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Abstract
Deep mining in the Jiaojia gold mine area has changed the chemical and flow characteristics of the groundwater there. We 
studied the relationship between the influent water sources and mine water, as well as the temporal and spatial distribution 
characteristics and evolution of groundwater chemistry using Piper diagrams, ion proportional coefficient analysis, and 
grey correlation analysis. The history and predicted groundwater chemical characteristics in the Jiaojia gold mine area were 
evaluated and a new method of researching the evolution of groundwater chemical characteristics was proposed that can 
more intuitively evaluate and predict vertical water sources. The main water inflow (inrush) source in the deep mine was 
shown to be water in the fractured fault footwall, followed by water in the fractured fault hanging wall. Due to mining, the 
hanging wall and footwall fractured aquifers now have a close hydraulic connection. As mining depth increases, permeability 
pathways between the seawater and mine water may be formed, causing higher concentrations of major ions near the Jiaojia 
fault zone and gold mines than in other areas.

Keywords  Water filling sources · Chemical analysis of groundwater · Trends of hydrochemical evolution

Introduction

China has the fifth greatest gold reserves in the world and 
the greatest amount of mining. Due to the depletion of 
shallow gold resources, mining has gotten deeper, caus-
ing mine water inrush accidents to be common (Liu et al. 
2022; Marion and Georg 2022). Since the mining of the Gui-
laizhuang gold deposit in Pingyi, Shandong Province, there 
have been 56 large and medium-sized water inrushes, of 
which the maximum water inrush was 2000 m3/h, resulting 

in considerable economic losses (Zhang et al. 2021). These 
mine inrush accidents pose a serious threat to mining safety 
and production (Ou et al. 2013; Yao et al. 2012).

The Jiaojia gold deposit area is a metallogenic belt con-
trolled by the Jiaojia fault in the Longkou Laizhou fault 
zone, and includes the Jiaojia, Xincheng, Sizhuang, and 
Wangershan gold deposits. In the shallow part of the min-
ing area, the water inflow is very small, so there was little 
research on the water source and water inflow prediction. 
However, with deeper mining, the water inflow has increased 
every year. The water inflow increased from 4591 m3/day 
in 2009 to 9483 m3/day in 2018 in the Jiaojia gold mine; 
from 1225 m3/day in 2011 to 1699 m3/day in 2018 in the 
Xincheng gold mine; and from 4892 m3/day in 2014 to 5629 
m3/day in 2018 in the Sizhuang gold mine.

Mine water inrush is usually determined by three fac-
tors water source(s), water-resisting layer(s), and water-
conducting passageway(s) (Erdogan et al. 2019; Herrera 
et al. 2022). As the Jiaojia gold mine is close to the Bohai 
Sea (Paramaguru et al. 2021), with the increasing min-
ing depth, deep seawater may, in the future, enter the 
mining area through the water diversion channel in the 
cataclastic rock on both sides of the fault, causing an 
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inrush. In addition, since the deep seawater is abundant, 
once a water-conducting passageway forms, it will pose a 
great threat to safe mining. Therefore, studying the deep 
hydrochemical evolution characteristics and predicting 
its evolution trend under the influence of seawater in the 
Jiaojia gold mine area can provide a theoretical basis for 
the research of water control theory and technology of 
deep gold mines (Luo et al. 2022; Subodh et al. 2022; 
Sunkari et al. 2022; Weightman et al. 2020), and will have 
a practical mine safety application (Arefieva et al. 2019; 
Tarasenko et al. 2022; Zhang et al. 2021).

Study Area

Geological Characteristics

The Jiaojia gold mine area strata are relatively simple the 
Cenozoic Quaternary is distributed in the northwestern 
portion of the area, and the Archaean and Proterozoic Jiao-
dong group (Ar-Ptljf) is located in the southwestern part, 
in the upper wall of the Jiaojia fault zone and in the bio-
tite granite ( �1

5
 ). The Jiaodong group (Ar-Ptljf) strata have 

intrusive contact or fault contact with the Mesozoic mag-
matic rocks (Fig. 1). The Quaternary (Q) strata is mainly 
composed of sandy clay rock, pebbly sandy clay rock, and 

Fig. 1   Northwest regional geological map of Jiaojia
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sand and gravel, while the Jiaodong group (Ar-Ptljf) are 
composed of banded migmatite plagioclase amphibole, 
with a banded and mottled structure.

The Archean Paleoproterozoic metamorphic basement 
rock series is widely distributed in the area and is the gold-
bearing formation. Tectonic activity and magmatic intru-
sions were the heat source that activated the gold-bearing 
fluids. Since the Mesozoic, brittle faults have developed 
with different directions and orders, mainly in the NNE 
and NE directions, providing channels and spaces for the 
migration and enrichment of the gold deposits.

The main magmatic rocks in the study area are granodi-
orite and biotite granite. The granodiorite ( �2

5
 ) in the study 

area occurs in the footwall of the Jiaojia fault zone and 
has a magmatic origin based on its texture, structure, flow 
structure, and sulfur isotope ratio. It is 50–100 m wide and 
1900 m in length. It is light gray to grayish white in color, 
with a porphyritic-like texture; the matrix has a hypauto-
morphic granular texture. The gold deposits are mostly 
located in the top contact zone of the internal and exter-
nal rock mass and were deposited in the post-magmatic 
period after the rock mass formed and before the mafic 
dikes formed.

The biotite granite ( γ1
5
 ) is widely distributed in the study 

area and is mainly distributed in the hanging wall of the 
Jiaojia fault and the eastern part of the mining area. It is in 
intrusive contact with the Jiaodong group strata and shows 
a local harmonious transition relationship.

Structural Features

The Jiaojia Fault Zone

The Jiaojia fault zone is more than 20 km long and 100–200 
m wide, with an average strike of 40°; the tendency is north-
west and the dip angle is 20°–30° with locally steeper loca-
tions, up to 70° (Fig. 2). The fault zone is a wide crush 
zone composed of cataclastic and granitic cataclastic rocks, 
and there is a grey-black and gray-white fault gouge that is 
10–20 cm thick. The local occurrence of small folds along 
the fault zone shows the properties of the compressional 
torsion fracture. Variably thick and discontinuous mylonite 
and breccia occur along the fault zone. The cataclastic and 
granitic cataclastic rocks are bended and symmetrically dis-
tributed in the hanging wall and footwall of the main fault, 

Fig. 2   Distribution of gold deposits in Jiaojia fault zone and its branches
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but the gold ores usually occur in the footwall of the main 
fault, where the hydrothermal liquid mineralization caused 
alteration and mineralization (Table 1).

The Wangershan Fault Zone

The Wangershan fault zone is 13 km long and 20–120 m 
wide; the average strike is 40º, the tendency is northwest, 
and the dip angle ranges from 45º to 60º. The characteristics 
of the tectonic rock in the Wangershan fault zone are con-
sistent with that in Jiaojia fault zone, with only slight differ-
ences in degree of development and scale. The Wangershan 
fault zone is also a compression torsion fault and belongs to 
a secondary fault structure that is derived from the Jiaojia 
fault zone.

Hydrogeological Characteristics

The ore-controlling structure of the Jiaojia gold mine area is 
the Jiaojia fault zone, which is adjacent to the Bohai Sea in 
the north and Laizhou Bay in the northwest. Considering the 
water storage mode, groundwater hydraulic characteristics, 

water abundance, location of each rock layer, and their 
effect on the mining of the deposit, the strata are divided 
into six categories the Quaternary alluvial aquifer, the frac-
tured weathered bedrock aquifer, fractured fault hanging 
wall aquifer, intermediate aquifuge, fractured fault footwall 
aquifer, and floor aquifuge (Fig. 3).

The Quaternary alluvial aquifer is the shallowest layer 
of the deposit, with a thickness of 4 ~ 28 m. It is relatively 
thick locally due to the influence of the terrain. The lithology 
changes greatly, and there is a 0.5 ~ 1.0 m gravel layer at the 
bottom with good permeability, which allows the underly-
ing fractured weathered bedrock aquifer to be recharged by 
atmospheric precipitation.

The fractured weathered bedrock aquifer is distributed 
over the entire deposit and under the Quaternary strata, with 
a general thickness of 20 ~ 45 m. The lithology is composed 
of monzonitic granite in the northwest and metagabbro in 
the hanging wall of the Jiaojia main fault, with moderate 
to strong water abundance. Under tectonic movement and 
weathering, the rock developed cracks, so the permeability 
coefficient is 0.1 ~ 1.0 m/d and the specific well discharge is 
0.1 ~ 0.5 L/s m. Most of the monzonitic granite aquifers in 

Table 1   Zonation and lithology of rock in the Jiaojia fault zone

Hanging wall and 
footwall

Zonation and characteristics of tectonic rocks in ore bearing areas

Name Intensity of minerali-
zation

Texture and structure Alteration charac-
teristic

Mineralization charac-
teristic

Hanging wall of Jiao-
jia fault zone

Biotite granite Non-industrial miner-
alizationPhyllic granite Palimpsest cataclastic 

granite texture, mas-
sive structure

Weak sericitization, 
silicification and 
scattere dpyritiza-
tion

Scattered mineraliza-
tion

Phyllic granitic cata-
clstic rock

Palimpsest cataclas-
tic granite texture, 
massive structure, 
taxitic structure

Phyllic calaclastic 
rock

Palimpsest cataclas-
tic texture, taxitic 
structure

Fault gouge Weak
Footwall of Jiaojia 

fault zone
Beresite Industry ore bodies Palimpsest mylonitic 

texture, banded 
structure

Beresitization succes-
sive reduced

Disseminated minerali-
zation

Beresitizatic cataclstic 
rock

Palimpsest cataclas-
tic texture, taxitic 
texture

Mottled and short vein 
mineralization

Beresitizatic granodi-
oritic cataclstic rock

Palimpsest cataclas-
tic texture, taxitic 
texture, mesh-vein 
structure

Fine vein disseminated 
mineralization

Beresitizatic or phyllic 
granodiorite

Palimpsest cataclastic 
texture, massive 
structure, mesh-vein 
structure

Mesh-vein mineraliza-
tion

Granodiorite Scattered mineraliza-
tion
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the northwest are directly exposed to the surface, containing 
vein fissure water, with poor fissure development, perme-
ability coefficient of 0.1 ~ 3.0 m/d, and the specific well dis-
charge of less than 0.1 L/s m. They are weakly water-rich 
aquifers.

The fractured fault hanging wall aquifer is located in the 
hanging wall of the Jiaojia main fault. It is composed of 
granitic cataclasite, metagabbro, metagabbro cataclasite, etc. 
The thickness varies greatly and increases from the Jiaojia 
main fault to the west, and mainly contains structural fracture 
water, with uneven water abundance and permeability. The 
fractures are relatively developed, but most of them are com-
pressive torsional and torsional fractures, with poor water 
conductivity. The permeability coefficient is 0.001 ~ 0.1 m/d 
and the specific well discharge is 0.004 ~ 0.098 L/s m, with 
weak water abundance and permeability. The weathered 
bedrock fracture aquifer mainly recharges it, and its bottom 
boundary is the intermediate aquifuge represented by the 
fault gouge. Since the ore body mainly occurs in the fault 

footwall, the water in the fractured fault hanging wall is the 
indirect water-filling aquifer, which can only be transformed 
into a direct water-filling aquifer when the mining engineer-
ing destroys the intermediate aquifuge.

The intermediate aquifuge is mainly composed of altered 
pyrite cataclasite and dark gray fault gouge, is continuously 
distributed, and has good impermeability. It is located in 
the middle of Jiaojia main fault zone, with a strike of 12°, 
a dip angle of 25° ~ 45°, a NW tendency, and an extension 
of more than 1000 m. The fractured fault footwall aquifer 
is located in the footwall of Jiaojia main fault and is mainly 
composed of altered pyrite granite cataclasite and altered 
pyritic granite. The aquifer is distributed along the bottom 
of the intermediate aquifuge, with a thickness of 22–305 m. 
The permeability coefficient is 0.002 ~ 0.75 m/d, and the 
specific well discharge is 0.001 ~ 0.1 L/s m, with weak to 
moderate water abundance. The ore body and mining system 
are mainly located in this aquifer, and it is the direct water-
filling source of the deposit.

Fig. 3   Hydrogeological profile of Jiaojia gold deposit
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The floor aquifuge is located under the fractured fault 
footwall aquifer and is mainly composed of monzogranite. 
The fractured fault footwall aquifers cover the vicinity of 
the main fault, while the Quaternary alluvial aquifers and 
weathered fractured bedrock aquifers mainly cover the 
east side. The floor aquifuge is more than 1000 m thick. 
Its fractures are underdeveloped, so it is an anhydrous 
rock mass with poor water abundance and permeability.

Hydrochemical Characteristics Analysis

368 samples (Fig. 4) were collected from January 1968 to 
December 2021 in the Jiaojia mine area (Table 2), including 
77 water samples of Quaternary alluvial aquifer, 148 water 
samples of weathered fractured bedrock aquifer, 67 water 
samples of fractured fault hanging wall aquifer, 47 fractured 
fault footwall aquifer water samples, and 29 samples of mine 
water. Among the mine water samples were two water inrush 
points in the Jiaojia gold mine roadway, j2013-330 and 
j2013-630. The conventional ions mainly include K+ + Na+ 
(due to the low content of K + and its similar chemical 

Fig. 4   Location of Jiaojia gold mine area and distribution of groundwater sampling points

Table 2   Number of water samples per year

1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985

1 2 1 2 3 2 1 3 2 3 2 1 3 2 1 3 1 2

1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

2 3 4 5 3 2 6 4 5 2 4 3 2 4 3 2 3 5

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

3 4 6 5 4 6 4 6 12 32 56 38 72 4 5 4 6 4
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properties with Na + , Na + was used instead), Ca2+, Mg2+, 
Cl−, SO42−, HCO3

−, CO3
2−, and TDS (Chen et al. 2021; Khy 

et al. 2018; Krzysztof et al. 2021).

Analytical Method

We drew the Piper and Durov diagram using AQ–QA soft-
ware, which is a powerful and easy-to-use tool for hydrologi-
cal data analysis (Swa et al. 2021). It helps users analyze 
and interpret hydrological data, import and process various 
hydrochemical data, and provides image display and data 
analysis functions to support hydrogeochemistry research. 
Using Surfer 17 software, we drew the contour map of each 
aquifer’s primary ion proportion coefficient using the Krig-
ing interpolation method. The Kriging interpolation can give 
appropriate weight to the measured values around to get the 
predicted value of an unmeasured position. The commonly 
used formula of its interpolator is composed of the weighted 
sum of the data

where  Z(s
i
) is the measured value at position i; �

i
 is the 

unknown weight of the measured value at position i; s0 is the 
predicted position; and N is the number of measurements. 
The weight �

i
 depends not only on the distance between the 

measurement points and the predicted position, but also on 
the overall spatial arrangement based on the measurement 
points. Therefore, the weight �

i
 depends on the distance 

between the measuring point and predicted position, and 
the fitting of the spatial relationship between the measured 
values around the predicted location.

We drew the line diagram of the main ion proportion coef-
ficient as the water of each aquifer changed with time using 
Origin 9.1 software, which supports a variety of 2D/3D dia-
gram. The curve was fitted by the nonlinear least square 
method based on the Levernberg-Marquardt algorithm.

Analysis of the Piper Diagram

Aq·QA software enables one to more intuitively observe and 
analyze the hydrochemical characteristics of water samples 
from different aquifers and the relationship between them. 
The Piper diagram consists of two triangles and a diamond. 
The three edges of the lower left triangle represent the mil-
ligram equivalent percentages of cations Na+ + K+, Ca2+, 
and Mg2+. The lower right triangle represents the mil-
ligram equivalent percentage of anions Cl−, SO4

2−, and 
HCO3

− + CO3
−. The relative content of anions and cations 

in any water sample is represented by the positions marked 
in the two triangles respectively, and the crossover point 
obtained by the diamond is a comprehensive representation 

(1)Ẑ(s0) =

N
∑

i=1

�
i
Z(s

i
)

of the relative content of anions and cations in this water 
sample. The long edge of the rectangle on the right side of 
the Durov diagram represents the size of TDS data.

189 mine water samples and mine water filling source 
samples were collected from 2014 to 2021. As time passed, 
the color corresponding to the mark of each water sam-
ple changed from light to dark (Fig. 5). The Ca2+, Mg2+, 
and SO4

2− concentrations in the Quaternary alluvial water 
increased, while the HCO3

− concentration decreased. 
The hydrochemical facies evolved from Cl-Na·Ca to 
HCO3·SO4·Cl-Ca type. The Na+, Ca2+, and Cl− concentra-
tions in the fractured weathered bedrock water increased, 
while the SO4

2− and HCO3
− concentrations decreased. 

The hydrochemical facies evolved from HCO3-Ca to 
HCO3·SO4·Cl-Ca type. The Ca2+, SO4

2−, and HCO3
− con-

centrations of water in the fractured fault hanging wall 
increased, while the Na+ concentration decreased. The 
hydrochemical facies evolved from HCO3·Cl-Na·Ca to 
HCO3·SO4·Cl-Ca type. The Ca2+ and Cl− concentrations in 
the fractured fault footwall’s water increased, while the Na+ 
and HCO3

− concentrations decreased. The hydrochemical 
facies evolved from HCO3·Cl-Ca to HCO3·SO4·Cl-Ca type. 
The Na+ and Cl− concentrations in the mine water increased, 
while the Ca2+ and HCO3

− concentrations decreased. The 
hydrochemical facies evolved from HCO3-Ca to Cl-Na type 
(Fig. 5). The EC value of the Quaternary alluvial water, 
weathered fractured bedrock water, fractured fault hang-
ing wall water, fractured fault footwall weathered fractured, 
and mine water were 768, 1016, 2139, 3120, and 3118, 
respectively.

The hydrochemical type of the seawater is similar to the 
water in the fractured fault footwall and mine water, fol-
lowed by water in the fractured fault hanging wall, and 
different from the fractured weathered bedrock water and 
Quaternary alluvial water. As mining proceeded, the Na+ 
and Ca2+ concentrations in the Quaternary alluvial water 
and bedrock weathering fracture water have decreased, while 
the Mg2+ concentration changed little, indicating consist-
ent cation exchange reactions. The Na+ concentration in 
the water of the fractured fault hanging wall and footwall 
increased, while the Ca+ and Mg2+ concentration slightly 
decreased, indicating a strong cation exchange reaction. The 
Cl− concentration in the water of each aquifer increased and 
the groundwater became more saline (Fig. 5).

Analysis of the Proportional Coefficient

Spatial Distribution of the Ion Proportional Coefficient

189 samples were selected from 2014 to 2021 37 Quater-
nary alluvial water samples, 99 fractured weathered bed-
rock water samples, 22 fault hanging wall structural fracture 
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Fig. 5   Piper and Durov diagram of water sample of water filling sources and the water inflow point; a Piper diagram; b Durov diagram
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water samples, 22 fractured fault footwall water samples, 
and 9 mine water samples.

Except for the sodium adsorption ration (SAR), the 
average values of other ion proportion coefficients of the 
Quaternary alluvial water were the largest, and the water 
in the fractured fault footwall were the smallest (Table 3). 
Table 4 and Fig. 6 show that all of the samples had γNa/
γCl values less than 1.0, indicating that the mine water was 
not affected by the leaching of atmospheric precipitation. 
The γNa/γCl values of other samples were less than 0.85, 

indicating that ion exchange had occurred, increasing the 
Ca2 + content and decreasing the Na+ content. The increased 
γNa/γCl value indicates that the intensity of salt leaching 
and its accumulation had increased. The γCa/γCl value of 
all samples were less than 1, indicating poor groundwater 
dynamic conditions. The value of γSO4/γCl was less than 1, 
which indicates that Cl− in the mine water increased faster 
than SO4

2−; the value of γHCO3/γCl was less than 0.1, indi-
cating that the water quality became more saline. The SAR 
value of the S160502 sample was the highest, indicating 

Table 3   Statistics of ion proportional coefficient characteristic of water samples

Tips: γ is the milligram equivalent concentration of ions, meq/L; SAR is the sodium adsorption ratio, where SAR =
Na

+

√

1

2
(Ca2++Mg2+)

 , and C is the 

concentration, meq/L

Ion pro-
portional 
coefficient

Quaternary alluvial water Bedrock weathered fracture water Water in the fractured fault hanging wall

Maximum 
value

Minimum 
value

Mean value Maximum 
value

Minimum 
value

Mean value Maximum 
value

Minimum 
value

Mean value

�Na

�Cl
1.92 0.22 0.76 2.07 0.15 0.69 1.25 0.07 0.62

�Ca

�Na
23.46 0.05 2.5 5.83 0.29 2.35 12.3 0.11 1.59

�Mg

�Na
11.03 0.09 0.7 2.09 0.08 0.61 0 5.6 0.52

�Ca

�Cl
5.26 0.08 1.64 4.43 0.2 1.46 1.73 0.05 0.72

�SO
4

�Cl
3.31 0 0.53 3.78 0 0.47 0.79 0 0.13

�HCO
3

�Cl
6.86 0.09 1.1 5.26 0.03 0.91 1.94 0 0.48

SAR 7.9 0.1 1.84 9.1 0.61 1.93 29.73 0.2 4.83

Ion proportional 
coefficient

Water in the fractured fault footwall Mine water

Maximum value Minimum value Average values Maximum value Minimum value Average values

�Na

�Cl
1.37 0.11 0.62 0.87 0.45 0.69

�Ca

�Na
2.63 0.05 1.05 1.02 0.28 0.52

�Mg

�Na
7 0.06 0.5 0.33 0.46 0.09

�Ca

�Cl
0.89 0.05 0.53 0.46 0.25 0.33

�SO
4

�Cl
0.52 0 0.11 0.13 0.01 0.08

�HCO
3

�Cl
0.91 0.01 0.25 0.07 0.004 0.04

SAR 51.77 0.88 7.3 6.2 1.48 4

Table 4   Statistical of ion proportional coefficient of mine water in the Jiaojia gold mine area

Number Sample ID Sampling location �Na

�Cl

�Ca

�Na

�Mg

�Na

�Ca

�Cl

�SO
4

�Cl

�HCO
3

�Cl
SAR

1 S160501 Exploration roadway 1# of Xincheng gold mine 0.856 0.300 0.028 0.257 0.129 0.059 6.105
2 S160502 Exploration roadway 2# of Xincheng gold mine 0.869 0.283 0.040 0.246 0.120 0.061 6.199
3 S160508 Middle section of – 630 m in Sizhuang gold mine 0.670 0.453 0.023 0.303 0.022 0.009 4.207
4 S160509 Middle section of – 630 m in Wangershan gold mine 0.723 0.442 0.056 0.319 0.063 0.039 4.016
5 S1610580 Middle section of − 630 m in Xincheng gold mine 0.670 0.527 0.094 0.353 0.120 0.023 3.222
6 S1610581 − 630 m observation point of Xincheng gold mine 0.757 0.377 0.094 0.286 0.125 0.044 4.244
7 J2013-630 Water inrush point of − 630 m roadway in Jiaojia gold mine 0.561 0.731 0.053 0.410 0.007 0.004 2.552
8 J2013-330 Water inrush point of – 330 m roadway in Jiaojia gold mine 0.447 1.024 0.330 0.458 0.016 0.074 1.477
9 S210701 Middle section of − 650 m in Jiaojia gold mine 0.613 0.623 0.032 0.296 0.012 0.011 2.932
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that the sample contained abundant exchangeable Na+. The 
SAR value increased with the mining depth and the cation 
exchange intensity increased between Ca2+, Mg2+ (ground-
water), and Na2+(rock). The SAR value of the J2013-330 
sample was less than 2, indicating no seawater intrusion, 
while the rest exceeded 2, indicating that they may have been 
affected by seawater.

Almost all of the γCa/γCl values exceeded 1, indicat-
ing good dynamic conditions of the Quaternary aquifer 
(Fig. 7b). They exceeded 2 in the southwest area, which 
may be because rock fractures are developed in the lower 
part of the Quaternary alluvial aquifer close to the Jiaojia 
fault zone. The γCa/γCl value in the southeast exceeded 2, 
possibly due to its location in the mountains, large surface 
drop, and good hydrodynamic conditions. The γSO4/γCl 
value near the Sizhuang gold mine was less than 1 (Fig. 7c), 
which potentially mean it is related to seawater. The SAR 
value exceeded 2 in Sizhuang and the coastal area (Fig. 7d), 
indicating strong water–rock interaction.

The contour map of the ion proportion coefficient in the 
fractured bedrock aquifer shows that an area with a γNa/γCl 
value close to 0.85 was distributed in the southwest near the 

Jiaojia fault and along the coast of Laizhou Bay (Fig. 8a), 
indicating this groundwater is related to seawater. The γCa/
γCl value in most areas was less than 1 (Fig. 8b), indicating 
poor hydrodynamic conditions. The γCa/γCl value near the 
Jiaojia fault in the southwest and the southeast of Sizhuang 
exceeded 1, indicating a good hydrodynamic condition, 
which may be due to the development of fractures and good 
permeability near the Jiaojia fault zone. The γSO4/γCl value 
of most areas was less than 1 (Fig. 8c), potentially indicat-
ing seawater intrusion. In the northeast of the Jiaojia fault 
zone and near the Jiaojia gold mine, the SAR value reaches 
7 or more (Fig. 8d), indicating the intensity of the cation 
exchange reaction between water and rock.

The contour map of the ion proportion coefficient in the 
fractured fault hanging wall aquifer shows that an area with 
a γNa/γCl value close to 0.85 was distributed near and south-
west of the Jiaojia fault (Fig. 9a), in the Jiaojia and Sizhuang 
gold mines. The γNa/γCl value near and west of the Jiaojia 
gold mine and the south-north section of the Jiaojia fault 
zone is close to 1, the salt was enriched, which may be due to 
the leaching of saline rock strata. The γNa/γCl values in the 
northeast were less than 0.85, indicating that ion exchange 

Fig. 6   Distribution of mine water sampling location
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had occurred, increasing the Ca2+ content and decreasing 
the Na+ content. The area with a γCa/γCl value exceeding 
1 was concentrated in the west of the middle and south sec-
tions of the Jiaojia fault zone (Fig. 9b), indicating a good 
hydrodynamic condition. This may be due to the opening 
of fractures and the formation of water-conducting passage-
ways during mining. The area’s overall γSO4/γCl value was 
less than 1 (Fig. 9), potentially indicating seawater intrusion. 
In most areas, the SAR value exceeded 2, and the SAR value 
reached 10 or more near the south-north part of the Jiao-
jia fault zone (Fig. 9d), indicating a strong cation exchange 
reaction between water and rocks.

The contour map of the ion proportion coefficient 
in the fractured fault footwall aquifer shows that an area 

with a γNa/γCl value close to 0.85 was distributed in the 
South–North section of the Jiaojia fault zone (Fig. 10a). The 
γNa/γCl value near the Sizhuang gold mine was close to 
1, and the salt is enriched, which could be due to dissolu-
tion of saline rock strata. The γNa/γCl value elsewhere was 
less than 0.85, indicating that ion exchange had occurred, 
increasing the Ca2+ content and decreasing the Na+ content. 
The area’s overall γCa/γCl value was less than 1, indicating 
a poor hydrodynamic condition. The γCa/γCl values of the 
western Sizhuang gold mine and the Xincheng gold mine 
were close to 1 (Fig. 10b), with good dynamic conditions. 
The area’s overall γSO4/γCl value was less than 1 (Fig. 10c), 
indicating that the water quality is becoming more saline. 
The SAR value reached 8 or more southwest of the Sizhuang 

Fig. 7   Contour map of ion proportion coefficient of the Quaternary alluvial water a γNa/γCl; b γCa/γCl; c γSO4/γCl; d SAR
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gold mine, and the maximum value was 51.77 (Fig. 10d), 
indicating a strong cation exchange reaction between water 
and rock.

Time Distribution of the Ion Proportional Coefficient

From 1968 to 2020, 50 samples of Quaternary alluvial water, 
102 samples of bedrock weathered fracture water, 58 sam-
ples of fractured fault hanging wall water, 36 samples of 
water in the fractured fault footwall, and 30 samples of mine 
water were collected from the Jiaojia gold mine area, with 
3 year sampling periods. Due to the spatial variation of the 
Jiaojia fault zone and the ore body’s location, the sampling 

depth of the fractured fault hanging wall water samples 
increased as the mining depth increased.

The average Na+, Cl−, SO4
2−, EC, γNa/γCl, γCa/γCl, 

γSO4/γCl, and SAR values for each time interval of each 
aquifer were calculated to analyze the relationship between 
aquifers by the change of dynamic hydrochemical charac-
teristics. Figure 11 shows that the Na+ concentration of the 
Quaternary alluvial water and the fractured bedrock water 
changed little with the increased mining depth; both basi-
cally kept below 200 mg/L with solid correlation, indicating 
a close hydraulic connection. The Na+ concentration in the 
fractured fault hanging wall water increased slightly, while 
the mine water and the water in the fractured fault footwall 
increased greatly, reaching 1000 mg/L or more. The rising 

Fig. 8   Contour map of ion proportion coefficient of the bedrock weathering fractured water a γNa/γCl; b γCa/γCl; c γSO4/γCl; d SAR
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trends have a strong correlation, indicating that the mine 
water mainly comes from the fractured fault footwall water.

Figure 12 shows that the Cl− concentration of the Qua-
ternary alluvial water changed little with increased mining 
depth and basically remained below 300 mg/L, while it 
increased slightly in the weathered fractured bedrock water. 
The Cl− concentration of the water in the fractured fault 
hanging wall, in the fractured fault footwall and the mine 
water increased greatly, reaching 3000 mg/L or more. The 
Cl−concentration of the water in the fractured fault footwall 
and the mine water had an increasing trend, which may be 
related to seawater.

Figure 13 shows that with the increased mining depth, the 
SO4

2− concentration of the Quaternary alluvial water, the 

weathered fractured bedrock water, the water in the fractured 
fault hanging wall, and the mine water increased to a certain 
extent, finally reaching 150 mg/L. The SO4

2− water con-
centration in the fractured fault footwall increased greatly, 
which may be related to the seawater.

Figure 14 shows that with the increased mining depth, the 
EC changed little in the Quaternary alluvial water, increased 
in the weathered fractured bedrock and fractured fault hang-
ing wall water, and increased greatly in the fractured fault 
footwall water, indicating the soluble salt content increased 
with depth, and that the water in the fractured fault hanging 
wall and footwall are closely related to the mine water.

Figure 15 shows that with the increased mining depth, the 
γSO4/γCl value of Quaternary alluvial water and bedrock 

Fig. 9   Contour map of ion proportion coefficient of the water in the fractured fault hanging wall a γNa/γCl; b γCa/γCl; c γSO4/γCl; d SAR
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fracture water increased as the Cl− increased slowly. The 
γSO4/γCl values of the water in the fractured fault hanging 
wall and footwall was unchanged, and finally approached 
0.1, which is far less than 1, indicating that Cl− increased 
rapidly and that seawater was intruding. The γSO4/γCl 
value of the mine water changed greatly, and in the rear 
section was similar to the γSO4/γCl value of the water in 
the fractured fault hanging wall and footwall, indicating a 
close relationship. The γSO4/γCl value of the water in the 
fractured fault hanging wall and footwall approached that 
of the seawater.

Figure 16 shows that with the increased mining depth, 
the SAR values of the Quaternary alluvial water and 

fractured bedrock water remain unchanged, indicating 
the intensity of cation exchange reaction changed little. 
Some SAR values exceeded 2, indicating possible seawa-
ter intrusions. The SAR values of the water in the frac-
tured fault hanging wall and footwall increased, indicat-
ing an increased intensity of exchange reaction changes 
and strong water–rock interaction. The SAR value of the 
mine water increased, consistent with the water trend in 
the fractured fault footwall, indicating a close relation-
ship between the two. The SAR value of the mine water 
in the later section was close to the water in the fractured 

Fig. 10   Contour map of ion proportion coefficient of the water in the fractured fault footwall a γNa/γCl; b γCa/γCl; c γSO4/γCl; d SAR
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fault hanging wall, indicating close hydraulic connection 
between the fault hanging wall and footwall, and that the 
water in the fractured fault hanging wall had entered the 
stope through a water-conducting passageway.

Grey Correlation Analysis

Analytical Method

SAR, γNa/γCl, γMg/γCa, γCa/γNa, γMg/γNa, γCa/γCl, 

Fig. 11   Na+ concentration curve of water samples changing with time

Fig. 12   Cl− concentration curve of water samples changing with time
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γSO4/γCl, and γHCO3/γCl were selected as components of 
the impact index, to analyze the source of the mine water 
and to determine the relationship between the mine water, 
various aquifers, and seawater. The correlation between 

the mine water samples and the water sample sequence of 
each water filling source was calculated by Deng’s grey 
correlation method, which compares the degree of similar-
ity between two sequences (Zhang and Yang 2018).

Fig. 13   SO4
2− concentration curve of water samples changing with time

Fig. 14   EC value curve of water samples changing with time



69Mine Water and the Environment (2024) 43:53–72	

Fig. 15   γSO4/γCl curve of water samples changing with time

Fig. 16   SAR value curve of water samples changing with time
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Analysis Results

We calculated the correlation between the mine water and 
samples of the water-filling sources using the MATLAB 
platform. The results are shown in Table 5.

Figure 17 shows that the greatest degree of correlation 
was between the mine water and the water in the fractured 
fault footwall, exceeding 0.9; the maximum value was the 
− 630 m mine water of the Xincheng gold mine (S1610580), 
which reached 0.93. This is because the no. 1 ore body is 
mainly distributed in the pyritic sericitized cataclastic rock 

belt, which is close to the main fault surface. So most of the 
mining was carried out in the fractured fault hanging wall a, 
which is the mine’s direct aquifer. The correlation between 
the water samples in the fractured fault hanging wall and the 
mine water samples ranks second, with a range of 0.87–0.92 
with a large value. This may be due to displacement and 
deformation of the overlying strata during mining, which 
opens the closed initial fissures to form water-conducting 
passageways leading to the mine.

The correlation between the bedrock weathered fracture 
water samples and mine water samples ranks third, all less 

Table 5   Correlation degree between mine water and various water filling sources

Number Sample number Sampling location Quaternary Bedrock 
weather-
ing

Fault 
hanging 
wall

Fault footwall Seawater

1 S160501 Exploration roadway 1# of the Xincheng gold mine 0.826 0.872 0.896 0.925 0.829
2 S160502 Roadway 2# of the Xincheng gold mine 0.826 0.872 0.897 0.925 0.830
3 S160508 − 630 m middle section of Sizhuang gold mine 0.796 0.845 0.871 0.9 0.833
4 S160509 − 630 m middle section of Wangershan gold mine 0.825 0.876 0.9 0.927 0.823
5 S1610580 − 630 m mine water of Xincheng gold mine 0.834 0.886 0.908 0.933 0.822
6 S1610581 − 630 m observation point of Xincheng gold mine 0.834 0.881 0.906 0.932 0.826
7 J2013-630 Water inrush point of − 630 m roadway in the Jiaojia 

gold mine
0.808 0.862 0.877 0.921 0.817

8 J2013-330 Water inrush point of − 330 m roadway in the Jiaojia 
gold mine

0.845 0.894 0.915 0.932 0.803

Fig. 17   Correlation degree between mine water and various water filling sources
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than 0.9, with a range of 0.85–0.90, indicating a connec-
tion between the weathered fractured bedrock water and the 
mine water. This may be because some weathered fractured 
bedrock water enters the mine through the water-conducting 
passageway of the fault hanging wall or pre-existing frac-
tures. The correlation between seawater samples and mine 
water samples ranks fourth, with a range of 0.80–0.833, 
indicating a possible connection between the mine water 
and seawater.

The correlation between the water inrush point at − 600 m 
mining level and seawater is greater than at the water inrush 
point at the − 300 m mining level, indicating that the connec-
tion between mine water and seawater increases with mining 
depth. The correlation between Quaternary alluvial water 
samples and mine water samples ranks fifth, indicating no 
connection between the two.

Discussion

With the increased mining depth, the chemical characteris-
tics of the formation water in the mining area have changed 
significantly. Due to the different amounts of sulfur-bearing 
gold ore, iron ore, and marble in the Jiaojia mining area, 
mining activities were conducive to pyrite oxidation. Where 
carbonate rock or sulfate was present in the underground 
aquifer, the acidic groundwater would have accelerated the 
dissolution of carbonate rock or sulfate minerals, increasing 
the pH and the load of SO4

2−, Ca2+, and Mg2.
The groundwater leaching effect was strong. As the 

groundwater containing Ca2+ and Mg2+ flows through the 
rock stratum, the cation exchange of Na+ and Ca2+ with 
Mg2+ occurs, increasing the Na+ load and decreasing the 
Ca2+ and Mg2+ load.

Due to the complex characteristics of groundwater 
migration, mixing, and diffusion processes, the evolution of 
groundwater chemical characteristics is affected by many 
factors with complicated and long-time processes. For exam-
ple, under the influence of mining, hydrochemical reactions 
occurred after water mixed in the fractured fault hanging 
wall and footwall. Due to the greenhouse effect and other 
reasons, the sea level is rising, which increases the specific 
head height, and may intensify seawater intrusion. In addi-
tion, saltwater intrusion may be induced by mine dewater-
ing or pumping of wells for non-mining uses. Due to the 
different geological structure properties and scale in the 
Jiaojia gold mine area, the faults may act as a barrier or 

(2)
2Na+(Rock) + Ca2+(Water) → 2Na+(Water) + Ca2+(Rock)

(3)
2Na+(Rock) + Mg2+(Water) → 2Na+(Water) + Mg2+(Rock)

water-conducting passageway in different regions. Generally, 
the reverse fault is compressed to form dense rock, which 
makes it easy to form a water barrier. The normal fault is 
stretched to form loose rock, which can form a water-con-
ducting passageway. Therefore, the above-influencing factors 
should be added to future simulations or process experimen-
tal models to make the model more accurate.

Conclusion

The source of the mine water was analyzed by hydrochemi-
cal characteristics. According to the Piper diagram, analysis 
of the ion proportional coefficient, and grey correlation anal-
ysis, along with the relationship between water-filling source 
and mine water, the chemical characteristics and evolution 
of the groundwater were studied. The main conclusions are

(1)	 The main water inflow (inrush) source of the Jiaojia 
deep gold mine deep is the water in the fractured fault 
footwall, followed by the water in the fractured fault 
hanging wall. The bedrock water and Quaternary allu-
vial water are far from the gold deposit, making it dif-
ficult to enter the mine.

(2)	 Due to the influence of mining, the water in the frac-
tured fault footwall enters the mine through the fracture 
near the Jiaojia main fault zone under the action of 
gravity, forming a close hydraulic connection with the 
water in the fractured fault footwall.

(3)	 With the increased mining depth, permeability path-
ways have formed between the seawater and mine 
water, and cation exchange reactions is becoming more 
intense. The water quality is becoming more saline and 
seawater infiltration has been enhanced.
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