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Abstract Seawater inrush is deadly to undersea mine and

it is very important to accurately assess the connectivity

between seawater and the mine pit. With Xinli gold mine

area as a case study, following the analysis of geological

setting, a detailed hydrogeological survey and sampling

were conducted and conservative ions test of mine water

samples was carried out in the laboratory. Furthermore, the

physical significances of ion concentration and ion ratios,

such as Cl-, cSO4
2-/cCl- and cNa?/cCl-, were checked.

The test data analysis, enhanced by the physical signifi-

cance check and hierarchy clustering analysis, was used to

assess the overlying seawater inrush into the mine pit. It

was determined that the undersea rock masses in the Xinli

mine area bear high-mineralization brine water. The ore-

controlling fault gouge and a thin layer of clay in Quater-

nary block the seepage of overlying seawater into the

undersea mine pit to a great extent. The mine water from

surrounding rock of the northeast gopher drift is closer to

seawater in hydrogeochemical features, which indicates

that the connectivity between the northeast of footwall of

the ore-controlling fault and seawater is relatively good and

should be closely monitored in future production. The mine

water from the southwest gopher drift and crosscuts is

similar to the brine (salty) water in chemical features,

drains the net reserves of brine (salty) water in bedrock

fissures and will impose few impacts on production in the

near future. This approach is feasible and cost-effective.

Keywords Undersea mining � Hydrochemical

features � Brine water � Connectivity �
Desulphurization � Water–rock interaction

Introduction

Jiaodong Peninsula, located in east China, is rich in the

precious metal, gold, with a proved reserve of up to 1,000

tons. A dozen goldmines are distributed over this coastal

region where they are subjected to seawater intrusion or

groundwater salinization. Groundwater salinization occurs

in many coastal areas of the world. Due to various influ-

encing factors, it is a big issue to determine the source and

origin of salinization of a coastal aquifer. The hydrogeo-

chemical processes affecting groundwater mineralization

include: evaporation, dissolution of evaporate minerals,

cation exchange with clay minerals, mixing processes rela-

ted to seawater, deep brine water, return flow of agricultural

irrigation, domestic and industrial waste waters (Salem et al.

2011; Mondal et al. 2011; Kim et al. 2012; Farid et al. 2013).

Seawater intrusion is often linked to over pumping in coastal

regions, leading to overdraft conditions and forming an

inland gradient of seawater (Moujabber et al. 2006).

Researchers proposed some criteria, such as Na/Cl, Ca/

(HCO3 ? SO4), to identify the origin of salinity, especially

to determine the seawater intrusion in coastal aquifers.

Although so far no severe water inrush has occurred in these

mines, close attention must be paid to this issue.
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The Xinli goldmine in northwest Jiaodong Peninsula,

with its main ore body in the undersea rock masses, is the first

gold mine exploited undersea in China (Fig. 1). It is also one

of the largest goldmines in China with a proved reserve of

over 30,000 kg of Au. Therefore, it is a big issue to assess the

seawater inrush risk and to assure safe production.

Water inrush risk assessment is always a difficult prob-

lem, especially in coal mines. Previous studies indicated that

a water inrush was usually controlled by three factors,

including the water source, aquifuge and permeable chan-

nels. Researchers proposed several methods, such as a water

inrush coefficient method, a vulnerable index method and so

on, to assess the risk of water inrush in a coal mine (Aston and

Whittaker 1985; Xu and Wang 1991; Zhang and Shen 2004;

Yang et al. 2006; Meng et al. 2012). Geological conditions

affecting water inrush in an undersea metal mine are quite

different from that of a coal mine and few references can be

obtained from approaches used in coal mine water inrush

prevention. In addition, it is difficult to conduct routine

geophysical surveys in the Xinli mine area as the ore deposits

and tunnels are distributed in an undersea rock mass. Liu

et al. (2007a, b) used stable isotope 18O and water quality

data to identify the mine water recharge sources of Sans-

handao goldmine. Liu et al. (2012) studied the safety of

undersea mining in the Xinli mine area using numerical

simulation and suggested that it is safe to exploit the ore body

below the -85 m level. Qian et al. (2008) utilized hydro-

chemical features, stable isotopes (dD and d18O values) and

mine water temperature to analyze the hydrogeological

conditions in Wang’ershan gold mine in Laizhou, China.

Seki et al. (1986) and Mizukami et al. (1977) analyzed the

submarine formation water at the Seikan undersea tunnel

using geochemical methods. Isotopic and hydrochemical

analysis was widely used in studies on seawater/saline

intrusion and anthropogenic pollution of coastal aquifers

(Duane et al. 1997; Zhang and Peng 1998; Guo 2004; Burnett

et al. 2006; Ma et al. 2007; Yao et al. 2007; Güler et al. 2012;

Povinec et al. 2012; Stoecker et al. 2013). With Xinli gold

mine area as a case study, based on previous related research,

the aim of the authors was to obtain a feasible approach to

identify the seawater inrush passage in an undersea metal

mine pit and thereby assess the seawater inrush risk.

Fig. 1 Map showing location

of the study area. 1 Coastline, 2

Quaternary, 3 Cuizhao unit of

Linglong superunit, 4

Luanjiazhan unit of

Malianzhuang superunit, 5

Fault, 6 Gold mine

Environ Earth Sci

123



Materials

Stratigraphic and geological structures

The Xinli mine area is situated near the Laizhou Bay,

Bohai Sea. The elevation above sea level ranges from 1.2

to 4.5 m and overall tends to decreases from southeast to

northwest. The Wang River runs across the northeast of

Xinli mine area. The northwest of the mine area is covered

by the Bohai Sea and both the ore deposits and ore-con-

trolling structure F1 are undersea (Fig. 2). The overlying

seawater is about 10 m deep. There are several fish ponds

over the southeast of the mine area. The main, auxiliary,

filling and ventilation shafts have been excavated and

sublevel tunnels have been cut in -105, -135, -165, -

200, -240, -280, -320, -360 and -400 m, and pro-

duction test using the upward-filling mining method has

been carried out in -200, -360 and -400 m sublevels

(Fig. 3). The Sanshandao mine area is to the northeast of

Xinli mine area (Zhao et al. 2011; Li et al. 2012).

Stratigraphically, the regional strata include the middle

Archean Tangjiazhuang Group (Ar3t), new Archean Jia-

odong Group (Ar4j), Paleoproterozoic Jingshan Group

(Pt1j), Feizishan Group (Pt1f) and Quaternary System

(Q) (Fig. 1). The unconsolidated sediment of Quaternary

System is widely spread in the Xinli mine area and its

thickness ranges from 8 to 10 m, with a maximum of 60 m.

From bottom to up, the seabed Quaternary above the ore-

bearing rock masses covers subclay, subsand, marine mud,

silty clay, medium-fine sand, medium-coarse sand and

coarse gravel (Sun et al. 2002).

Geotectonically, the Xinli mine area lies in the North

Jiaodong uplift section of the North China platform. Old

metamorphic basement of deformed rock masses, multi-

stage and polygenetic magma activities and the NE-striking

faults constitute the main Metallogenetic conditions. The

Sanshandao–Cangshang fault F1 is the ore-controlling fault

of the Sanshandao, Xinli and Cangshang gold mines

(Fig. 1). The ore deposit in Xinli mine area belongs to

structural hydrothermal alteration type. The mineralized

alteration zone of the Xinli gold mine is 70–185 m wide

and about 1,000 m deep (maximum). Lithologically, the

alteration zone covers medium-fine grained metagabbro,

Monzogranite granite, Cataclastic granite, Beresitization

granite, and Beresitization cataclasite (Fig. 3). F1 stretches

for 1,300 m in the direction of NE, dipping SE at an angle

of 45�–75�. F1 strikes averagely N62�E in the west and

N38�E in the east and extends for above 600 m in the deep.

The Xinli fault F2, exposed by five wellbores, is located in

the north of the Xinli mine area. It strikes N290�W and

dips NE at an angle of 80�–90�.

Mechanically, F1 is a shear-compressional structure and

F2 is an extensional one. Both F1 and F2 are of multi-stage

tectonic activities. Generally, the joints are not well

developed and the rock mass structure is a blocky type with

RQD (Rock Quality Designation) values above 50 % and

averaging around 85 %. The rock masses in Xinli mining

area are hard ones. The uniaxial compressive strength of

saturated medium-fine grained metagabbro, saturated

sericitized granite and saturated Beresitization granite is

around 51–86, 65–109 and 50–70 MPa, respectively. The

geo-stress regime in Xinli mining area is dominated by

Fig. 2 Geological sketch of the

Sanshandao-Xinli fault
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horizontal tectonic stress, similar to that in Sanshandao

mining area. The maximum and minimum principal stress

is nearly horizontal and the maximum principal stress is in

the direction of north by west, perpendicular to the ore-

controlling fault F1. Based on in situ measurements and

regression analysis, Liu et al. (2012) described the geo-

stress regime in Xinli mine area as follows:

rhmax ¼ 0:11þ 0:0539H;

rhmin ¼ 0:13þ 0:0181H;

rz ¼ 0:08þ 0:0315H;

where rhmax, rhmin and rz are the maximum horizontal

principal stress, minimum horizontal principal stress, and

vertical principal stress, respectively, Mpa; H is the buried

depth of the measuring point, m.

Hydrogeological conditions

The hydrogeology is rather complex in Xinli mine area.

The Wang River runs into the Bohai Sea during July and

August annually and remains dry during the other months

due to lack of precipitation. The runoff and discharge of

pore water are poor due to the flat topography and the

groundwater chemically features a Cl–Na type with the

mineralization degree of 0.5–4.0 g/L. The Quaternary is

rich in groundwater. Several sea fish ponds lie over the

southeast of Xinli mine area. The possible water recharge

sources of the Xinli mine pit include the surface Bohai Sea,

Wang River, fish ponds over the mine area, groundwater in

fractured rock masses and groundwater in Quaternary

unconsolidated aquifer. The Bohai seawater is the greatest

threat to the mine safety. The possible permeable channels

are mainly rock fractures including F1, F2 and joints. On

the whole, the rock mass is impermeable. But the relatively

permeable part includes the Quaternary, the top weathered

bedrocks, and fractured rock mass along the F1 and F2

fault planes. In situ hydraulic pressure test showed that the

permeability coefficient of the weathered rock mass was

2.4e-7 m/s (Sun et al. 2002). There are fault gouges in

both F1 and F2 fault planes. The F1 gouge is rich in clay

minerals and about 0.05–0.1 m thick. The F2 gouge is dark

gray mud and is about 0.02–0.1 m thick. The bottom layer

of Quaternary, mainly composed of clay, silty clay and

marine mud, is impermeable and blocks the contacts

between the pore water, seawater and the fractured rock

masses to some extent (Fig. 3). This layer is 0.8–10 m

thick and the high variability of thickness casts doubts over

the impermeability of this layer. Thereby, it is crucial to

accurately predict the possible passage of seawater inrush.

Methods

Site fracture measurement and seepage survey

To identify the mine water recharge sources and to find out

the connectivity between the mine pit and overlying modern

seawater, a detailed hydrogeological survey and sampling

work were carried out in cross drift, crosscut and gopher

drift in -105, -135 m sublevels. A total of 1,135.1 m long

roadway in -105 sublevel was surveyed and 19 water

samples were collected from all the 196 seepage points; a

total of 1,336.0 m long roadway in -135 sublevel was

surveyed and 13 water samples were collected from all the

220 seepage points (Fig. 4). Seepage points in the roadway

Fig. 3 Geological cross-section

of the Xinli fault F1
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are not distributed evenly and typical points were selected

for sampling. Thirteen water samples were collected from

surface Bohai Sea, Wang River, fish ponds over the mine

area and drinking wells nearby, as well as of precipitation,

respectively. Furthermore, a detailed joint investigation in

the excavated roadways in all sublevels was carried out and

over 5,000 joints were measured. The statistical results are

shown in Fig. 5. Figure 5c, d shows that the prevailing

orientation of joints in alteration zone (NW) is different

from that in the surrounding rock of alteration (NE).

Water sampling in situ and conservative ions test

in laboratory

All the 44 samples were tested hydrogeochemically in State

Key Laboratory of Earthquake Dynamics (SKLED) Institute

of Geology, China Earthquake Administration. Conserva-

tive ions in water samples were analyzed based on the

standards of the People’s Republic of China (GB7477-87,

GB7476-87 and GB11899-89). The conservative ions Ca2?

and Mg2? were analyzed using the EDTA titration method

(GB7477-87, GB7476-87); K? and Na? were analyzed by

flame atomic absorption spectrometry (GB11904-89); Cl-

was measured using the titration method; SO4
2- was deter-

mined by the gravimetric method (GB 11899-89).

Test data analysis enhanced by hierarchy clustering

analysis

Usually, groundwater dynamics (water level and tempera-

ture) monitoring, and chemical analysis are used to identify

the mine water sources of a pit. In case the inflow in a pit is

small and temperature and chemical features of different

possible sources do not differ significantly, some mathe-

matical methods need to be used to determine an indicating

index and thereby to assess the mine water sources.

Paleo-seawater infiltrated into the local fracture during

marine ingression and experienced evaporation–concen-

tration and salts may undergo hydrolytic dissociation pro-

cesses during marine regression, and then turned into brine

water gradually (Ma et al. 2007). In Xinli mine area, the net

reserve and rate of brine seepage into mine workings are

limited and do not threaten the production; however, the

overlying seawater is dangerous. Due to the existence of

the brine water, it is very hard to exactly determine the

proportions of different water sources, especially seawater

and, therefore, further analysis is necessary.

Fig. 4 Sketch of hydrogeological survey in -105, -135 m level

Fig. 5 Strike rose diagram of joints in, a hanging wall, b footwall,

c surrounding rock of alteration zone in footwall and d alteration zone

in footwall
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Based on test data and previous studies (Duane et al.

1997; Wu et al. 1996; Liu et al. 2008; Belkhiri et al. 2012;

Kim et al. 2012), the physical meanings of some variables

are checked as follows:

(1) Cl-

It is the most stable major element in seawater and

cannot be adsorbed by plants, bacteria and soil. It is not

easy to precipitate due to high solubility. The mineraliza-

tion and electrical conductivity (EC) will rise with the

increase of Cl- concentration.

(2) cSO4
2-/cCl- (environmental index)

For waters, originated from the same source, the values

of cSO4
2-/cCl-, depending on reduction–oxidation envi-

ronment, may be quite different. Specifically, Cl- and

SO4
2- concentration cannot increase synchronically and

even may change in reverse directions when water envi-

ronment evolves from oxidation to reduction. The main

reason for it is that water in a long-term sealed reduction

environment will suffer desulfurization and SO4
2- will be

reduced to H2S and S and lower the concentration thereof.

Paleo-seawater may be concentrated due to evaporation

and suffer desulfurization due to long-term sealed reduc-

tion environment and thereby the value of cSO4
2-/cCl-

may differ from that of modern seawater in an open oxi-

dation system.

Millimoles equivalent per liter (c) equals milligram per

liter multiplied by its atomicity and divided by its molec-

ular weight. For instance, the concentration of SO4
2- is

1,767.5 mg/L and its corresponding concentration in mil-

ligram equivalent per liter, cSO4
2-, can be obtained by

1,767.5 (mg/L) 9 2/98 = 36.071 meq/L.

(3) cNa?/cCl- (environmental index)

cNa?/cCl- of modern seawater equals to 0.85. Marine

mud is rich in organic materials and various micro-organ-

isms, and anoxic reducing environment thereof is condu-

cive to biochemical reaction. Marine sedimentary water

will be concentrated in lagoon and suffer desulfurization.

The SO4
2- concentration will drop and even diminish,

which results in the emergence of H2S, the increase of

HCO3
- concentration and the rise of pH value. Part of

Ca2?, Mg2? will react with HCO3
- and produce CaCO3

and MgCO3 precipitation; thus, Ca2? and Mg2? concen-

tration will then drop and the cationic adsorption equilib-

rium between the water and mud will be broken. Some

Ca2? adsorbed by mud will migrate into water and some

Na? in water will be adsorbed by mud. The Na?-rich

paleo-seawater will replace some Ca2? with Na?; there-

fore, Ca2? will increase in the water in bedrock fissures and

Na? will drop; and cNa?/cCl- will be less than that of

modern seawater.

Laizhou corresponds to north temperate East Asian

continental monsoon climate, with four distinct seasons

and sufficient sunshine. The annual precipitation is aboutT
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610 mm and it is a semi-humid area. Therefore, currently

no significant evaporation occurs. During infiltration, the

water environment may change from an open oxidation

environment to a sealed reduction environment.

According to the geological setting, the mine pit is under

the Bohai Sea. Due to the clay layer existing in Quaternary

and possible brine water in magmatic rock fissures, possi-

ble hydrogeochemical processes include cation exchange

with clay minerals, mixing related to seawater, and brine

water. Therefore, some indicators can be used to classify

the mine waters.

Hierarchical clustering analysis (HCA) is an effective

approach to merge individual sample into homogeneous

groups successively (Menció and Mas-Pla 2008; Kur-

chikov and Plavnik 2009; Belkhiri et al. 2012).

According to HCA, initially all samples are considered

as individual groups and then these samples are con-

nected to form clusters based on their distances step by

step. Always the closest two samples are merged into

one group. Finally, all samples are combined into one

group. The hierarchy is often expressed using a

dendrogram.

The distance between two samples is obtained using a

Euclidean distance square (SED), defined as follows:

dij ¼
Xp

k¼1

Xik � Xjk

� �2
; ð1Þ

where p is the number of variables, k is the sequence

number of variables, i, j are sequence numbers of samples,

X ik is the kth variable value of the ith sample.

The distance between two groups use Ward’s Method

(WD), that is, the sum of deviations squares of samples

within one group should be smaller and that of groups

should be larger. Initially, each sample is regarded as a

group and then the closest two groups are merge into one,

which will produce the smallest increment of sum of

deviation squares. Finally, all samples are combined into

one group.

One shortcoming of HCA is that it cannot express the

correlations of each variable of all samples. The variable

number used in HCA can be one or more; however, the

selected variables should be physically clear, easy to

determine and the values of a variable of different samples

should be significantly different. That is, the selected

variables should not be linearly correlated and their values

should be quite different for the samples of different

groups. For instance, Cl-, mineralization and electrical

conductivity (EC) of water samples often show good linear

correlations between each other; so only one of the three

variables was selected.

The variable values should be standardized due to its

wide range of variation in different groups. The authors

utilized Z-Score method to standardize the values of each

variable.

Z ¼ x�mean xð Þð Þ=std xð Þ ð2Þ

where x is the original value of a variable, Mean(x) is the

mean of all the values of a variable, Std(x) is the standard

variation of all the values of a variable.

Results and discussion

Conservative ion test results

The test results are as follows (Table 1).

The conservative ions test data show that the hydro-

chemical features of these samples are quite different.

Primarily, the mineralization and water quality type of

Table 2 Correlation matrix of hydrochemical variables of water samples

Correlation

coefficient

EC Mineralization

(M)

HCO3
- Cl- SO4

2- CO2 cSO4
2-/

cCl-
K? Na? Ca2? Mg2? cNa?/

cCl-

EC 1.000

Mineralization

(M)

0.987 1.000

HCO3
- 0.561 0.581 1.000

Cl- 0.987 1.000 0.572 1.000

SO4
2- 0.981 0.989 0.608 0.986 1.000

CO2 0.148 0.136 -0.037 0.141 0.083 1.000

cSO4
2-/cCl- -0.674 -0.626 -0.282 -0.623 -0.646 -0.074 1.000

K? 0.657 0.613 0.295 0.603 0.679 0.077 -0.643 1.000

Na? 0.985 0.998 0.602 0.996 0.991 0.127 -0.633 0.630 1.000

Ca2? 0.857 0.881 0.391 0.888 0.823 0.218 -0.465 0.301 0.854 1.000

Mg2? 0.965 0.989 0.510 0.990 0.971 0.150 -0.578 0.574 0.981 0.910 1.000

cNa?/cCl- -0.601 -0.558 -0.437 -0.556 -0.579 -0.061 0.832 -0.544 -0.557 -0.464 -0.524 1.000
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Wang River water, precipitation, seawater were quite dif-

ferent, as follows, respectively: 1.0 g/L, Cl–Ca�Na (Wang

River water); 0.1 g/L, HCO3–Na�Ca (precipitation);

29.4 * 30.0 g/L, Cl–Na (seawater); the mineralization of

Quaternary groundwater and mine water ranges from

0.4 * 38.4 g/L to 37.2 * 82.6 g/L separately, higher than

that of overlying Bohai seawater in most cases. Obviously,

mine water contains brine water. The K? concentration in

mine water samples was much higher than that in seawater,

showing rock can adsorb K? from water. It also indicates

that K? is rather active in ionic exchange adsorption (Seki

et al. 1986).

Hierarchical clustering analysis results

To determine the effective variables, a correlation analysis

was conducted and a correlation matrix of variables was used

(Table 2). It turns out that Cl- shows good correlation with

M, SO4
2-, EC, Na? and Mg2?; so, these variables should be

omitted. CO2 and HCO3
- were also omitted due to their very

low concentrations and chemical instability. Then Cl-, K?,

Ca2?, cSO4
2-/cCl- and cNa?/cCl- were selected as HCA

variables and HCA produced a dendrogram (Fig. 6).

HCA indicates that in Xinli mine area, pore waters in the

Quaternary unconsolidated aquifer, 01, 08, 09, 05, 03, 02,

10, 06, 04 samples in -105 m sublevel and 06, 07, 08

samples in -135 m sublevel were hydrochemically close

to seawater (Figs. 5, 6).

In -105 m sublevel, the samples close to seawater were

from gopher drift in the northeast of the foot wall of F1.

The W105-07 is located in No. 12 cross drift and was quite

different from seawater in hydrochemical features and had

a very high mineralization.

In -135 m sublevel, the samples close to seawater were

from gopher drift between No. 6 and No. 9 crosscut in the

northeast of the bottom wall of F1. W135-09, located in No.

14 cross drift, was from the seepage of hanging wall and was

quite different from seawater in hydrochemical features.

Geomechanically, a compressive fault is impermeable

and an extensional one is permeable. F1 is a shear-com-

pressional one, but F2 is an extensional one. The results from

this study also proved that seawater seepage channels are

mainly distributed in the rock mass in the northeast of the

foot wall of F1 and near F2. However, currently the exca-

vation scale is small and inflow of mine water is rather low;

and thereby the seawater inrush risk is low in the near future.

Conclusions

The undersea rock masses in Xinli mine area bear high-

mineralization brine water; the ore-controlling fault gouge

and a thin layer of clay in Quaternary block the seepage of

overlying seawater into undersea mine pit to a great

extent.

The mine waters from surrounding rock of the northeast

gopher drift and near the NW-trending fracture F2 are

closer to seawater in hydrochemical features, which indi-

cates that the connectivity between the northeast of foot-

wall of the ore-controlling fault and seawater is relatively

good and should be closely monitored in future production.

The mine waters from the whole hanging wall and the

southwest of foot wall are mainly consuming the net

reserve of brine in bedrock fissures, having little connec-

tivity with overlying seawater and will impose few impacts

on near future production.

Fig. 6 Dendrogram of hierarchical clustering analysis result
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The present seepage of overlying seawater into the

mine pit was evaluated, and it can contribute to the issue

of water disaster prevention in Xinli mine. The result is

time-dependent. As the excavation goes on, the stress

field and permeability of rock will change over time.

Large-scale mining will change the stress field and

generate new rock fissures or widen the existing fissures

and thereby increase the risk level of seawater inrush. To

ensure the production safety, regular hydrogeological

monitoring and mine water quality tests should be con-

tinually conducted.

Cluster analysis is helpful for classification of mine

water and for determining the seepage of seawater into the

mine pit, but is not sufficient for the apportionment of the

mine water sources. This approach is generally feasible and

cost-effective.
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