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Abstract
To understand the hydrochemical characteristics and circulation pattern of groundwater in coastal coal mining areas, we 
analyzed 81 water samples from different water bodies in the Liangjia coal mine (LCM) area using multivariate statistical 
analysis and hydrochemical methods. The Quaternary groundwater (QW), accumulated water (AW) in the subsidence area, 
and mine water (MW) in the LCM all exhibit weakly alkaline to slightly saline water chemistry. The dominant cations and 
anions in the water are sodium  (Na+) and chloride  (Cl−), reflecting the influence of seawater intrusion. Some ions in QW, AW, 
and MW exhibited significant annual variations, but  Na+ and  Cl− concentrations increased with time. The water samples were 
divided into four categories through cluster analysis: C1 and C2 (bedrock water samples), C3 (water samples prominently 
affected by seawater intrusion), and C4 (QW and AW in the surface subsidence area). According to the Piper diagram, QW 
and AW in the surface subsidence area mainly correspond to the Na−Cl type, whereas the MW mainly consists of Na−Cl 
and Na−HCO3 types. Factor analysis revealed four main factors: seawater recharge,  HCO3-rich bedrock water, alkaline water, 
and Quaternary groundwater (QW) with eigenvalues of 4.18, 2.44, 1.22, and 1.19 respectively, which explained 81.98% of 
the original data information. The comprehensive results of hydrochemical analysis and mathematical statistics indicated 
that the recharge sources of MW in LCM include seawater, QW, AW,  HCO3-rich bedrock water, and mixed water. Based 
on regional hydrogeological conditions, a preliminary groundwater circulation model of the coastal coal mining area was 
constructed. Groundwater generally flows into the Bohai Sea from southeast to northwest, and coal mining has changed the 
original local groundwater runoff patterns and intensified seawater intrusion.
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Introduction

Coal is China’s main source of energy and thus strongly 
supports the national economy (Tang et al. 2015; Wu et al. 
2016). However, the mining of coal resources has negatively 
affected the hydrogeological environment, causing the dete-
rioration of groundwater resources and many environmental 

problems (Dong et al. 2020; Li 2018). Coal mining inevita-
bly impacts the flow pattern of aquifers to varying degrees 
and affects groundwater chemistry, changes the groundwater 
circulation pattern, and is often accompanied by ground-
water contamination issues (Li et al. 2018). In addition, the 
hydrogeological patterns of China's coal mines are relatively 
complex and mine water inrushes frequently occur during 
coal mining operations (Qian et al. 2018).

Groundwater undergoes complex hydrogeochemical reac-
tions with the surrounding environment, such as water–rock 
interactions, cation exchange, mixing, and evaporation 
(Bozau et al. 2017; Gu et al. 2018; Liu et al. 2021). The 
water composition also changes accordingly, leading to 
unique chemical and physical characteristics. These hydro-
chemical characteristics can trace back aquifer behaviour, 
and serve as the foundation of groundwater circulation pat-
terns in mining areas (Liu et al. 2019b; Singh et al. 2016).
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Analyzing the hydrochemistry of water bodies in coal 
mines has important practical significance and can be used 
to help mitigate mine water hazards (Guan et  al. 2019; 
Zhang et al. 2020). In recent years, research on groundwater 
chemistry and circulation patterns in coal mining areas has 
steadily increased, and contributed to a deeper understand-
ing of mine water hydrology. Qian et al. (2016) analyzed the 
recharge source, geochemical evolution, and hydraulic con-
nectivity of adjacent aquifers in Dingji Coal Mine based on 
multivariate statistical and hydrochemical methods. Singh 
et al. (2018) determined the hydrochemical evolution of 
groundwater, recharge sources, and impacts of mine drain-
age on water quality in the Korba mining area, India, using 
major ion and stable isotope data of different water bodies. 
Liu et al. (2019b) analyzed the hydrochemistry of different 
aquifers in the Suixiao coal mine in combination with hydro-
geological conditions and concluded that the main recharge 
aquifers were hydraulically connected and that groundwater 
circulation in the sandstone and limestone aquifers was con-
trolled by faults. However, most such research has focused 
on coal mining in inland areas, while research studies on 
hydrochemistry associated with coastal coal mining environ-
ments are very limited.

Coastal aquifers form a brackish zone called an estuary. 
It builds up a dynamic saltwater to freshwater interface. 
Intrusion of saltwater affects the regional groundwater in 
these areas and is mainly controlled by the sedimentary envi-
ronment and ocean dynamics. Coal mining impacts on the 
evolution of the groundwater cycle more strongly in coastal 
areas than in inland areas. In coastal areas, coal mining dis-
rupts the flow pattern of aquifer and the hydrodynamic bal-
ance between brackish water and freshwater, enlarging and 
complicating the transition zone of brackish to freshwater 
compartments.

To address the extent of saltwater intrusion and the 
impact of mining, we investigated the groundwater hydro-
chemistry of a coastal coal mining area and constructed a 
corresponding circulation model. Using the Liangjia coal 
mine (LCM) in Longkou, Shandong Province, as an exam-
ple, samples were collected of the main hydrochemical spe-
cies: Quaternary water (QW), accumulated water (AW) in 
the surface subsidence area, and mine water (MW) from 
the mine workings. The hydrochemical characteristics and 
influencing factors of the major water bodies were analyzed, 
the recharge source of mine water was identified through 
multivariate statistical analysis, and a groundwater circula-
tion model was constructed considering regional hydrogeo-
logical conditions.

Study Area

The Liangjia coal mine (LCM) is located in the Longgang 
Economic Development Zone, Longkou City, Shandong 
Province (Fig. 1), with the Bohai Sea in the west, Beizao 
coal mine in the north, Sangyuan coal mine in the northeast, 
and Wadong coal mine in the east. The mine is ≈ 9–9.5 km 
long from east to west and 3–6.1 km wide from north to 
South, covering an area of 47.5  km2. The terrain of the LCM 
is generally flat, but gradually slopes from the southeast to 
northwest, and the ground elevation ranges from 2 to 27 m. 
Surface water systems flowing through the area include the 
Zhongcun River and Xiaoheng River, which are seasonal. In 
the rainy season, surface water discharges and flows into the 
Bohai Sea from southeast to northwest. The Zhongcun River 
has a total length of 45 km, a catchment area of 120  km2, 
a flow length of 6 km, and a riverbed width of 100–150 m. 
In addition, the river is hydraulically connected with the 
Quaternary alluvial aquifer.

From top to bottom, the coalfield lithology comprises: 
a Quaternary sand gravel layer, marl, mudstone with marl 
interbedding, coal seams 1 and 2 and their floor sandstone, 
and coal seams 3 to 4 along with their floor sandstone, etc. 
(Fig. 1). Among them, the Quaternary gravel layer com-
prises grain sizes ranging from fine, medium, coarse sand, 
to gravel. The sands are mainly quartz and feldspar, whereas 
the gravel is composed of granite, gneiss, granite, and 
quartzite. The Quaternary gravel layer has abundant water. 
The typical coal-bearing sedimentary sequence is com-
posed of sandstone, coal, and carbonaceous mudstone. The 
upper part of the coal-bearing strata is mainly composed of 
marl, calcareous mudstone, carbonaceous mudstone, mud-
stone interbedded with marlstone, mudstone, oil-bearing 
mudstone, coal and oil shale, and the lower part is mainly 
composed of claystone, mudstone, sandstone, and oil shale. 
The roof of the coal seam is soft and prone to deforma-
tion, settling, and rock falls. The water content of the marl 
and sandstone is low to medium, and the hydrochemical 
water types based on ion equivalents are mainly  HCO3·Na, 
 HCO3·Cl−Na, or Cl·HCO3−Na.

The coal seams in the area are soft and brittle, with well-
developed endogenetic cleats and locally developed frac-
tures due to the influence of structure, facilitating the storage 
of fissure water in the coal and rocks. However, the water 
yield is low in the deep layers because the fracture rate and 
recharge rate decrease with increasing lithostatic pressure. 
There were no considerable water-bearing aquifers below 
the coal-bearing strata. The coal measure aquifers in the area 
are not directly recharged by precipitation, but mainly by 
water from fractured bedrock from the southern and eastern 
mountainous areas. Although faults exist in the coal field, 
the fault zones are mostly filled with argillaceous rocks, and 
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their water abundance and hydraulic conductivity are low. 
Under natural conditions, groundwater runoff from the south 
and east to the northwest is slow, and it normally discharges 
into the Bohai Sea. The local groundwater flow field has 
been changed by coal mining activities, but the overall run-
off trend has remained constant. Seawater intrusion in the 
Longkou area began in the mid-1970s. During the 1980s, 
decreased precipitation and intensive groundwater extrac-
tion accelerated the rate of seawater intrusion. After 2000, 
numerous measures were taken to successfully identify and 
control seawater intrusion. At present, the intrusion front 
reaches a steady state.

Materials and Methods

Sampling and Testing

The water chemistry data was made possible by the Shan-
dong Energy Longkou Mining Group, which operates the 
LCM. A total of 81 samples of AW in the surface subsidence 
area, QW, and MW were collected from the coal mine area 
during 2014–2019. Among them, the MW samples were 
mainly collected from mine workings, including the main 
tunnel, auxiliary tunnel, transportation tunnel, and material 
tunnel. The sampling locations are shown in Fig. 1b. QW 
and AW were continuously sampled, and MW was also con-
tinuously sampled at some sampling points. The samples 
were collected in dry and clean polyethylene plastic bottles 
(500 ml) the water was sampled after the sampling bottles 
had been rinsed two to three times with the water being 
sampled. The water sample was sealed to prevent leakage, 
and subsequently sent to the water chemistry laboratory of 
LCM for water quality analysis.

The main cations  (Ca2+,  Mg2+,  Na+ and  K+) and main 
anions  (HCO3

−,  SO4
2−,  Cl−, and  NO3

−), as well as pH and 
total dissolved solids (TDS) were determined by water qual-
ity analysis. The pH was measured using a pH meter (PHS-
3C). The main anions  (SO4

2−,  Cl−, and  NO3
−) were analyzed 

by ion chromatography, the main cations  (Ca2+,  Mg2+,  Na+, 
and  K+) by atomic absorption spectrometry, and  HCO3

− was 
measured by titration, using phenolphthalein and methyl 
orange as indicators, and the water sample was titrated with 
an acid standard solution (HCl = 0.05 mol/L).

Analysis Process

Figure 2 presents a flowchart of this study’s methodology. 
Based on statistical and hydrochemical analysis of the ana-
lytical results, a groundwater circulation model for coal 
mines in coastal areas was constructed.

Mathematical Statistics

Cluster analysis (CA) is a multivariate analysis technique. 
Its basic principle is to quantitatively determine the affin-
ity and sparsity between samples according to their own 
attributes and some similarity or difference indicators, and 
cluster the samples accordingly (Liu et al. 2019a; Singh et al. 
2016). Factor analysis (FA) is another multivariate statisti-
cal analysis method that is widely used in water chemistry 
analysis (Liu et al. 2018; Martín Del Campo et al. 2014). It 
uses mathematical methods to reduce the dimensionality of 
the original water quality data, extract key information from 
the multivariable water quality data, and create a set of new 
variables to optimize the original variables. However, there 
is no correlation between the new variables obtained.

Hydrochemical Methods

The descriptive statistics (maximum, minimum, mean, 
standard deviation, and coefficient of variation) of the hydro-
chemical composition were used to determine the general 
chemical fingerprint of the different water bodies. The 
graphical hydrochemical toolset used in this study mainly 
included Piper diagram, Stiff diagram, ion ratios, and satura-
tion index (SI).

Results and Discussion

Hydrochemical Characteristics

The descriptive statistical results of the main hydrochemi-
cal parameters of QW, AW, and MW in the LCM area are 
shown in Table 1. On average,  Na+ and  Ca2+ were the 
dominant cations in all water samples, and the following 
relationship was observed:  Na+  > Ca 2+  >  Mg2+  >  K+. 
The main anions in QW and AW were  Cl− and  SO4

2−, with 
 Cl− >  SO4

2− >  HCO3
− >  NO3

−. The dominant anions in the 
MW were  HCO3

− and  Cl−, and the ions followed the order 
 HCO3

− >  Cl− >  SO4
2− >  NO3

−. The concentrations of the 
major ions significantly varied among the different water 
bodies, but both  Na+ and  Cl− remained dominant (Table 1), 
which indicates that the hydrochemistry in the mining area 
is affected by seawater intrusion.

The average TDS values in QW (4366  mg/L), AW 
(4879 mg/L), and MW (5407 mg/L) all exceeded 3000 mg/L 
(brackish water) (Table 1). The pH values of all sample types 
were above 7, (7.20, 8.26, and 8.36, respectively). The vari-
ation coefficients (CV) of  Mg2+,  Ca2+, and  NO3

− in MW 
were 151.89%, 145.08%, and 166.67%, respectively, indicat-
ing wide variations and unstable contents. The  Mg2+,  Ca2+ 
and  NO3

− contents followed the order QW > AW > MW 
(Table 1);  Na+, pH and TDS followed MW > AW > QW; 
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 K+ and  SO4
2− followed AW > QW > MW;  HCO3

− followed 
MW > QW > AW and;  Cl− followed AW > MW > QW.

Temporal Variation Characteristics of the Major Ions

The temporal variation trends of the major ions in the differ-
ent water bodies of LCM are shown in Fig. 3. The contents 
of  Na+ and  Cl− in AW, QW, and MW exhibited a fluctuat-
ing upward trend with time (Fig. 3a, b). The contents of 
 Ca2+ and  Mg2+ in AW and QW were relatively stable, but 
their contents in MW first increased and then decreased; 
the fluctuation of  Ca2+ and  Mg2+ concentrations in QW was 
more obvious (Fig. 3c, d). In all water bodies,  K+ concen-
tration was relatively stable before 2018, but it significantly 

fluctuated after 2018 (Fig. 3e). The content of  HCO3
− in 

AW and QW did not change prominently with time, but 
its concentration in MW widely fluctuated and showed an 
upward trend (Fig. 3f). The content of  SO4

2− in MW showed 
a decreasing trend with time, while its concentration in AW 
and QW showed an increasing trend, with a high value in 
2017 (Fig. 3g). The content of  NO3

− in AW and MW showed 
a fluctuating decrease, while its concentration in QW sig-
nificantly fluctuated (Fig. 3h), which may be attributable to 
anthropogenic inputs.

Fig. 1  Location of Liangjia coal mine and sampling points
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Cluster Analysis (CA)

The hydrochemical data of the different LCM water bodies 
were analyzed using cluster analysis, and the cluster spec-
trum is plotted as dendrogram (Fig. 4). The samples were 
divided into four categories using a distance of 10 between 
classes: C1 (n = 41), C2 (n = 14), C3 (n = 8), and C4 (n = 18). 
In addition, the average ion concentrations in mg/L of vari-
ous water samples were summarized in a Stiff diagram.

The  Na+ and  Cl− contents in the C1, C3, and C4 water 
clusters were relatively high (C3 > C1 > C2), which may cor-
respond to different degrees of seawater intrusion. Chemi-
cal components corresponding to C1 are characterized by 
high concentrations of  Na+ (1646 mg/L),  Cl− (1443 mg/L), 
and  HCO3

− (1621  mg/L). In addition, C2 is character-
ized by high concentrations of  Na+ (1225  mg/L) and 
 HCO3

− (1802 mg/L). Considering hydrogeological con-
ditions, C1 and C2 represent  HCO3

−-dominated bedrock 
groundwater, comprising host rock compositions including 
marl, mudstone, and interbedded limestone. Hydrochemical 
components corresponding to C3 are characterized by high 
concentrations of  Na+ (1773 mg/L) and  Cl− (2619 mg/L). 
Based on the dominance of  Na+ and  Cl− ions, C3 

represents water affected by seawater intrusion. In addi-
tion to the characteristics of high  Na+ (1051 mg/L) and 
 Cl− (1432 mg/L), C4 also contains higher  Mg2+ (145 mg/L) 
and  SO4

2− (990 mg/L) concentrations. The concentrations of 
 Mg2+ and  SO4

2− were comparable to the ionic composition 
of QW and AW (Table 1). Therefore, considering the major 
ion concentrations (Table 1) and cluster analysis results 
(Fig. 4), C1 and C2 can be regarded as  HCO3-rich bedrock 
groundwater, while C3 represents diluted seawater, and C4 
represents formation waters of QW and AW.

Hydrochemical Types

The Piper diagram is a classical graphical representation of 
the six common major ion in water samples plotted in terms 
of meq/L and their relative percentages to total cation and 
anion percentages. It can be used to analyze the evolution-
ary trend of the chemical composition of groundwater and 
infer hydrochemical facies; moreover, it has the advantage 
of being insensitive to human factors (Piper 1944; Liu et al. 
2021). Water samples from QW, AW, MW, and one seawater 
sample (from a previous study; Wang 2020) were projected 
on the Piper diagram, as shown in Fig. 5. In the triangle at 
the bottom left of the Piper diagram, cations basically fall in 
the area of  Na+ dominated water, and C2 in the anion trian-
gle at the right is mainly in the area of  HCO3—type water, 
whereas C1, C3, and C4 mainly correspond to  Cl−—type 
water. After projecting the data from the triangular fields 
into the central diamond field, the water samples of C1, C3, 
and C4 are mainly distributed in area ⑦, which corresponds 
to Na-Cl type water. The sample point of C2 mainly falls in 
area ⑧, corresponding to Na-HCO3 type water. Therefore, 
C2 possibly originates from  HCO3-rich bedrock water in 
aquifers such as marls or limestones. In addition, combined 
with sampling type, QW belong to C4, AW is composed of 
a mixture of C4 and C3, and MW includes C1, C2, and C3.

The seawater sampling point is located at the junction 
of MW and AW, that is, in the mixed area of C3 and C4 
water, implying that C3 and C4 water may be affected by 
seawater intrusion. In addition, QW, which is classified as 
C4 water, also has a high  Na+ and  Cl− content, which indi-
cates the potential effect of seawater intrusion. Combined 
with CA and water sample types, AW appears to contain 
both C4 water of QW and C3 water through seawater intru-
sion. Therefore, it can be concluded that the water in the 
surface subsidence area is recharged by QW and seawater 
to a certain extent.

Analysis of Factors Influencing Water Chemistry

In general, rock weathering, precipitation, and evaporation 
are the three main factors affecting hydrochemical charac-
teristics (Gibbs 1970), and in coastal areas, hydrochemistry 
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of groundwater and surface water are often influenced by 
sea water infiltration (Ahmed and Askri 2016; Zghibi et al. 
2019). Ion ratio analysis can be performed to further deter-
mine the main factors affecting hydrochemical characteris-
tics (Liu et al. 2019a). The molar ratio of  Na+ to  Cl− concen-
tration is often used to analyze the source of  Na+ in water. 
If the  Na+/Cl− ratio is 1, the dissolution of halite may be 
the main source of  Na+ (Eqs. 1), because halite dissolution 
will release the same amount of  Na+ and  Cl−. As shown in 
Fig. 6a, most of the water samples are below the 1:1 line, 
indicating that the dissolution of halite is not the main source 
of  Na+ in water. If the content of  Na+ in water is high,  Na+ 
may originate from other sources, such as silicate rock 
weathering (Liu et al. 2020) (Eqs. 2) or cation exchange 
(Gao et al. 2019) (Eqs. 3). A ratio of  Na+ to  Cl− equal to 1 is 
clearly associated with halite dissolution, and seawater has 
an original  Na+ to  Cl− ratio of 0.86. Therefore, the contents 
of  Na+ and  Cl− were very high in different water bodies, 
and their ratio was close to 0.86 (1.16: 1 line), indicating the 
influence of seawater. In addition, maybe the  Na+ to  Cl− con-
centration data can be associated with sea spray which can 
affect Quaternary coastal alluvial sediments. The CA and 
Piper diagram showed that C3 represents the influence of 
seawater intrusion. C3 and C4 water are distributed close 
to the 1.16:1 line, and the distribution characteristics are 
relatively consistent, which also indicate that C4 water is 
affected by seawater intrusion. Furthermore, in Gibbs dia-
gram (Gibbs 1970) (Fig. 6b), C3 and C4 water are distrib-
uted near the upper right corner, indicating that these water 
samples are affected by seawater to a certain extent.

Similarly, if gypsum dissolution is the only source of 
 Ca2+ and  SO4

2−, the value of  Ca2+/SO4
2− is equal to 1 (Gao 

et al. 2019) (Eqs. 4). As shown in Fig. 6c, the water sample 
points are mainly distributed in the upper part of the 1:1 line, 
indicating that the dissolution of gypsum is not the main 
source of  Ca2+ and  SO4

2−, while the water sample near the 
1:1 line is affected by the dissolution of gypsum. The sulfide 
contained in the coal-bearing formation can oxidize  FeS2 
to form  H2SO4, and react with  Fe2+ in the water to form 
Fe(OH)3, and at the same time release  H+ into the ground-
water, thereby reducing the pH of the water. As shown in 
Fig. 6d,  SO4

2− and pH show a certain negative correlation, 
indicating that the higher  SO4

2− concentration of C4 water 
may be due to the oxidation of pyrite, as shown in Eqs. 5, 
6, 7

(1)NaCl → Na+ + Cl
−

(2)
2NaAlSi

3
O

8
+ 11H

2
O → Al

2
SiO

5(OH)4 + 2Na+

+ 2HCO
3

−
+ 4H

4
SiO

4

(3)2NaX + Ca
2+

→ 2Na+ + CaX
2

(4)CaSO
4
+ 2H

2
O → Ca

2+
+ SO

2−

4
+ 2H

2
O

(5)2FeS
2
+ 7O

2
+ 2H

2
O → 2FeSO

4
+ 2SO

4

2−
+ 4H+

(6)FeSO
4
+ 2H

2
O → Fe(OH)2 + 2H+ + SO

4

2−

(7)2Fe(OH)2 + 2H
2
O + O

2
→ 2Fe(OH)

4

Table 1  Statistical results of 
hydrochemical parameters

Max maximum; Min minimum; SD standard deviation; CV coefficient of variation; unit mg/L, except for 
pH

Parameter Mg2+ Na+ K+ HCO3
− Ca2+ SO4

2− Cl− NO3
− CO3

2− pH TDS

QW Max 166 1041 55.1 590 508 1612 1713 327 0 7.69 5944
Min 90.9 627 30.9 285 187 610 510 67.6 0 6.93 2716
Mean 144 788 36.9 350 299 834 1091 140 0 7.20 4366
SD 22.6 144.1 7.75 93.6 93.6 318 321 76.8 0 0.23 973
CV (%) 15.69 18.29 21.00 26.74 31.30 38.13 29.42 54.86 0 3.19 22.29

AW Max 178 1615 79.2 515 248 2207 2150 59.2 38.4 8.44 6387
Min 99 937 7.33 92 124 104 1210 2.72 0 8.03 3289
Mean 139 1267 54.6 265 191 945 1726 32.7 13.9 8.26 4879
SD 24.9 214 17.3 108 38.7 522 317 17.9 15.1 0.13 1097
CV (%) 17.91 16.89 31.68 40.75 20.26 55.24 18.37 54.74 108.2 1.57 22.48

MW Max 143 3225 33 2684 171 812 4620 123 270 8.86 8706
Min 0 750 1 132 1.6 22.2 189 0 0 7.59 3058
Mean 21.2 1591 12.9 1547 24.4 174 1366 14.1 93.95 8.36 5407
SD 32.2 512 7.14 644 35.4 171 875 23.5 61.6 0.28 1530
CV (%) 151.89 32.18 55.35 41.63 145.08 98.28 64.06 166.67 65.6 3.35 28.30
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Rela t ionship  between  (Na + +  K +−Cl −)  and 
 (HCO3

− +  SO4
2−−Mg2+−Ca2+) can be used to identify the 

cation exchange process. If the chemical composition of 
water is significantly affected by cation exchange, the water 
sample point should be distributed along the 1: 1 line (Liu 
et al. 2019a; Gao et al. 2019). As shown in Fig. 6e, some 
of the water sample points are distributed close to the 1:1 
line and the rest are distributed on either side, indicating 
the effect of cation exchange to a certain extent. However, 
it is not the main factor controlling the chemical charac-
teristics. The relationship between  HCO3

−,  Mg2+
, and 

 Ca2+ can be used to determine the influence of carbonate 
weathering on water chemical composition (Li et al. 2019; 
Liu et al. 2019c). As shown in Fig. 6f, ng,  HCO3

− has a 
negative correlation with  Ca2+ and  Mg2+. The content of 
 HCO3

− decreases with increasing  Ca2+ and  Mg2+ content, 
indicating that carbonate weathering has a weak influence 
on hydrochemical characteristics.

The SIs of halite and gypsum were both less than 0 
(Fig. 6h, i), with average values of − 4.49 and − 2.31, 
respectively, indicating that halite and gypsum in the water 
sample are not saturated and can continue to dissolve along 
the groundwater flow path. The SIs of calcite and dolomite 

were both greater than 0 (Fig. 6j, k), with average values of 
0.91 and 1.69, respectively, indicating that both calcite and 
dolomite are saturated and have a tendency to precipitate. 
However, no obvious correlation was observed between the 
SI of these minerals and TDS content. Thus, the dissolu-
tion of this mineral has a relatively weak effect on TDS. In 
summary, combined with the lithology of the aquifer in the 
mining area, the hydrochemical characteristics of the LCM 
area are mainly affected by the weathering of silicate rocks 
and seawater intrusion.

Quantity and Type of Mine Water Source

Correlation Analysis

Correlation analysis can be performed to determine similari-
ties and dissimilarities between water chemistry parameters 
as well as consistencies and differences in their sources (Liu 
et al. 2019a; Chen et al. 2020). In this study, correlation 
analysis of the main chemical components of MW samples 
was performed using SPSS 24.0. The correlation analysis 
matrix scatter plot is presented in Fig. 7. An obvious cor-
relation was observed between  Na+ and  Cl−, indicating that 
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Fig. 4  Dendrogram of cluster analysis

Fig. 5  Piper trilinear diagram of 
water chemistry
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the two ions may have the same source. In addition, TDS 
showed a significant positive correlation with  Na+ and  Cl−, 
indicating that  Na+ and  Cl− may largely contribute to TDS 
content in the MW, which reflects the recharge of seawa-
ter to a certain extent. Considering the high concentrations 
of  Ca2+,  Mg2+, and  SO4

2− ions in AW and QW (Table 1) 
and the significant correlation between  Ca2+,  Mg2+, and 
 SO4

2− ions in the MW (Fig. 7), the three ions may have a 
common source, which may be AW and QW. A significant 
negative correlation was observed between  Ca2+ and  Mg2+ 
and  HCO3

− (Fig. 7), indicating that carbonate weathering 
was not the source of these components.

Factor Analysis (FA)

In this study, the main chemical components of MW sam-
ples were selected for FA to further determine the recharge 
source of the MW. The Kaiser–Meyer–Olkin (KMO) value 
was 0.68 and the Bartlett spherical test presented signifi-
cant values, indicating that the selected hydrochemical data 
were suitable for FA. Based on the principle of eigenval-
ues greater than 1, four main factors were determined. The 
eigenvalues of F1 to F4 were 4.18, 2.44, 1.22, and 1.19, 
explains 81.98% of the original data information; thus, these 
four factors reflect most of the MW chemistry. The rotating 
factor loading matrix and the variance contribution rate are 
shown in Table 2.

The eigenvalue of F1 was 4.18, explaining 37.99% of 
the original data information (Table 2); F1 mainly corre-
sponds to  Na+,  Cl−, and TDS. The  Na+ and  Cl− content in 
the MW was high, and exhibited a significant correlation. 
In addition, LCM is a coastal coal mine, and the coastal 
area is obviously affected by seawater intrusion. Therefore, 
F1 can be interpreted as seawater recharge; that is, the MW 
is recharged by seawater during mining. F2, accounting for 
22.15% of the total variance, exhibited a strong negative 
correlation with  HCO3

− and a positive correlation with  Ca2+ 
and  Mg2+. Aquifers, such as marl, mudstone with interbed-
ded marlstone, and sandstone, in the LCM area are relatively 
low in water richness, and the main hydrochemical type is 
 HCO3. QW and AW contain relatively high concentrations 
of  Ca2+ and  Mg2+, and the  HCO3

− content is relatively low. 
Therefore, F2 reflects the recharge of  HCO3-rich bedrock 
water. F3 showed a total variance of 11.06%, with a high 
 CO3

2− loading. The  CO3
2− content was high and the water 

was alkaline. Therefore, F3 represents a recharge source of 
alkaline water, and the recharge of  HCO3-rich bedrock water 
to MW from the side. F4 contributed 10.78% to the total 
variance with high  K+ and  NO3

− loading.  NO3
− can reflect 

the influence of anthropogenic inputs on groundwater to a 
certain extent, such as agricultural activities. Under natural 
conditions, groundwater generally has a low  K+ content, 
but the use of potassium-containing fertilizers increases 

 K+ concentrations. QW was obtained at relatively shallow 
depths, and it is more susceptible to human activities. Thus, 
F4 mainly reflects the recharge of QW.

Combined with the results of the abovementioned hydro-
chemical analysis, including cluster analysis, Piper diagram, 
and ion ratios, the recharge sources of MW in LCM include 
seawater, QA, AW,  HCO3-rich bedrock water, and mixed 
water.

Analysis of the Groundwater Circulation Model

Considering the region’s hydrogeological conditions, the 
hydrochemical analysis of the different types of water bod-
ies, and the discrimination of MW sources, a preliminary 
groundwater circulation model of the coastal coal mining 
area was constructed (Fig. 8). On the whole, the groundwater 
in the region mainly originates from atmospheric precipita-
tion, and the direction of runoff flows from the southeast to 
the northwest into the Bohai Sea. The topography is a major 
factor controlling groundwater flow.

Mining-induced surface subsidence with associated 
waterlogging (AW), which was mainly influenced by 
atmospheric precipitation and QW. The hydrochemical 
components were obviously affected by seawater intrusion 
and also pyrite oxidation. Coal mining altered the original 
groundwater runoff pattern to a certain extent in some areas, 
forming a new center of confluence in the goaf. In addition, 
coal mining has promoted seawater intrusion, leading to 
high  Na+ and  Cl− contents, which gradually increased with 
time (Fig. 3). In addition to bedrock water, QW, and AW in 
the subsidence area, the MW is also recharged by seawater. 
The concentrations of  Na+ and  Cl− were particularly high 
in some mining-related water samples, and the associated 
hydrochemical type was the Na-Cl type, indicating the influ-
ence of seawater intrusion.

Suggestions for Coastal Coal Mining

Coal development is of great significance in promoting the 
rapid development of China’s national economy and improv-
ing peoples’ living standard. However, in the process of 
mining coal resources, groundwater resources are inadvert-
ently but inevitably damaged. The regional hydrogeology 
system in the coal mining influenced strata is deteriorated 
and the natural groundwater circulation state is altered. In 
coastal areas, groundwater is affected by the sedimentary 
environment and marine dynamics. Mining induces changes 
in the aquifer structure and hydrodynamic balance condi-
tion between salt and fresh water, thus affecting ground-
water migration and evolution. Therefore, in the process of 
coastal coal mining, it is necessary to: (1) carry out system-
atic hydrogeological surveys of mining areas, standardize 
mining, and protect the regional aquifer structure; (2) avoid 
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the discharge of mine water to prevent pollutants like sul-
fate and iron from entering the groundwater environment; 
(3) and strengthen the monitoring of groundwater dynamics 
(groundwater level, water quality) in mining areas. In addi-
tion, special attention needs to be paid to seawater intrusion 
induced by coal mining within coastal areas. In this manner, 
the impact of coal mining on groundwater resources can 
be minimized, and the sustainable development of coal and 
the management and rational use of water resources can be 
achieved.

Conclusions

1. The average TDS contents of QW, AW in the surface 
subsidence area, and MW in the LCM area exceeded 
4000 mg/L, and the pH was more than pH = 7, corre-
sponding to weakly alkaline brackish water. The main 
chemical components showed significantly different 
contents in different types of water, but  Cl− and  Na+ 
were consistently the dominant anions and cations.

2. The chemical components in different water bodies 
changed significantly with time, but the  Na+ and  Cl− 
content showed a fluctuating upward trend. Based on 
CA, the water samples could be divided into four cat-
egories: C1 and C3 represent bedrock water, C2 rep-
resents water influenced by seawater intrusion, and C4 
represents QW and AW. The Piper diagram showed that 
QW and AW are mainly Cl-Na type water, while MW is 
mainly Cl-Na and  HCO3-Na type water. Hydrochemical 
analysis revealed that silicate weathering and seawater 
intrusion are the main factors affecting the hydrochemi-
cal characteristics of water in the LCM.

3. The comprehensive results of hydrochemical analysis 
and mathematical statistics showed that seawater, QA, 
AW,  HCO3-rich bedrock water, and mixed water are the 
recharge sources of MW in the LCM. A preliminary 
groundwater circulation model of the coastal coal min-
ing area was constructed based on the hydrogeological 
conditions, the hydrochemistry and recharge source 
identification of MW. In general, groundwater flows into 
the Bohai Sea from southeast to northwest. Coal mining 
has changed the original groundwater runoff pattern in 
some areas and increased the influence of seawater on 
freshwater resources.
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Fig. 7  Matrix scatter plot of the correlation analysis

Table 2  Rotating factor loading matrix and the variance contribution 
rate

Variable F1 F2 F3 F4

Ca2+ 0.349 0.738 0.307 0.300
Mg2+ 0.346 0.753 0.435 0.270
Na+ 0.919 0.080 − 0.029 − 0.007
K+ 0.377 − 0.067 − 0.156 0.801
HCO3

− 0.173 − 0.933 0.066 0.021
SO4

2− − 0.038 0.418 0.562 0.486
Cl− 0.871 0.387 0.092 0.034
NO3

− − 0.188 0.268 0.196 0.754
pH − 0.396 − 0.153 − 0.592 − 0.003
TDS 0.911 − 0.277 0.156 0.136
CO3

2− 0.059 − 0.018 − 0.898 − 0.004
Eigenvalue 4.18 2.44 1.22 1.19
Variance (%) 37.99 22.15 11.06 10.78
Cumulative of 

variance (%)
37.99 60.14 71.20 81.98
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