pit mine has a positive effect on the surrounding groundwater
recovery. The aim of this study is to reveal the impact of open-pit mining on surrounding groundwater
and providing scientific basis for future mining in other open-pit mines.

Keywords: open-pit mine; mining; groundwater; change law

1. Introduction

The three major themes of coal mining are safety, efficiency and greenness. Coal
safety and high-efficiency mining in some mining areas in China have reached the world-
leading level, but there are still deficiencies in green mining [1,2]. The impression of coal
mining on underground water resources is one of the current problems [3]; whether it
is in the form of standard mining or open-pit coal mining, it will affect and disturb the
surrounding groundwater [4]. In learning the links between coal mining and groundwater
changes, previous studies on the changes in groundwater flow field [5-8], groundwater loss
paths [9,10], groundwater environmental impacts and evaluations [11-16], degradation of
groundwater quality [17-19], the hydrochemical evolution of underground water [20,21],
damage mechanisms [22] and other aspects have been studied in depth. Using the research
methods, researchers have mainly analyzed hydrogeological conditions, hydrological
hole observation, pumping tests, numerical simulation, etc. [23-27]. Underground coal
mining will form a groundwater funnel [28,29], which will have a certain impact on the
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surrounding groundwater level. In recent years, machine learning models such as nonlinear
autoregressive neural networks, random forests, and xgboost have provided new ideas
related to the study of groundwater level dynamics [30,31]. The effect range of open-pit
mining on the surrounding groundwater, and the recovery law of groundwater before,
during and after mining are in need of further study [32].

This paper, which focuses on the Quaternary diving aquifer around the Nortel Shengli
Open-pit Coal Mine, comprehensively utilizes years of hydrological monitoring well data,
atmospheric precipitation data, and other data to explore the relationship and impact of
open-pit mining and the surrounding groundwater changes. Based on previous hydro-
logical data, a comparison of the waterline background of the eastern part of the mine
in 1988 is established. In addition, using the data of hydrological monitoring wells for
10 years, the trend of diving water levels around the mining area is analyzed and studied.
A comprehensive analysis of a variety of influencing factors, including the change in the
surrounding groundwater during the operation of the open-pit mine and the radius of
influence on underground water, is obtained.

2. Materials and Methods
2.1. Study Area

Nortel Shengli Open-pit Mine is in Xilingol League, Inner Mongolia. The region
has a subarid prairie climate, with severely cold winters and hot summers. According to
meteorological data from 1952 to the present, the annual precipitation has been far lower
than the annual evaporation. The sources of Quaternary diving replenishment around
the mining area are composed of atmospheric precipitation, lateral recharge of Xilin River
water, melting ice and snow, atmospheric condensate, and groundwater runoff. The main
drainage methods are completed by diving evaporation, plant transpiration, groundwater
runoff, and artificial drainage (draining water from open-pit mines).

The Shengli No. 1 open-pit mine is situated 6 km north of Xilinhot, with an average
length of 6.84 km from east to west and an average width of 5.43 km from north to south
(Figure 1). This open-pit mine was built in 1974 and was put into production in December
1979. When it was put into production, the production capacity was 0.15 Mt/a, and in 1992
it reached a design capacity of 0.3 Mt/a. In 2004, the mining pit was 1.2 km long, with an
average width of 0.3 km and an annual production capacity of 0.3 Mt/a. In 2005, Shenhua
Nortel Shengli Energy Co., Ltd. took over and began large-scale development. In 2006, the
National Development and Reform Commission approved the construction of a large-scale
open-pit coal mine with a size of 20 Mt/a and began mass open-pit coal mining,.

The coal-bearing stratum of Shengli No. 1 Open-pit Mine is the Cretaceous Shengli
Formation, and the main recoverable coal seams are 5 coal seams and 6 coal seams. The
5 coal seams are 0.10-36.52 m thick throughout the area, and the average thickness is 16.27 m.
No. 6 coal is the first main retractable coal seam, with a layer thickness of 0.40-95.47 m and
an average thickness of 33.42 m. At present, the open-pit mine is about 2.35 km long from
east to west and 2.65 km wide from north to south. There are two dumping sites in the east
and south, in addition to the dumping sites located in the north. On behalf of monitoring
the influence of open-pit mining on groundwater, 12 hydrological monitoring wells have
been deployed in the east since 2008 to continuously monitor the underground waterline
(Figure 1).
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Figure 1. Location map of the study area.

2.2. Hydrogeological Features

There are four aquifers in Shengli No. 1 open-pit mining area, namely the Quaternary
pore diving unconfined aquifer; the fractured pore confined aquifer in the upper 5 coal
conglomerate sections [33]; the 5 coal fractured confined aquifers; the 6 coal fractured
artesian confined aquifers (Table 1). The key lithology of the Quaternary unconfined
aquifer is fine sandstone, conglomerate, mudstone, clay, etc. The aquifer’s thickness is
normally 2-16 m, and the maximum thickness is 63.27 m. The aquifer gradually thickens
from west to east and from north to south. It becomes thicker: the permeability coefficient
is 1.145-27.31 m/d, the unit water afflux is 0.3462-1.8954 L./ m*s, and the water richness
decreases from east to west.

The aquifer lithology in the rock section is mainly gray-green, gray-brown, and gray
conglomerate [34], with coarse sandstone, fine quar, and mudstone interposed. The thick-
ness of the aquifer varies greatly: the average thickness is 14.99 m and the maximum
thickness is 58.65 m. The unit gushing water volume is 0.0085-0.056 L/m*s, the infiltration
coefficient is 0.1982-0.902 m/d, and the water richness is average. The 5 coal seams mainly
exhibit aqueous lithology, with a mixed thin layer of fine sand, sandy shale and the like,
and the average thickness is 16.27 m. The coal seam has joints and cracks, and the local
coal seam is lumpy and fragmentary. The unit gushing water is 0.0823-0.6068 L/m*s, the
infiltration coefficient is 0.15-3.874 m/d, and the water richness is weak—-medium.

The 6 coal seam mainly exhibits aqueous lithology, with a mixed thin layer of fine sand,
shale, sandy shale and the like. Coal seam cracks are unevenly developed in the plane and
vertical direction [35], and local coal seams leak. The unit water inrush is 0.00015-0.3434 L. /m*s
and the permeability coefficient is 0.00031-1.617 m/d. There is uneven water richness: the
water is generally richer in the northwest but poorly aqueous in the east.

A stable aquifer is basically developed between the four aquifers. The lithology is
mainly mudstone, sandy mudstone and siltstone. Groundwater recharge, runoff, and
drainage conditions in the study area were observed. Quaternary unconfined aquifer
recharge consists of atmospheric precipitation, lateral recharge of the Xilin River water, ice
and snow melting water, atmospheric condensate water, and groundwater runoff, of which
atmospheric precipitation is the main source. The aquifer, 5 coal and 6 coal aquifers in the
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conglomerate section are mainly recharged by atmospheric rainfall through the infiltration
of the aquifer’s hidden outcrops and the weak sections of the aquifer.

Table 1. Stratigraphic column of the hydrogeology in the study area.

Stratigraphic Init i
grap Coal  Thickness Hydrogeological Characteristics Aquifer
System  Formation Seam (m)
%\ The lithology of this layer is mainly alluvial and lacustrine fine sandstone,
g o Conglom_erate, mudstone, sandy loam and clay. 1.145—27.3_1. m/d. Thg unit Quaternary
= N water inflow is 0., 3462-1.8954 L/m?*s, and the permeability coefficient aquifer(unconfined
8( belongs to the medium-strength water-rich aquifer. aquifer)
The lithology of this layer is mainly grayish green, grayish brown and gray Impervious bed
conglomerate, mixed with coarse sandstone, fine sandstone and mudstone.
S The average thickness of the aquifer is 14.99 m, the unit water inflow is Conglomerate
0.0085-0.056 L/m*s, and the permeability coefficient is 0.1982-0.902 m/d. aquifer(confined
The water yield of the aquifer is weak. aquifer)
L{E) Impervious bed
o § The lithology of this layer is mainly coal seam and mudstone, mixed with a 5 coal seam
S = thin layer of fine sandstone and sandy mudstone. Joints and fractures are aquer(c_onfmed
§ g S o developed in coal seam, and local coal seams are massive and fragmentary. aquifer)
g 5 © The unit water inflow is 0.0823-0.6068 L/m*s and the permeability Impervious bed
£ = coefficient is 0.15-3.874 m/d. The aquifer is a weak-medium-strength
5 g water-rich aquifer. 5 coal seam
g aquifer(confined
= aquifer)
The lithology is mainly composed of thin layers of fine sandstone, Impervious bed
‘g mudstone and sandy mudstone. The fracture development of coal seam is
= o uneven, and some coal seams leak. The water inflow per unit is 6 coal seam
ig = 0.00015-0.3434 L/m*s and the permeability coefficient is 0.00031-1.617 m/d. aquifer(confined
s The aquifer is inhomogeneous in the plane and vertical direction and aquifer)
© belongs to the weak-medium rock group.
- The lithology of this layer is main}y gray, gray whitg and mudstone, partly )
a carbonaceous mudstone and thin siltstone. There is a small amount of Impervious bed
fracture water in some parts.
2.3. Methods

The target layer of this study is the Quaternary submerged aquifer, which has the most
direct impact on the ecology around the mining area due to the changes in the groundwater
of this aquifer. The adopted research methodology uses past hydrological data to establish
the water level background value on the one hand, and Kusakin’s formula to calculate the
radius of influence on the other.

For the opencast mining rock above each peeling seam, after excavating soil and rock
formations, the original water stored in the aquifer will be lost in the thinning process
of drying. The influence radius can be calculated using the Kusakin formula [36]. The
calculation formula is as follows:

R =2SVK x H 1)

where R is a radius of influence (m); S is the water level drop value (m); H is the aquifer’s
average thickness; there is an aquifer permeability coefficient of K (m/d).

In addition, the data obtained from a hydrological monitoring well over a period of
10 years were used to analyze and study the changing law of diving water level in the
quaternary aquifer around the mine area. The water level of the hydrological borehole
was monitored using OTT water level monitor, via a probe submerged to the level of the
liquid surface, which was 20 m, and remote transmission was used for monitoring. The
principle of borehole deployment is mainly to monitor the inner discharge site (QG7), the
periphery of the outer discharge site (QG3, 4, 5, 9, QGNS5), the original stratum around
the mine (QGN1, 2, 3, 4, 6) and the periphery of the river channel (QGN?7). The dredging
water in the production process of the open-pit mine has a certain influence on the sur-
rounding groundwater. Combined with the production of the open-pit mine, we analyze
the relationship between the amount of dredging water in the open-pit mine over the years
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and the change in the water level of the Quaternary aquifer. There are more factors affect-
ing the change in groundwater level, and atmospheric precipitation is the main recharge
source of the Quaternary aquifer, in addition to the expansion and development of the
city, the increase in the scale of animal husbandry, and the irrigation of agricultural and
pastoral industries, all of which will affect the water content of the groundwater. In this
study, a variety of factors were considered simultaneously, and the intrinsic connection
between the temporal changes of each factor and the changes in the groundwater level was
comprehensively analyzed.

3. Results
3.1. Influence Radius

Pumping tests were carried out on several hydrological holes in the eastern mine. The
permeability coefficient K and the water level drop value S are shown in Table 2. According
to multiple borehole data, the average thickness of the Quaternary aquifer in the eastern
mine is about 20 m. The influence radius R (m) calculated by the Kusakin formula is shown
in Table 2. The distribution range of the influence radius value is 94.15 m to 906.80 m.
Calculated from the radius of influence of different data look drilling, there is a certain
heterogeneity Quaternary aquifer; the calculated radius of influence also differs greatly.

During the open-pit mining process, the aquifers around the stope are continuously
drained to form a groundwater funnel centered on the stope. The influence radius calcu-
lated by the Kusakin formula cannot fully reflect the disturbance radius of the open-pit
mining to the surrounding groundwater. Theoretically, the smaller the distance from the
stope boundary is, the lower the monitoring well waterline is, and the greater influence
of the dredging water is. Affected by the heterogeneity of the aquifer, some monitoring
wells may not conform to this law. Taking the change in the waterline of a single well as an
indicator, comparing the change in the waterline of a single well with different distances
from the stope under certain conditions can reflect the radius of disturbance of groundwater
under this condition.

Table 2. The data table of radius of influence.

Well Name DK1 DK2 DK3 ZK10 1 2 3
K(m/d) 12.77 3.13 21.99 15.81 12.21 27.31 12.69
S(m) 3.77 5.95 4.79 10.28 10.32 19.40 20.06
R(m) 120.50 94.15 200.90 365.60 322.54 906.80 639.16

3.2. Comparison of Background Water Level and Current Water Level

The predecessor of Shengli’s No. 1 open-pit mine is the Hongqi open-pit mine. The
open-pit mine was built in 1974 and put into production in December 1979. When it was
put into production, the production capacity was 0.15 Mt/a, and in 1992 it reached a design
capacity of 0.3 Mt/a. Based on the groundwater level data in the eastern mine surveyed
from 1987 to 1990, a quaternary aquifer and other water-level map was drawn. The water
level in this map represents the background value before the large-scale mining of Shengli’s
No. 1 open-pit mine (Figure 2). Most of the water level data are from the well data obtained
in 1988 and 1989. The groundwater level in the eastern part of the open-pit mine gradually
decreased from south to north, the water level elevation dropped from 987 m to about
971 m, and the groundwater level around the stope was between 981 m and 975 m. The
runoff direction of the Quaternary aquifer is from south to north, which is basically the
same as that of the Xilin River.

At present, the general trend of the groundwater level in the east of the open-pit mine
is gradually decreasing from south to north, and the water level elevation has dropped
from 975 m to about 970 m. Compared with the background value, the waterline of the
quaternary aquifer has decreased. Compared with the background value, the current water
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level near the stope has decreased by about 4-6 m, and the water level in the northern mine

has decreased slightly.

N 01 2 3km v
41 g ' !

[44°220"

988

o779

[43°5817"

Legend:__
i p—— ) PPN

B ot Cvivat O Hydrogaphiewdl @) Loogterm mostoriagwels

980.04 Waterlevel - =
O, et s [ e

>
\ F565
¢ 25 NQBQBQ?;%% 928

[115°56'25" [116°4'54"
N

77

g _979.0
6988

975

97¢

[44°220"

[a35817"

[115°56:25" [116°a'54"

Figure 2. The waterline map of dive in the Quaternary System around the coal mine in 1988.

For each year, the magnitude of the change of water level monitoring wells shows
some differences. The smallest change in amplitude is 0.54 m, while the maximum change
in the magnitude is 3.59 m, and there is an average water level fluctuation amplitude of
2.06 m. The maximum water level of the dive appears about 3 months after the maximum

rainfall, with a certain lag (Figure 3).
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Figure 3. The waterline change of monitoring wells in 2013.

During the mining process of Shengli No. 1 open-pit mine, continuous monitoring
wells have been deployed since 2008. Among them, five hydrological wells started being
monitored in 2008 (Figure 4a) and seven hydrological wells started being monitored in
November 2010 (Figure 4b). The monitoring data were collected once a month, and the
monitoring time totaled 120 months. As can be seen from Figure 4, since 2008, the eastern
mining area of Quaternary aquifer groundwater level has experienced a slower, stable and
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increasing process of change, mainly in the lower level of the years 2010 to 2012, and the
water level has gradually changed overall. Compared with the water level data initially
monitored, the water level of most monitoring wells is higher than the water level during
initial monitoring, and the groundwater level in the eastern mine is gradually rising.

The current water level elevation of the hydrological monitoring wells is compared
with the background value before the large-scale mining took place in 1988. The water
level has decreased. The monitoring well with the highest water level decline is QGNS3,
with a depth of 7.31 m, and the smallest decline is 2.35 m for QGN4. The average descent
depth is 4.78 m (Figure 2). The current level of the monitoring wells is compared with
the background value. There is a definite link between a decreased distance between
the boundary and monitoring wells stope, and when the distance from the water level
monitoring well stope is shorter, the decrease in the water level is relatively large.
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Figure 4. The trend map of the waterline change of monitoring wells.(a) Hydrological wells monitored
since 2008 (5 wells); (b) Hydrological wells monitored since 2010 (7 wells).

4. Discussion
4.1. Influencing Factors

There are many factors, both human and natural, that lead to changes in the ground-
water level. Each of the influencing factors that affect groundwater resources provide
protection or cause damage that is easy to judge, but the factors affecting the groundwa-
ter itself are difficult to quantify. Open-pit mining-dredged water has a certain impact
on groundwater, which will cause the water level around the stope to drop and form a
groundwater funnel. At the same time, the decline in the water level is also affected by
other factors. This paper compares and analyzes several factors that affect the change in
water levels, namely precipitation, evaporation, dredged water and groundwater used for
human activities [37,38] (Table 3). The precipitation and evaporation data come from the
Xilingol League Meteorological Bureau, the annual dry water data come from the Shengli
No. 1 open-pit mine production data and the groundwater usage data come from the
Xilingol League statistics of the total groundwater used for agriculture, animal husbandry
and living.

According to the influencing factors for many years, the changes that have occurred in
the diving waterline of the Quaternary aquifer since 2008 are shown in Figure 5. Since 2008,
the Quaternary aquifer groundwater level has gone through reducing, smooth and elevated
process, in which the maximum rate of decline was observed in 2009, 2010 and 2012,
occurring at a relatively low value compared to the steady, rapid rise that began in 2013,
which thus far has continued to rise (Figure 5e). Comparing the change in the water level
and the change trend of influencing factors, there is no single matching factor curve that
has a good matching connection with the change in the waterline, which indicates that the
variation in the diving waterline in the Quaternary aquifer is controlled by multiple factors.
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Table 3. The data table of influence factors.
Annual Precipitation Annual Evaporation Annual Dredging Groundwater Use
Years (mm) (mm) (x10% m3) (x10% m3)
2008 228.6 1482 654
2009 240.8 1437.6 823
2010 276.9 1331.5 693
2011 226.7 1357.3 443 8816
2012 511.7 1214.7 365 7565
2013 2734 1231 317 7233
2014 255.9 1414.3 206 6812
2015 412.8 1316.9 171 6130
2016 309 1346.2 172
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Figure 5. The waterline change and influencing factors. (a) Annual precipitation since 2008;
(b) Annual Evaporation since 2008; (¢) Annual dredging since 2008; (d) Groundwater use since
2008; (e) QG3 well water level elevation since 2008.

The area of Xilinhaote belongs to a semi-arid steppe climate, with annual evaporation
greater than precipitation. Precipitation in 2008 and 2009 was low and evaporation was
high (Figure 5a,b). The dredged water volume is the total trunk volume of the Quaternary,
top conglomerate and five coal aquifers in the mining area. Although it does not represent
the actual dredged water volume of the Quaternary, the trend of the dredged water volume
is the same. Judging from the amount of dredged water extracted, the amount of dredged
water in the past two years has been relatively large, resulting in a drop in water levels
(Figure 5c). From 2010 to 2012, the amount of dredged water dropped drastically, from
8.23 million tons to 3.65 million tons, and the amount of precipitation in the atmosphere
increased significantly. In 2012, the amount of precipitation reached a high of 511.7 mm.
In addition, the use of groundwater was controlled, and the use of groundwater was also
reduced (Figure 5d). At the same time, the eastern part of the mining area began to drain
in 2012. On the one hand, the internal dumping site has a certain blocking effect on the
drainage of the Quaternary aquifer in the eastern mine, and on the other hand, the distance
between the monitoring well and the mining boundary gradually increases. The water
level has risen rapidly since 2013, which is consistent with the continuous decline in the
amount of dredged water and the continuous decline in the use of groundwater.

According to a comprehensive analysis of the water level changes and influencing
factors of the Quaternary aquifer in the east of Shengli’s No. 1 open-pit mine, atmospheric



Water 2024, 16, 1938

90f 13

precipitation, evaporation, dredged water, and groundwater use all affect water-level
changes. The eastern mine has a positive effect on groundwater level recovery. Water-level
changes are controlled by the combined effects of multiple factors, and it is difficult to
distinguish the weight or quantitative characterization of each factor.

4.2. Influence Radius

The quaternary aquifer diving water level is affected by atmospheric precipitation
recharge, evaporation, runoff and drainage, and the water level also changes to some
extent throughout the year [39]. During the year, the atmospheric precipitation is mainly
concentrated from June to August, accounting for about 71% of the annual precipitation.
The groundwater level is affected by it. From January to April, the water level for the
whole year is relatively low. It gradually increases in May, and the water level in some
wells remains unchanged or increases slightly from September to December.

Table 4 shows the water-level data of different hydrological monitoring wells in 2013
and 2014. The nearest monitoring well is about 30 m from the stope, and the farthest
monitoring well is about 1700 m from the stope. Comparing the changes in the water level
of each monitoring well during the year, in addition to QGN3 and QGN4, the water levels
of other wells in 2013 and 2014 had the characteristic of decreasing water level changes
with increasing distance from the stope. In the same year, the same amount of atmospheric
precipitation and evaporation is accepted at each drilling location. The amount of dredged
water in open-pit mining is constant. The alteration in the waterline of monitoring wells
at different distances is affected by the formation permeability and water richness of the
monitoring wells on the one hand, and by the mining dredging on the other. The effect of
dry action dredging was added to the influencing factors and compared to conventional
groundwater level monitoring methods [40-42]. The effect of dredging on surrounding
formation water is gradual, and the effect gradually decreases from the dredging wells
surrounding the stope to the outside.

In order to identify the disturbance range of dredging to the surrounding groundwater,
the average water level of monitoring wells in 2013 and 2014 was compared. The two years
of annual precipitation were comparable, and the annual evaporation was slightly higher
in 2014 than in 2013. However, the total amount of drained water was 3.17 million tons
in 2013, compared to a total of 206 tons in 2014, which is a large difference. In contrast
with the quantity of precipitation and evaporation, which was approximately the same,
there was a large change in the amount of dredged water. From the annual water level
change of the monitoring well, we can identify the disturbance range of the dredged water.
Compared to 2013, the water levels of all monitoring wells have increased, except for that
of QGN?7. From the annual change of the water levels of each monitoring well in Figure 6
the overall annual water level of monitoring wells near the stope has changed significantly.
The annual water level change of the farthest QGN7 well was only 0.15 m, which is far
less than the value of the waterline change within a year of a unitary well. According
to the comparison law, the disturbance radius of the dredged water to the surrounding
quaternary aquifer during the mining process of Shengli No. 1 open-pit mine is less than
2000 m (Figure 7).

Table 4. The data table of change range of waterline.

Well 2013 Water Level 2014 Water Level Annual  Distance
Name Maximum Minimum Amplitude of  Average Maximum Minimum Amplitude of Average Change  to Stope
(m) (m) change (m) (m) (m) (m) Change (m) (m) (m) (m)
QG3 970.79 968.32 2.46 969.64 971.45 970.59 0.87 971.01 1.38 29.53
QG7 967.49 965.49 2.00 966.64 968.35 967.51 0.85 968.02 1.38 330.50
QGN1 967.44 965.92 1.51 966.81 968.50 967.45 1.05 968.00 1.18 381.90
QGN3 970.00 966.69 3.31 967.83 968.82 967.85 0.97 968.21 0.38 496.80
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Figure 7. The waterline change of different monitoring wells.

5. Conclusions

In accordance with the investigation on the trend of the diving waterline in the
quaternary aquifer around Shengli’s No. 1 open-pit mine, the water level around the mining
area changed in one year and across different years. The variation trend of surrounding
groundwater and the influence radius of groundwater were also obtained. Combined with
analysis of various influencing factors, the following conclusions are drawn:

The water level in the eastern mine experienced a process of lowering in 2008 and
then beginning to rise in 2013. The current water level is higher than the level at which
monitoring started. Compared with the background value, the current water level of each
monitoring well is lower than the water level background value, and the descending depth
is about 4-6 m.

The influence radius of the diving layer calculated by Kusakin’s empirical formula
cannot fully reflect the disturbance radius of the open-pit mining to the surrounding
groundwater. According to the connection between the waterline of the monitoring well
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and the distance to the stope, the disturbance radius of open-pit mining to the surrounding
diving is less than 2000 m.

Comprehensive analysis of changes in diving water levels and influencing factors.
Atmospheric precipitation, evaporation, groundwater use, and dredged water are the main
factors affecting water level changes. Open-pit mine drainage has a positive effect on
surrounding groundwater restoration.

The hydrological monitoring method in this study has the advantages of being able to
monitor the underground submerged water level around the open-pit mine for a long pe-
riod of time, with remote monitoring and continuity. However, it also has some limitations
and should be considered for groundwater monitoring in many situations before, during
and after coal mining. This research method can be considered in other newly developed
surface mines to better monitor the groundwater in these areas and further summarize the
influence of surface coal mining on the surrounding groundwater.
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