
lable at ScienceDirect

Environmental Pollution 237 (2018) 356e365
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Destruction processes of mining on water environment in the mining
area combining isotopic and hydrochemical tracer

Yonggang Yang a, **, Tingting Guo b, Wentao Jiao c, *

a Institute of Loess Plateau, Shanxi University, Taiyuan, Shanxi, 030006, China
b College of Environmental and Resource Sciences, Shanxi University, Taiyuan, Shanxi, 030006, China
c Research Center for Eco-environment Sciences, Chinese Academy of Sciences, Beijing, 100085, China
a r t i c l e i n f o

Article history:
Received 10 December 2017
Received in revised form
26 January 2018
Accepted 2 February 2018
Available online 15 March 2018

Keywords:
Mining
Isotope
Destruction processes
Water quantity
Water quality
* Corresponding author. No. 18, Shuangqing Ro
Tel.: þ86-010- 62843981; fax: þ86-010- 62923549.
** Corresponding author.

E-mail address: wtjiao@rcees.ac.cn (W. Jiao).

https://doi.org/10.1016/j.envpol.2018.02.002
0269-7491/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

There is less research on the hydrological system and its destruction processes mechanism in the mining
areas, especially combined application of isotope technology and chemical signals, which is a key sci-
entific problem that need to be solved. This study takes Jinci spring area in Shanxi as a case study. It is
based on the data of hydrology and mining condition from 1954 to 2015, combining monitoring ex-
periments, O18, D, S34 and N15 tracing, chemical and model simulation. This study investigates the hy-
drological regularity and impacts of mining activities on water quantity and quality, and reveals the
destruction process of hydrological system. The results show that: (1) Water chemical type shows an
evolutionary trend of HCO3

�-Ca2þ-Mg2þ/SO4
2--HCO3

--Ca2þ-Mg2þ/SO4
2--Ca2þ-Mg2þ, due to the influence

of exploitation and fault zones. Isotope tracer shows that mine pit water is formed by a mixture of pore
water, karst water and surface water. (2) Although precipitation and seepage have a certain impact on the
reducing of groundwater quantity, over-exploitation of water resource is still the main reason for
reducing of groundwater quantity. Under the conditions of keeping the exploitation intensity at the
current level or reducing it by 10%, groundwater level shows a declining trend. Under the condition of
reducing it by 30%, groundwater level starts to rise up. When reducing by 50%, groundwater level reaches
its highest point. Coalmining changes the runoff, recharge and discharge paths. (3) From 1985 to 2015,
Water quality in the mining area is worsening. Ca2þ increases by 35.30%, SO4

2� increases by 52.80%, and
TDS (Total Dissolved Solid) increases by 67.50%. Nitrates come from the industrial and domestic
wastewater, which is generated by mining. The percentage of groundwater coming from gypsum dis-
solusion is 67.51%, and the percentage from coal measure strata water is 34.49%. The water qualities of
river branches are generally deteriorated.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

As a province with rich coal mining resources, Shanxi Province
has been in trouble due to the lack of water resource in a long time.
How to deal with water resource shortage is one of the problems
that need to be addressed in Shanxi. Because the hydrological
system of mining area has been long affected by mining activities,
water quantity is shrinking dramatically and groundwater level
lowered continuously. The natural environment of groundwater
storage is severely damaged, and the recharge-discharge rule is
ad, Beijing 100085, China.
changed. These situations cause growing eco-environmental
problems, such as water pollution and ground subsidence (Hao
et al., 2010). The mechanism of hydrological process in mining
area remains a key scientific problem to be solved. 41% of Shanxi's
total area is coal bearing. Among the 119 county-level cities, 94 of
them have coal mines (Fan, 2005). Coal, aquifers, and cesspits co-
exist in a single geological body in Shanxi Province, making it a
unique “water-coal system”. The widespread mining of coal re-
sources lead to the destruction of underlying surface, and it
particularly had an irreversible impact on hydro-environment.

At present, water resources studies in the mining area mainly
focus on the evaluation of the quality and environmental charac-
teristics of groundwater, the analysis of water inflow, as well as the
migration and conversion of metallic elements. These study
methods mainly are mathematical statistics, field surveys, and
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water quality testing. The research on the mining activities' influ-
ence to local eco-system, and the change in water quality and
quantity had done (Yang and Fu, 2017; Chaulya, 2003). The chem-
ical composition of mine waters from metal and coal deposits is
played by the oxidation of pyrite and other sulfides, resulting in the
release of hydrogen ions, lowering pH level and increase the con-
centrations of sulfates, metals, metalloids and other elements in the
mine waters (Howladar, 2013; Mackenzie and Pulford, 2002;
Lottermoser, 2010). Acid mine drainage often contributes to an
elevated concentrations of metals, excessing of maximum allow-
able concentrations in surface water, groundwater, and river
(Shamsudduha et al., 2011; Jennings et al., 2008; Edraki et al.,
2005). Mining has a large impact on the quality and quantity of
water resources in the mine area are well reported (Li et al., 2012;
Schellenbach and Krekeler, 2012; Alam et al., 2011; Norton, 1996).
The United States holds a leading position in the research and
application of mine water. In term of resource utilization, the U.S.
uses not only traditional methods, but also the constructed wetland
treatment technology. Japan is also a leading country in term of
mine water resource utilization. In the U.K., 42% of its total mine
water resource is utilized. Although nowadays, different countries
have different technology and resource utilization percentage
regarding mine water, they are all making important progress
(Equeenuddin et al., 2010; Naicker et al., 2003).

In term of the reason of water resources damage (Shao, 2001),
toke the coal mines as example, evaluated the mining activitie-
s'impacts on groundwater, and also categorized the impacts to
different degrees analyzed the coalmine drainage's impacts on
water resources in Daliuta Coal Mine. Duan and Duan (2007) used
the Huachang Coal Mine as case study, evaluating the effect of coal
mining on groundwater environment. Fan et al. (2009) used the
Yushenfu Mine in Northern Shaanxi as a case study, analyzing the
groundwater flow field variation in shallowly buried coal seam
mining activities. In terms of mining activities' impacts on mining
area water resources, current studies focus on areas such as
groundwater environmental characteristics, evaluation on water
resources, analysis of water inflow, pollution of surface water, as
well as the negative effects of coal mine wastewater and toxic
substances. The research methods include water quality bioassays,
field surveys, and statistics. Although there are scholars who use
numerical simulation to carry out simulated evaluation of water
resource in mining area, there are still limitation factors such as it
cannot truly reflect the relationship between mining and water
resource (Schellenbach and Krekeler, 2012; Longinelli et al., 2008;
Panda et al., 2007).

The application of isotopes in the study on watershed hydro-
logical process can effectively avoid the distortion problem in the
simulation of natural conditions, and can show the real laws in
hydrological process. Based on mass balance and stable isotope
concentration balance, researchers use isotope to carry out quali-
tative and quantitative research on all aspects of the water recy-
cling process, having been achieved significantly in the fields such
as the determination of watershed system boundary, the separation
of water flow hydrograph, the identification of water runoff path
and water vapor source, the origins of groundwater, and also the
hydraulic connections and transformations among different water
bodies (Ohlanders et al., 2013; Longinelli et al., 2008). The isotope
can provide direct information for the research on groundwater
formation, stream path, age, recharge elevation, source, and
composition ratio. It can be applied to the study on paleoclimate,
dam foundation seepage, plant water use efficiency and spatio-
temporal change, as well as the effects of rainfall, snow, ice
melting, evaporation, drought, elevation and terrain on the hy-
drological process (Yang et al., 2011, 2012). Stable isotope technol-
ogy plays a special role in solving these problems. These studies
strengthened the combination of isotopic methods with traditional
hydrological methods, and laid a certain foundation for the isotope
tracer in hydrological process.

At present, the research mainly focus on plains, basins, deserts,
and karst areas. The research on the ecological fragile area like
coalmines is relatively weak. These studies mainly focus on areas
like the precipitation isotope distribution characteristic, the evap-
oration induced isotopic fractionation, the rainfall-runoff relation-
ship, and the interchange between groundwater and surface water.
Study on the hydrological processes of different hydrological
response units is relatively rare. In particular, there is a lack of study
on the mining areas' hydrological system and its destruction pro-
cesses mechanism, especially combined application of isotope
technology and chemical signals.

This study takes Jinci spring area in Shanxi as a case study. Based
on the collection and organization of historical data (from 1954 to
2015) on meteorology, hydrology, and mining status, this study
combine the methods such as field monitoring experiments, O18, D,
S34 and N15 isotope tracing, water chemical signals, and model
simulation. This study analyzes the transformations among water
bodies, including groundwater, surface water, rainfall and mine pit
water in this mining area; investigates the hydrological laws of
mining area water recharge, runoff, and drainage; clarifies the
destructing impacts of mining activities on watershed water
quantity and water quality; and also reveals the destruction pro-
cesses mechanism of hydrological system in this mining area. This
study aims to provide scientific evidence and reference for an
effective prevention of water environmental destruction, and the
safeguarding of water ecology in mining area.

2. Area description

Jinci spring area is located in the upstream watershed of Fen
River (111�560e112�300E, 37�340e38�200N), with an out elevation of
802.59e805.00m. The area's eastern boundary is Fen River, with
Fenhe Reservoir to the west, Guojialiang Village to the south. The
northern area starts with Fenhe No. 2 Reservoir, with the admin-
istrative boundary between Gujiao and Jingle Counties. The
southern area starts with Fenhe No. 2 Dam, with the administrative
boundary between Gujiao and Jiaocheng Counties. The total area is
2049.60 km2. The elevation is 800e2202m. The Jinci spring area
has a relatively significant overall terrain drop. The mountain area
makes direct contact with the basin by significant terrain drop,
forming the basic landscape pattern. The area's annual average
temperature is 9 �C, and the annual change rate is high. The annual
mean hour of sunshine is 2450 h. The annual mean evaporation is
2031.30mm. The annual mean precipitation is 507mm, basically
concentrating in summer and fall. Stormy rainfalls are common,
with less rainfall during winter and spring (Hao et al., 2010; Fan,
2005).

The largest river within Jinci spring area is Fen River. Its
branches include Tianchi River, Shizi River, Tunlan River, Yuanping
River, Dachuan River, Liulin River, Shanjiuyuan River, Huyu River,
Yumen River, Fengyu Ravine, Yeyu Revine, Liuzi Revine, and Baishi
Ravine. These are all seasonal rivers. There are all kinds of
groundwater development within Jinci spring area: Bedrock fissure
water in the West and North; carbonate karst crevice water and
clastic rock fissure water largely concentrated in the Middle
Western mountains, and loose rock pore water widely distributed
in Taiyuan rift-subsidence basin area.

69% of the total area in Jinci spring area is coal bearing. The total
area of coal field is 660 km2. It is one of the six major coal fields in
Shanxi Province, and is an important coking coal base in China. Coal
mines are located in middle part of Shanxi anticline, with Taihang
Mountain fault-uplift to the East, and Lüliang Mountain fault-uplift
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to the West. The northern part of the case study area is Datong-
Jingle sag and Wutai Mountain uplift, and the eastern and south-
ern parts are Taiyuan rift-subsidence basin. Under the combined
effects of multi-period tectonic movement, a multi-sequence
structural pattern of staggered folds and faults is formed. The to-
tal area of mining has exceeded 80 km2 and the coal mining volume
has exceeded 160 million tons, which is due to the high-intensity
and large-scale mining. Large-scale mining has led to the increase
of water consumption, increase of industrial sewage and large-area
surface subsidence, and water circulation was destroyed. River
seepage and river damage are also due to the coal mining. The large
piles of coal gangue also cause serious water pollution in the
mining area.
3. Material and methods

3.1. Sample collection

Historical data on meteorology, hydrology, and mining status
were collected and organized from 1954 to 2010. Field experiments
were carried out in the designated experiment area from 2011 to
2015. Samples of pit water, karst water, fissure-pore water, rivers
water, reservoir water and groundwater were collected in the
mining area. Altogether 430 samples were collected to analyze. The
locations of the sampling sites (monitoring well and mine area) are
shown in Fig. 1. Over the same time period, electrical conductivity
(EC), pH and water temperature were measured in the field with
YSI-63 conductivity meter. The samples analyses of hydro-chemical
Fig. 1. Location of the sampling s
were stored in 1 L polyethylene bottle. Samples analyses of d34S
were stored in 2 L polyethylene bottle. Samples analyses of d15N
and d18Owere stored in 0.1 L polyethylene bottle. The samples were
taken back to the laboratory and preserved at a temperature of 4 �C.

3.2. Laboratory analyses

Isotopes d18O, dD, d15N and d34S were measured in the Cold and
Arid Region Environmental and Engineering Institute, Chinese
Academy of Sciences. d18O of samples was analyzed by a Euro-
PyrOH elemental analyzer at a temperature of 1300 �C, and dD
was analyzed at a temperature of 1030 �C. Samples were filtrated by
the acetate membrane filtration of 0.45 mm, and SO4

2� was con-
verted to BaSO4 before d34S was analyzed. At both temperatures the
reaction products were analyzed on a GV ISOPRIMETM continuous
flow IRMS. The analytical precision of dD determinations was ±1‰,
and that of d18O±0.2‰, that of d34S ±0.2‰. Isotopic concentration
was expressed as d-per million (‰) relative to the Vienna Standard
Mean Ocean Water, according to the follow equation:

d18Ο

�
0 =00

�
¼ ð18Ο=16ΟÞsample � ð18Ο=16ΟÞSMOW

ð18Ο=16ΟÞSMOW

� 1000; dD
�
0 =00

�

¼ ðD=HÞsample � ðD=HÞSMOW

ðD=HÞSMOW
� 1000

Water samples were analyzed for ionic concentrations within
ites in the Jinci spring area.
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one month after the collection. Major cation concentrations of Naþ,
Kþ, Ca2þ and Mg2þ were analyzed by atomic absorption spec-
trometry (PE-2380), and the anions SO4

2�, Cl�, NO3
� and F� by ion

chromatography (Dionex-100). BOD, COD, SS and NO3-N were
analyzed by Water quality analysis (DREL1900). HCO3

� concentra-
tions were determined by titration on site within 24 h after
collection. The analytical precision for measurement of all ions was
less than ±3%. Detection limit was less than 1meql�1.

The measurement of d15N-NO3
- and d18O-NO3

- were performed
with isotope ratio mass spectrometer in the Chinese Academy of
Agricultural Sciences. The denitrifying bacteria (ChlororapHis)
were added to the samples, which have a lack of N2O activating
enzyme. All the NO3

� and NO2
� were transformed to N2O gas before

delivered to a trace gas analyzer (TraceGas) by automatic sampler
to purifying and trapping N2O. d15N-NO3

- and d18O-NO3
- of samples

were performed with an Thermo Finnigan FlashEA 1112 (EA),
connected to a Thermo Finnigan Delta V Advantage IRMS. The test
precision of d15N was 0.05‰ and 0.09‰, respectively.

4. Result and discussion

4.1. Destruction processes of hydrological system tracing in the Jinci
spring area

Jinci Spring is mainly recharged by precipitation and penetration
water. The annual maximum water level is 900.81m within the
supply zone, and the minimum water level is 876.36m. The water
level rose up since 2003, and after 2008, it showed a sharp rise. The
runoff zone is a relatively stagnation area. Its annual maximum
water level is 613.17m, and theminimumwater level is 592.59m. Its
water level rose up since 2003, and after 2008, it showed a sharp rise.
The discharge zone is mainly the piedmont fault zone of western
mountains and riverbed overflows. Its annual maximumwater level
is 804.42m, and the minimumwater level is 774.83m. From 1980 to
2008, the water level declined, which due to shut-in pressure re-
covery, project implementation of water streams and the integration
of coalmines in the spring area Since 2008, the water level raised to
776.13m. In 2013, the water level reached 794.68m.

4.1.1. Water chemical characteristics
From recharge zone to runoff zone, and then to discharge zone

in the Jinci spring area, the water quality changes from good to
relatively good, and then to relatively bad. The total hardness is
267mg/L in the recharge zone, which increases to 687mg/L in the
discharge zone. SO4

2� is 112mg/L in the recharge zone, which in-
creases to 505mg/L in the discharge zone. TDS increases from
343mg/L in the recharge zone to 971mg/L in the discharge zone.
Low TDS is mainly in the recharge zone, and high TDS is mainly in
the runoff and discharge zones. Water chemical type shows an
evolutionary trend of HCO3

�-Ca2þ-Mg2þ/HCO3
�-SO4

2--Ca2þ-
Mg2þ/SO4

2--HCO3
- -Ca2þ-Mg2þ/SO4

2--Ca2þ-Mg2þ. The reason is
that the mixture of different types of groundwater is enhanced, due
to the impacts of mass exploitation of groundwater.

Fig. 2 shows that the groundwater at 750m deep has the min-
imum TDS. The different ion contents are all relatively low. It be-
longs to pure carbonate rocks dissolution. The water chemical type
is Ca2þ-HCO3

- . In the shallow groundwater (300e400m deep),
(Ca2þþMg2þ) make up 85% of the total cationic. The chemical type
of groundwater is Ca2þ-Mg2þ-HCO3

- -SO4
2-. The ions mainly come

from dolomite weathering dissolution. The chemical type of fissure
water is Ca2þ-Mg2þ-HCO3

- -SO4
2-. TDS is less than 1 g/L. Pore water at

30e50m deep in Luyukou Coalmine, (Ca2þþNaþ) make up 92% of
the total cationic. SO4

2� is the strongest anion. The water chemical
type is Naþ-Ca2þ-SO4

2-. The destruction impacts caused by mining
activities can be deduced.
4.1.2. Sulfur isotope tracer
SO4

2� increases from 112mg/L to 198mg/L then to 505mg/L,
from the recharge zone to the discharge zone. The reason of this
high level of SO4

2� is that the general development of gypsum belt in
the Spring Area provides material sources for the sulphate ion. The
d34 S‰ in the gypsum rock of groundwater in Jinci spring area is set
at 20.50. The expected d34 S‰ value of coal materials collected from
different major coalmines in this area is �7.35. Among them, the
range of Dongqu Coalmine's d34 S‰ value rang from �9.50
to þ5.50, and the expected d34 S‰ value is �7.58. Xiqu Coalmine's
d34 S‰ value rang from �13.68 to 4.72 and the expected d34 S‰
value is �8.23. The d34 S‰ value of Jinci spring area's precipitation
is 1. The d34 S‰ value of surface water is 9.50. The d34 S‰ value of
groundwater in Jinci spring area rang from 8.60 to 18.30 and the
expected d34 S‰ value is 11.45, less than the d34 S‰ value of 20.50
in the gypsum rock (Table 1). This indicates that SO4

2� in Jinci spring
area not only comes from gypsum dissolution, but is also influenced
by coal measure strata water. The SO4

2� content of coal pit water is
1928.90mg/L, and SO4

2� anion makes up 88% of the total anion,
much more than that in water bodies like deep groundwater and
Fen River water. Oxidation effect of pyrite (FeS2) contained in the
coal measures is also a main reason of the increase of SO4

2� content.
Based on the equation: Mgypsum%¼(d34 S spring water-d34 S pyrite

cinder)/(d34 S gypsum-d34 S pyritecinder)� 100%, it can be calculated that
the percentage of karst water coming from gypsum dissolusion in
Jinci spring area is 67.51%, and the percentage coming from coal
measure strata water is 34.49%. When coal mining damages the
aquifer, the content of sulfide minerals in coal seam is high. When
sulfur-containing coal has full access to water, the oxidation and
acid-forming process becomes much faster and acidic water is
formed. The SO4

2� content of groundwater rises, and finally the TDS
level becomes high.

4.1.3. Oxygen and hydrogen isotope tracer
The river flows in Jinci spring area are mainly distributed in

Yuanping River, Tunlan River, Dachuan River, and Fen River. These
are also the areas where coalmines and large-scale mining are
concentrated. Fig. 3 shows the relationship between the mean d18O
and dD in precipitation, which is defined as the LMWL with an
equation of dD¼ 7.32d18Oþ8.48, R2¼ 0.93. Compared with the
GMWL, the slope and intercept of LMWL are small (Fig. 3), which
indicates that the significant imbalance of isotope dynamic frac-
tionation exists, meaning that when precipitation infiltrates un-
derground, the changes of its isotope value tend to be uniform,
reflecting the mixture of temporal and spatial variation. Fig. 3
shows that Fenhe reservoir water, pore water, mine pit water and
river water all land near the local precipitation line, which suggests
that different types of water are directly or indirectly recharged by
precipitation.

Fig. 3 shows that mine pit water, reservoir water and river
water are plotted in the bottom right of the LMWL, and is very
concentrated. This indicates that although the three types of water
have some hydraulic relation, these relationship are not close. The
d18O and dD composition of mine pit water are relatively rich, and
are influenced by evaporation effect. Groundwater at 450e750m
deep is distributed near the LMWL and is very concentrated. Its
characteristic is that the composition of d18O and dD is relatively
negative, compared to that of other water samples. Its isotope
value is the lowest, coming from precipitation infiltration
recharge, and it is barely hydraulic relation to mine pit water and
other water types. The isotope composition of groundwater at
450e750m deep and daily use water wells at 300e450m are
relatively similar, with low content of isotope, which means that
daily use water in mining area is mainly recharged by ground-
water. The measured dD and d18O of shallow groundwater within



Fig. 2. Piper diagram for chemical compositions of the various water samples.

Table 1
Mean values of isotopic tracers of water samples in the study area.

NO. Sampling site d18O% dD% d34S% SO4
2� ppm

1 Gujiao well 2 �9.50 �63.34 11.62 236
2 Gujiao well 3 �8.59 �62.92 8.23 215
3 Gujiao well 4 �9.50 �68.71 12.31 163
4 Malan mine �10.46 �74.22 11.43 254
5 Xiye spring �10.70 �71.16 10.12 261
6 Wangfeng mine �9.42 �67.35 13.54 919
7 Coal washery �9.81 �69.92 14.65 138
8 chengzhendi �9.94 �71.03 18.34 280
9 Jinci spring �9.87 �71.64 13.82 260
10 Suo yu town �9.43 �66.61 17.11 172
11 Ta shang town �10.22 �77.32 5.33 154
12 zhoujiazhuang �9.38 �69.13 9.24 658
13 chaicun �10.29 �73.14 9.82 282
14 Jinci well3 �10.03 �71.52 8.63 390
15 Lancun spring �9.84 �71.13 5.42 220
16 Fenhe river �10.57 �79.04 9.54 298
17 Xiqu mine �9.81 �70.71 6.82 233
18 Dongqu mine �10.60 �72.73 6.23 138

Fig. 3. Plot of dD versus d18O for the various water bodies in the study area.
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200m deep range from �9.28� 10�3~�9.93� 10�3

and �68.76� 10�3~�72.93� 10�3, respectively, which falling
under and significantly deviating from LMWL, and are rich in d18O
and dD. It is similar to pore water, and is also similar to pit water in
Xiqu, Dongqu and Baijiagou mining areas. It can be deduced that
mine pit water are mainly recharged by pore water and shallow
karst water.

Fig. 3 show that mine pit water, pore water, river water and
shallow groundwater are concentrated in the mining area. There
are close hydraulic relation and obvious recharge-discharge
relationships among them, which means that mine pit water does
not have a single source. It is mainly composed by a mixing
recharged by pore water, shallow groundwater, and river water.
However, the hydraulic relation among mine pit water, deep
groundwater, and Fenhe Reservoir water are relatively weak,
further illustrating that mining activities damage shallow
groundwater, pore water and river water, and have very little
impact on deep groundwater. Conclusions drawn from the above
tracings are consistent with the actual situation and geophysical
conclusions.



Fig. 4. Mining destruction on water quantity in the Jinci spring area ((1) (2) (3) (4) are
the four schemes of under the conditions of keeping the exploitation intensity at the
current level, reducing it by 10%,30%, 50%, respectively).
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4.2. Mining destruction on water quantity

Jinci spring water is the largest discharge point within Jinci
spring area. The actual monitored flow of Jinci Spring water was
2.0m3/s in 1933. The actual monitored flow was 1.96m3/s in 1942.
The average flow is 1.94m3/s in 1958. Groundwater in Jinci spring
area was in a natural runoff condition. Water flow declined from
1.69m3/s in 1960s to 1.21m3/s in 1970s. Because of the mass
exploitation of karst water for industrial and agricultural produc-
tion, water flowwas largely declined. From 1971 to 1981, coal mines
carried out a blind exploitation of karst water in Jinci spring area. A
large amount of drainage and pressure drainage lead to sudden
shrink of water flow, which lowered the groundwater level. Water
flow declined from 0.52m3/s in the 1980s to 0.18m3/s in the 1990s.
The situation was worsened by mass mine pit drainage and pres-
sure drainage. Water flow of the spring further declined. It was
0.26m3/s in 1990 and 0.14m3/s in 1992. Jinci Spring water
completely dried out in 1994.

The influence of precipitation on the decreased of groundwater
flow: The annual mean precipitation of Jinci Spring area are gradual
decline tend in 1950s, 1960s, 1970s, 1980s, and 1990s are
543.90mm, 517.80mm, 466.90mm, 423.60mm, and 384.30mm,
respectively. Through the comparation of precipitation and spring
water flow change trends, result shows an overall decline. However,
the decline rate of spring water flow is much bigger than that of
precipitation. Precipitation in the Jinci spring area is declined by
29.30% from 1950s to 1990s. Meanwhile, average spring water flow
declined by 92.50%. This means that precipitation has an impact on
the decline of Jinci Spring water flow, but it is not the main reason.

The influence of seepage on the decline of groundwater flow:
There are three leakage sections in the entire Spring Area: from
Luojiaqu to Longweitou, from Gujiao County to Hexia Village, and
from Hexia Village to Zhitou Village. The total length of leakage
sections is 45.25 km. The entire leakage section is within Jinci
spring area. Therefore the water completely recharges the area.
Based on the annual change curve of seepage amount, the multi-
year average seepage amount declined from 4258.8� 104m3/a in
1950se3564� 104m3/a in 1990s, to 2050� 104m3/a in 2000.
Runoff amount declined, which lead to the decline of recharging
amount of the leakage sections, making them seasonal recharging
source. Seepage also has a certain kind of impact on water flow in
the Jinci Spring area.

The influence of exploitation amount on the decline of
groundwater flow: the correlation coefficient analysis is done on
the groundwater exploitation amount and the groundwater flow
amount from 1954 to 2000. Calculation shows that the correlation
coefficient is �0.758. The 0.01 significance level's critical correla-
tion coefficient is 0.42, which means that there is a significant
negative correlation between expoitation amount and ground-
water flow amount. Fig. 4 shows that the change trend of
groundwater flow amount is in contrast to that of the exploitation
amount. Their variations are similar. Mass industrial and agricul-
tural exploitation of karst water not only takes away the ground-
water flow amount within Jinci spring area, but also vastly
consumes and releases the water system storage, leading to the
decline of groundwater level, and the decrease of water flow. It
shows that over-exploitation of groundwater is an important
reason of the drying out of Jinci Spring.

The influence of coalmine drainage on the decline of ground-
water flow: Based on the correlation analysis of coalmine drainage
and groundwater flow from 1954 to 2000, the correlation coeffi-
cient is �0.90, greater than the critical correlation coefficient. It
means that there is a significant negative correlation between
coalmine drainage and groundwater flow decline. There is an
obvious inverse variation relation between coalmine drainage and
groundwater flow decline. Fig. 4 shows that the mine pit drainage
amount has a slow growing trend from 1954 to 1978, and a fast
growing trend after 1978. However, the overall growth has a rela-
tively high speed. Coal mine drainage is an important reason of the
groundwater amount decline in Jinci spring area.

From 1998 to 2008, because of the over-exploitation of
groundwater, two land subsidence points occur at Wujiabao and
Xiayuan in the Jinci spring area. The groundwater level declined
from 798.37m to 763.18m. There were 72 groundwater wells
within Jinci spring area in 1998, with a total production amount of
44.574 million m3. The actual amount of overdraft is 9.88 million
m3, which means that this is a severely over-drafted area. In 1998,
there are 209 coal mines. The average daily drainage amount of
mining water is 40,000m3. Drainage coefficient is 0.64m3/t. The
groundwater level was 795.94m in 2001. There are 94 karst
groundwater-using units within Jinci spring area in 2003. The total
water using amount is 27.40 million m3/a. During the eleven years
from 1994 to 2005, groundwater level declined on an annual
average of 1.68m, with a cumulative decline of 18.45m, moving
further away from the free-flow elevation. The groundwater level
was 763.18m in 2007. In 2010, there are 392 coal mines. The total
coal production amount is 29.52 million t, and the total drainage
amount is 20.68 million m3. The multi-year average karst water
resources amount of Jinci spring area is 75.7 million m3/a. The
exploitable amount is 19.56 million m3/a. The actual annual pro-
duction amount (including mine pit drainage) is 54.15 million m3.
This is lead to severely overdrafted water resources.

Groundwater dynamic simulation: Some ecological restoration
projects and conservation plans are setted up and implemented
from 2008 to 2015 in Jinci spring area by the government, in order
to increase the groundwater recharge amount. Starting from
August 2008, groundwater level stopped declining and started to
rise up. The FEFLOW model is used to establish the model of
groundwater in Jinci spring area, stimulating groundwater dynamic
changes under different production plans. The total simulation
period is over ten years, and the time step is set up at 365 days. The
four stimulation conditions are: (1) continue the current coal mine
exploitation intensity; (2) lower the exploitation intensity by 10%;
(3) lower the exploitation intensity by 30%; (4) lower the exploi-
tation intensity by 50%. Under these circumstances, groundwater
evolution conditions are stimulated throughout the ten-year
period. Groundwater spatial distributions and water level dy-
namic differences under different exploitation intensities can be
mapped.

Comparing the stimulation results under different
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circumstances (Fig. 5), it can be seen that after ten years, the water
flow direction is from the Northwest to the Southeast, and water
converges at the Eastern and Southeastern parts of the area.
Western mountains fault zone is the main converging tunnel and
discharge zone of mining area groundwater in Jinci spring area. In
the Mid-Western parts, there are still obvious groundwater low-
level points, forming funnels. Compared to the original water
flow field, under the plans of keeping the current exploitation in-
tensity or reducing it by 10%, the area of the funnel expands, and
water level at the central point declines. Surrounding the funnel,
water level contours distribute intensively, and the hydraulic
gradient is high. However, under the plan of reducing by 30% or
even 50%, water level at the central point of the funnel starts to rise
up. The surrounding water level contours distribute sparsely, and
the hydraulic gradient declines.

Compared to the groundwater level of 2015, under the cir-
cumstances of keeping the same exploitation intensity and
reducing it by 10%, the groundwater level after ten years still shows
a declining trend. Under the circumstances of reducing it by 30%,
and 50%, every monitoring well's water level value is increased.
Under the condition of reducing it by 30%, most of the monitoring
wells'water level value rises up. Under the condition of reducing
intensity by 50%, the groundwater level value reaches the highest
point, with a maximum recovery range. This indicates that mining
Fig. 5. Simulation of groundwater table
activity is one of themain reasons of groundwater level change, and
mainly the exploitation intensity.

Coal-mining impact the coal measure strata water which is the
main type of groundwater, and lead to ground cracks, collapse, and
aquifers dewatering. It destroys the water resources circulation
conditions, and changes the runoff, recharge and discharge paths.
During coal-ming, surface water is transformed into groundwater,
pouring into the mine pit, being discharged, and then re-
transforming into surface water. A long-time over-exploitation of
groundwater and the mine pit drainage have significant impacts on
the decline of groundwater amount in Jinci spring area. These
processes consume the storage capacity within groundwater sys-
tem of Jinci spring area, and lead to the continuous decline of
groundwater level.

4.3. Mining destruction on water quality

Based on the analysis results of water quality in the Jinci spring
area from 1985 to 2015, Ca2þ increases by 35.3%, Mg2þ increases by
14.2%, SO4

2� increases by 52.8%, NO3
� increases by 25%, and TDS

increases by 67.5% during the thirty-year period. The water quality
of Jinci spring area is in an overall declining trend. Thewater quality
monitoring results from 2004 to 2015 in Jinci spring area show that
oil exceeds the standard limits the most (GB 3838-2002 Type III
under 4 schemes in the study area.
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standards in China), which is 52.2 times higher. Then are NH3-N,
BOD5, and CODa, which are 7.93, 3.10, 2.20, and 1.33 times higher
than that of the standards in China. The over limit rate of suspended
solids (SS), COD, BOD, NO3

�-N, and petroleum are all higher than
90%. Among them, the maximum over limit rate of BOD, NH3-N and
suspended solids (SS) are the highest, which are 21, 15.8, and 104
times (Fig. 6).

The water quality of groundwater is good in the recharge zone.
The overall water hardness and the over limit rate of SO4

2� is higher
than 80% in runoff and discharge zones. The over limit rate of
salinity is 14.30%. The variation of SO4

2� is high. The sulphate con-
tent of karst water rang from 84.10mg/L to 176mg/L in recharge
zone and runoff zones. The sulphate content of groundwater in
discharge zone rang from 325mg/L to 534mg/L. The SO4

2� of Jinci
Spring is 276.65mg/L in 1985, 277mg/L in 2000, 407.90mg/L in
2003, and 443mg/L in 2005 (Table 1). The acidic water of coalmines
infiltrates, not only increasing the SO4

2� content, but also lowering
the pH value. As a result, carbonate dissolution increases, and the
salinity and hardness of water increase as well.

The TDS of groundwater in the Jinci spring area increased from
580mg/L in 1985 to 706mg/L in 1995. The TDS of groundwater rise
in small degrees. From 1995 to 2000, the number increased from
706mg/L to 812mg/L. The TDS of groundwater raised in an accel-
erated pace. From 2000 to 2005, the number again increased from
812mg/L to 988mg/L. The TDS of groundwater raised sharply.

The TDS of mine pit water is 2890.50e3739.10mg/L. The water
chemical type is SO4

2--Ca2þ-Mg2þ -Fe2þ. The pH value of mine pit
water is 2.8e3.6. The TDS of mine pit water is extremely high.
Fig. 6. Mining destruction on water quality fr
Because surface water is polluted by mine pit drainage, and surface
water recharges shallow pore water, the shallow pore water is
indirectly polluted. The chemical type of groundwater gradually
transforms into sulfuric acid-carbonate water. The TDS is higher
than 500mg/L, and SO4

2� is severely over-limited. During the coal
mining process, large amount of coal-water is drainaged and dis-
charged into aquifers. As the drainage amount increases along with
the mining process, TDS value of groundwater shows an increasing
trend. After that, the mine pit water drainage amount increases,
and TDS value of groundwater continuous to increase. Coal-mining
damages aquifers, transforming pore water into mine pit water.
Therefore causing the severely pollution of pore water's quality,
resulting in the same water quality characteristics as that of the
mine pit water.

As Fig. 7 shows, 15N-NO3
- of surface water, groundwater and

reservoir water in the Jinci spring area are mainly plotted in four
sectors: NO3

� in precipitation, fertilizer, soil organic N, manure and
sewage. The research results show that NO3

� content and the iso-
topic composition of water bodies are significantly controlled by
human activity. This study also selects precipitation, soil, fertilizer,
domestic sewage, and livestock manure samples to examine the
effects of different pollution sources on the isotopic composition of
water bodies. Middle nitrate concentrations and middle d15N-NO3

-

values are found in reservoir water and groundwater, due to less
human activity. d15N-NO3

- values of reservoir water and ground-
water are within the limit of values of precipitation and soil organic
N, which indicates that NO3

� in precipitation and soil organic N are
their major sources. The d15N-NO3

- of surface water tends to
om 1985 to 2015 in the Jinci spring area.



Fig. 7. Relationships between d15N-NO3
- versus d18O-NO3

- in the Jinci spring area.
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increase with the river direction. The surface water in water source
protection area is rarely polluted, and has a middle characteristic
value of d15N-NO3

- , which indicates that the sources of nitrate were
the NO3

� in precipitation and soil organic N. The surface water
around urban area has a significant high characteristic value of
d15N-NO3

- , which indicates that the sources of nitrate are manure
and sewage. This is due to the distribution of residential area and
coal-related industry facilities. It is found that d15N-NO3

- values in
groundwater are similar to that of river water, which indicates that
there is hydraulic connection between river water and ground-
water. There are largely differences between NO3

� concentrations
and d15N-NO3

- values among the different river inputs. Isotopic
compositions of agricultural inputs are lower than that of urban
and industrial pollution inputs.

Main branches of river in the Jinci Spring Area are Shizi River,
Tunlanchuan River, Yuanpingchuan River and Dachuan River. The
river water mainly comes from industrial and domestic wastewater
like coalmine well wastewater, coalmine processing wastewater,
and coking-plant wastewater. The water quality monitoring results
show that water qualities of four branches does not comply with
the class III of environmental quality standards for surface water
(Table 2). The water qualities of river branches are generally dete-
riorated. Direct polluting sources include Luyukou Coalmine
wastewater treatment plant, Zhenchengdi Coalmine wastewater
treatment plant, and the central wastewater treatment plant. The
annual wastewater discharge amount of these plants combined is
13.751 million t, making up 95% of the total wastewater discharge
amount. The mass of SS is 455.78 t, CODa is 1009.03 t, NH3-N is
41.97 t, volatile phenol is 0.806 t, and petroleum is 26.25 t (Table 2).
There are 298 coalmines of different sizes within Jinci spring area.
Table 2
Mean values of water quality of Jinci Spring Area's river branches.

Source of pollution Flow
(million t)

CODcr
(mg/l)

SS
(mg/l)

Petroleum (m

water quality standard �15 �3 �0.05
Tianchi River 36.5 462.87 1146 2.895
Shizi River 103.6 125.82 113 0.000
Tunlan River 301.2 43.01 211.3 5.28
Yuanping River 75.9 17.47 1570.8 1.34
Fanshi River 51.5 471.64 586 5.98
Huochuan River 63.2 49.73 56 3.64
Moshi River 62.9 200 325 3.65
Changyug River 16.38 25 134 0.54
Bangou River 61.8 72 70.7 46.3
Lijiagou River 30.2 179.42 163 0.08
The total annual wastewater discharge amount is 24.6787 million
m3. The mine pit water qualities of some smaller coal mines are
particularly bad, where pollutants infiltrate into pore water
directly.

Fen River water flows across Jinci spring area, and has a strong
seepage effect. Because Gujiao fault also lies across the area, a large
amount of domestic wastewater, mine pit water, and other indus-
trial wastewater run into the river water, forming an important
polluting source for Jinci spring area. Apart from Fen River, there are
Dachuan River and Yuanping River. In these pollutant-concentrated
river valleys, polluted surface water and shallow groundwater run
into deep karst water along the underlying bedrock fracture. In
addition, Wangfeng Ravine seepage section is a concentrated area
of coalmines and coking-plants, forming an integrated pollution
body of acidic mine pit water, domestic wastewater and coking-
plants. This polluted water has a complex chemical composition
with many types of pollutants, and the migration of pollutants is
strong. Because of its unique geological conditions and geograph-
ical location, this section has a much larger impact and threat on
Jinci Spring.

Coal-mining worsens groundwater pollution. Pollution and
wastewater discharge in this mining area forms direct threat to the
water quality safety of Jinci Spring area. Although the water quality
of deep groundwater is relatively good, due to severe over exploi-
tation, the polluted shallow groundwater recharges the deep
groundwater. Therefore, the water quality of deep groundwater
also tends to worsen.
5. Conclusion

The following conclusions can be drawn from this study:

(1) The water quality of Jinci spring area from recharge zone to
discharge zone is good/relatively good/relatively bad.
Water chemical type shows an evolutionary trend of HCO3

�-
Ca2þ-Mg2þ/HCO3

�-SO4
2--Ca2þ-Mg2þ/SO4

2--HCO3
- -Ca2þ-

Mg2þ/SO4
2--Ca2þ-Mg2þ. The reason is the influence of

groundwater exploitation and fault zones, and the mixture
effect of different types of groundwater is stronger. Oxygen
and hydrogen isotope tracer shows that mine pit water does
not have a single source, and it is formed by amixture of pore
water, shallow karst water and surface water. Coal-mining
damages shallow karst water, pore water and river water
the most. It has very little impact on deep groundwater.
Conclusions drawn from the above tracings are in consistent
with the geophysical conclusions.

(2) Precipitation and seepage amounts have a certain impact on
the decline of groundwater quantity in Jinci spring area.
However, these are not the main reasons. There are a
g/l) NH3-N
(mg/l)

Ar-OH
(mg/l)

Fluoride (mg/l) Pb
(mg/l)

Cd
(mg/l)

�0.15 �0.002 �1.0 �0.01 �0.001
0.859 0.016 0.4533 0.000 0.0013
2.544 0.024 0.3012 0.000 0.0018
15.451 0.048 0.5684 0.014 0.004
0.689 0.416 0.4035 0.0001 0.0029
0.376 0.005 0.4486 0.0319 0.004
2.736 0.024 0.4353 0.0011 0.039
7.893 0.019 0.4507 0.0289 0.0063
2.263 0.009 0.3841 0.000 0.000
1.46 0.021 0.5263 0.0111 0.0079
0.00 0.004 0.5834 0.001 0.0021
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significant negative correlation between groundwater
expoitation and damage, and the groundwater quantity.
Over-exploitation is the main reason that causes the decline
of groundwater quantity in Jinci spring area. Under the
conditions of keeping exploitation intensity at the current
level and reducing it by 10%, the groundwater level still
shows a declining trend. Under the condition of reducing
intensity by 30%, the groundwater level of most monitoring
wells starts to rise up. When reducing the intensity by 50%,
groundwater level reaches its highest point, with a
maximum rising rate. Mining intensity is closely related to
groundwater level. Coal-mining changes the runoff, recharge
and discharge paths. It also cuts off pore water's recharge to
groundwater. Long-term mine pit drainage consumes the
storage capacity of karst water system in Jinci spring area,
and leads to the continuous decline of groundwater level.

(3) Based on water quality analysis and comparation of water
qualities in Jinci spring area from 1985 to 2015, Ca2þ is in-
creases by 35.3%, Mg2þ is increases by 14.2%, SO4

2� is in-
creases by 52.8%, NO3

� is increases by 25%, and TDS is
increases by 67.5%. The overall water quality of Spring Area is
in decline. Nitrates mainly come from the industrial and
domestic wastewater generated by cooperations in the study
area, like coalmines, coal preparation plants and steel mills.
The percentage of groundwater coming from gypsum dis-
solusion in Jinci spring area is 67.51%, and the percentage
coming from coal measure stratawater is 34.49%.When coal-
mining damages the aquifer, the content of sulfide minerals
in coal seam is high. The concentration of SO4

2� in ground-
water rises, and finally the salinity level within Jinci spring
area becomes high. The water qualities of all river branches
do not comply with the class III of environmental quality
standards of China for surface water. The water qualities of
river branches are generally deteriorated.
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