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Abstract

Exploitation of groundwater has greatly increased since the 1970s to meet the increased water demand due to fast economic
development in China. Correspondingly, the regional groundwater level has declined substantially in many areas of China. Water
sources are scarce in northern and northwestern China, and the anthropogenic pollution of groundwater has worsened the
situation. Groundwater containing high concentrations of geogenic arsenic, fluoride, iodine, and salinity is widely distributed
across China, which has negatively affected safe supply of water for drinking and other purposes. In addition to anthropogenic
contamination, the interactions between surface water and groundwater, including seawater intrusion, have caused deterioration
of groundwater quality. The ecosystem and geo-environment have been severely affected by the depletion of groundwater
resources. Land subsidence due to excessive groundwater withdrawal has been observed in more than 50 cities in China, with
a maximum accumulated subsidence of 2-3 m. Groundwater-dependent ecosystems are being degraded due to changes in the
water table or poor groundwater quality. This paper reviews these changes in China, which have occurred under the impact of
rapid economic development. The effects of economic growth on groundwater systems should be monitored, understood and
predicted to better protect and manage groundwater resources for the future.
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Introduction 2.5 billion m*/year to meet agricultural, industrial and domes-

tic needs over the past few decades (Ministry of Ecology and

Groundwater resources are critical for economic development
and potable water supply, and groundwater supply accounts
for 17.5% of the total water supply in China (Ministry of Water
Resources of the People’s Republic of China 2015). According
to the National Groundwater Pollution and Control Plan
(2011-2020), 65% of domestic water consumption, 50% of
industrial water consumption and 33% of agricultural water
consumption in the northern area of China depend on ground-
water. Groundwater extraction has increased by approximately
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Environment of the People’s Republic of China 2011).
Consequently, groundwater levels have dropped greatly in
many areas. As a result, 240 depression cones have formed,
which occupy an area of 7 x 10* km? in the eastern part of the
North China Plain (location is shown in Fig. 1). Water scarcity
has become an increasingly serious problem for most of the
660 cities in China (Qiu 2010). In particular, the successive
decrease in the groundwater level in many areas has led to
groundwater reservoirs being depleted at an alarming rate in
the northern and northwestern regions of China (Qiu 2010).
China has also been faced with groundwater quality prob-
lems due to enrichment with contaminants of either anthropo-
genic or geogenic origin. The Chinese hydrogeochemical inves-
tigation reported by the China Geological Survey (Wang et al.
2016¢) showed that groundwater quality is better in south-
ern China than it is in northern China, and that it is better in
mountainous areas than in basins, in pediment plains than in
coastal areas, and in deep aquifers than in shallow ones. The
detected chemical components that mainly affect the groundwa-
ter quality in China are Fe, Mn, total hardness, SOy, F, total
dissolved solids (TDS) and arsenic (As), among others. High
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Fig. 1 A map of China showing
the locations mentioned in the
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SO, and TDS components in the eastern coastal plains mainly
originate from millions of years of seawater intrusion; 26% of
groundwater supply sites are at risk of their conventional water
quality parameters exceeding the national water quality standard
in northwestern China; and in southern China, shallow ground-
water tends to be acidified, especially in the Pearl River delta
(Lin and Wang 2017; location is shown in Fig. 1). In southern
and southeastern China, where the economic growth rate has
been great, groundwater has been widely contaminated with
heavy metals and other pollutants such as persistent organic
contaminants. In other places, such as northwestern China
where water scarcity has been most serious, groundwater con-
tamination has also been widely reported.

To adjust the uneven distribution of water resources and
alleviate groundwater depletion, large-scale water conservan-
cy projects have been implemented across China. Particularly
important among them is the South-to-North Water Diversion
Project (SNWT) (Fig. 1), with which the government plans to
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reduce groundwater use in Tianjin, Beijing and Hebei prov-
inces to 65% of their current levels by 2023 (Qiu 2010).
However, the construction and operation of water conservan-
cy and transfer projects can significantly change the ground-
water flow system and affect groundwater quality.

As a result, changes in groundwater flow and quality have
caused serious ecological and geo-environmental problems
in China, such as drying of springs (Sun et al. 2016c¢),
decreases in river base flow (Wang et al. 2001), vegetation
degradation (Jia and Ci 2000; Jia and Xu 1998), soil and
groundwater salinization (Brunner et al. 2008; Tang and
Zhang 2011; Sun et al. 2016b), land subsidence (Hu et al.
2004; Ma et al. 2006) and desertification (Ge et al. 2016; Li
et al. 2015; Liu et al. 2016a). The demand for water
grows as China’s economy develops fast. Thus, studies of
groundwater sustainability and its ecological and geo-
environmental effects are urgently required. This paper re-
views the state-of-the-art changes in groundwater quantity
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and quality in China that have occurred under the impact of
rapid economic development, as well as their ecological and
geo-environmental effects, and stresses the importance of
effective governance of groundwater resource management
to ensure the ultimate goal of safe and sustainable supply of
groundwater in China.

Changes in groundwater dynamics
Groundwater resource depletion

According to the assessment of Zhang et al. (2006), ground-
water resources are unevenly distributed in China; 67.7% of
these resources are located in southern China and only 32.3%
are located in northern China. However, the extent of ground-
water exploitation in northern China is much more intensive
than that in southern China (Lin and Wang 2017). The ground-
water supply holds 30% of the total water supply in more than
400 cities. Among the total of 657 cities in China, more than
400 (61%) cities use groundwater as their major water supply.
In rural areas of China, people generally use groundwater as
their drinking water source, and 40% of the total farmland is
irrigated by groundwater. In northern regions, groundwater is
the source for 65% of domestic water, 50% of industrial water
and 33% of irrigation water supply (Ministry of Environment
Protection 2011). The exploitation of groundwater has facili-
tated a steady increase in grain production. All of these data
indicate that China’s economic development and people’s
livelihoods depend greatly on groundwater. With rapid eco-
nomic development and population growth over the past three
decades, groundwater exploitation in China has increased dra-
matically. Since the 1970s, the total amount of groundwater
exploitation has increased at an average rate of 2.5 billion m*/
year from 57 billion m*/year in the 1970s, to 75 billion m*/
year in the 1980s, and further to 110 billion m’ by 2015,
accounting for nearly 18% of the total water supply
(Ministry of Water Resources 2015). Agricultural water use
accounts for the largest percentage of total groundwater use,
although it has decreased from 88% in the 1980s to 62% in the
late 1990s; and industrial and municipal water use has in-
creased from 12% in the 1980s to 38% in the late 1990s.
This trend will likely continue to keep pace with the acceler-
ation of industrialization and urbanization.

As the groundwater abstraction rate has increased, most
aquifers in northern China have been over-exploited; among
these, the aquifers throughout the entire Hebei Province and
those in mega- or medium-sized cities such as Beijing, Tianjin,
Shenyang, Haerbin, Jinan, Taiyuan and Zhengzhou are all
over-pumped. More than 100 regional groundwater depres-
sion cones have been formed, with a total area exceeding
150,000 km?. In the North China Plain, the depression cones
range from Hebei to Beijing, Tianjin, and Shandong, with

groundwater levels that are lower than sea level in an area of
70,000 km? (Liu et al. 2001). Similar to other places around
the world, groundwater resources are mainly consumed by
pumping for irrigation in China, where the conflict between
securing food production and maintaining sustainable ground-
water use is currently being intensified (Cai and Ringler 2007;
Mclaughlin and Kinzelbach 2015). Based on the inventory
constructed by Werner et al. (2013), three cases from China
were ranked in the top 10 groundwater mega-depletion cases
around the globe. Problems regarding groundwater over-
extraction have occurred in more than 164 locations in 24 of
the 31 provinces in China, and they have affected an area of
more than 180,000 km? (Wang et al. 2007). Previous studies of
groundwater depletion due to overdraft in China have consis-
tently focused on the North China Plain (NCP; Gorelick and
Zheng 2015; Zheng et al. 2010). This is because the NCP is
considered to represent one of the most serious cases of large-
scale aquifer over-exploitation, as its water tables have
dropped continuously at a rate of 0.5-2 m/year over the past
60 years. The current water table is estimated to be as low as
120 m below land surface in some places, and deep cones of
depression have formed in heavily exploited areas (Cao et al.
2015; Pei et al. 2015). For these reasons, the NCP (Hai River
Basin) is ranked as number 1 in Werner’s list among all mega-
depletion cases using a severity index (Wemer et al. 2013).
Although the groundwater storage depletion rate differs
among different researchers (Table 1), it has been commonly
agreed that the NCP is one of the regions in the world with the
most serious problems of groundwater storage depletion
(Aeschbachhertig and Gleeson 2012). The NCP plays an im-
portant role in China’s food production and is the home to
more than 200 million people. Fast-growing groundwater ex-
ploitation is the lifeblood that has been needed to sustain ag-
ricultural production in the NCP over the past several decades.
However, the sustainability of this production appears to be
threatened by a widespread decline in groundwater level,
which has locally reached rates of more than 1 m/year (Liu
et al. 2008). From 1900 to 2000, approximately 130.3 km?® of
the net cumulative depletion of groundwater occurred in the
NCP, which is equivalent to a sea level rise of 0.361 mm. This
number increased by approximately 31% over the next 8 years
after 2000 to reach a cumulative total of approximately
170.3 km® (Konikow 2011). The main cause of this depletion
is the excessive extraction of groundwater for irrigation where
groundwater is slowly renewed; climate change has the poten-
tial to exacerbate this problem in some regions.

Recharge and discharge processes under the impact
of intensive human activities

Intensive human activities have greatly affected the processes
of groundwater recharge and discharge. Among them, the
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Table 1 Results of groundwater storage depletion-rate studies in the NCP
Location Area Period Method Groundwater storage depletion rate References
North China 370,000 km®> 20032010 GRACE 8.3+ 1.1 km*/year (2.2+0.3 cm/year) ~ Feng et al. 2013
NCP (the Piedmont Plain) 54,000 km?> 2003-2013  GRACE 4.65+0.68 cm/year Huang et al. 2015
NCP (East Central Plain) 86,000 km? 2003-2013  GRACE 1.69 +0.19 cm/year Huang et al. 2015
NCP 140,000 km®>  1970s Groundwater modeling ~ ~1.78 cm/year Cao et al. 2015

1980s ~2.86 cm/year

1990-1996 ~1.43 cm/year

1997-2001 ~5.0 cm/year

2002-2008 ~2.86 cm/year

impacts of widespread irrigation, soil conservation strategies
and water diversion projects have been well studied.

Irrigation activities have had large-scale impacts on
groundwater systems by changing both recharge and dis-
charge processes (Dol et al. 2012; Rohden et al. 2010).
Recharge has raised the water table as a result of irrigation,
while increased pumping has offset the higher recharge rates
and resulted in water-table declines (Kinzelbach et al. 2003;
Scanlon et al. 2006). In China, this large-scale redistribution
of freshwater from rivers, lakes and groundwater to arable
land has led to both groundwater depletion in regions with
primarily groundwater-fed irrigation (Yang et al. 2015) and
groundwater accumulation as a result of recharge from the
return flows from surface-water-fed irrigation (Doll et al.
2012; Wang et al. 2015a). Kendy et al. (2004) used North
China as an example and found that the areal recharge repre-
sents a fraction of precipitation and irrigation and that this
fraction increases with increasing precipitation and irrigation.
Improving irrigation efficiency and reducing groundwater
pumping for irrigation have had no effect on water-table de-
clines due to reduced seepage (Kendy et al. 2004).

Soil conservation approaches also have great impacts on
deep drainage. Structural soil conservation strategies such as
gulley sites are consistent with deep drainage, while ecologi-
cal soil conservation strategies such as mature tree and shrub
plantations may prevent deep drainage (Gates et al. 2011).
Thus, structural soil conservation strategies or less water-
intensive vegetation could be more practical and sustainable
for arid and semiarid areas.

Water diversion projects have also been reported to greatly
affect groundwater flow regimes. The effect of SNWT on
groundwater systems is currently minor. Yang et al. (2012b)
used numerical modeling to predict groundwater flow; their
results showed that the areas of cones of depression will be
reduced by different degrees. Ye et al. (2015) applied a large-
scale surface-water/groundwater distribution hydrological
model to assess the impact of the central route of the SNWT
on groundwater. Their results indicated that the SNWT will
only decrease the rate of groundwater level decline and cannot
fully resolve the water resource crisis in the Hai River Basin
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and that the region of groundwater overexploitation will de-
crease by approximately 20%. The Heihe River Basin is the
second-largest inland river in northwestern China, and it is
characterized by typical arid and semiarid areas. The Heihe
River is the primary recharge source for the groundwater in
the lower reaches. In recent years, the decreased river runoff
due to overexploitation in the middle stream has caused the
groundwater level to decline in the lower part. To address this
issue, a water diversion project from the middle to lower stream
was implemented to save the downstream ecosystems in 2000
(Cheng et al. 2014). A similar situation also occurred in another
endorheic river basin in China, namely, the Tarim River Basin.
Since 2000, eight water diversions from the upper stream and
the neighboring Kaidu-Kongque River have been implemented
to save the ecosystems in the lower Tarim River (Huang and
Pang 2010). The water diversion projects in the endorheic river
basins have led to more intensive groundwater use in the mid-
dle stream but less groundwater replenishment due to de-
creased river leakage in the lower stream (Aishan et al. 2013;
Schilling et al. 2014; Wang et al. 2015a).

Other human activities such as mining, can also change
groundwater recharge and discharge. Wastewater drainage
from mining will lead to changes in groundwater recharge,
runoff and discharge in regional groundwater systems, which
will further cause groundwater depletion (Lin and Wang 2017).

Spatial-temporal changes in groundwater flow
regimes

In the long run, land-use change and climate change are the
two main factors affecting spatial and temporal changes in
groundwater flow regimes, both directly (through replenish-
ment by recharge) and indirectly (through changes in ground-
water use) (Taylor et al. 2013).

Land-use change
Land-use changes such as revegetation and agricultural land

expansion and urbanization, can result in changes in both
drainage and evapotranspiration rates, thus affecting natural
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groundwater replenishment. Guo et al. (2015) attributed land-
use changes to decreased flow in 37 of the 45 springs in a karst
aquifer in southern China since 1990 (Guo et al. 2015). The
impacts of land-use changes on the groundwater system in the
middle reaches of Heihe River Basin from 1969 to 2000 were
analyzed from the perspective of the groundwater recharge
and discharge system. Caused by land-use change, the
groundwater recharge decreased by 2.168 x 10% m*/year from
1970 to 1985 and increased by 0.134 x 10® m*/year from 1986
to 2000; the groundwater discharge decreased by 2.035 x
10® m*/year and increased by 0.6785 x 10® m*/year, respec-
tively (Wang et al. 2005).

In the southern Horqin Sandy Land, northeastern China, the
effects of land-use changes on the water table from 1953 to
2009 were investigated. The results indicated that the use of
Mongolian pine plantations to prevent expansion of sandy
land has effectively improved local environmental conditions,
leading to the expansion of more water-consuming agricultural
land and broadleaved forests, which has changed the water
balance and continuously decreased the water table (Zheng
et al. 2010). Since 1952, China has implemented a large-
scale tree planting program in the country’s arid regions to
combat desertification; however, many studies have shown
that there is a high risk that this program will exacerbate water
shortages and lower the water table (Lu et al. 2016).

Urbanization introduces impervious surfaces, and urban
pipelines can reduce water discharge to underground reser-
voirs (Hua et al. 2015). Jiao et al. (2006) studied the impact
of land reclamation and urbanization on the regional ground-
water regime in Hong Kong (Jiao et al. 2006). Large-scale
land reclamation significantly reduced submarine groundwa-
ter discharge (SGD) and thus lifted the groundwater level,
which increased the risk of flooding. Meanwhile, the deeper
foundations of new architectures and denser underground
transportation system decreased the overall permeability and
retarded the flow of the groundwater system.

Climate change

Climate variability and change are primarily related to the
distribution of precipitation and directly determine the
recharge rate. Hao et al. (2006) found that the karst aquifers
at the Liulin Springs responded remarkably to climate change
rather than human activities and, in particular, responded to
changes in precipitation input (Hao et al. 2006). Moreover,
climate change may induce more extreme hydrological events
(e.g., droughts and floods). Although there is little change in
annual precipitation, the temporal distribution of peak flow
days and low flow days also has a profound impact on ground-
water systems (Zhou et al. 2011).

At high latitudes and elevations, global warming changes
the spatial and temporal distribution of snow, ice and perma-
frost and thus affects groundwater dynamics. Permafrost has

been reduced by approximately 18.6% from 2.15 x 10 km?
in the 1970s to 1.75 x 10° km? in 2006 due to climate change
and human activities (Cheng and Jin 2012). Previous studies
of the linkage between permafrost and groundwater on the
Qinghai-Tibet Plateau (QTP) and in northeastern China have
shown that groundwater exhibits marked seasonal variability
corresponding to cold and thaw seasons. Meanwhile, the low-
ering of water tables has been observed in permafrost areas in
the QTP, mainly because the thawing permafrost opened
channels in the permafrost aquitard and caused the following
downward flow of supra-permafrost groundwater (Cheng and
Jin 2012). For a more quantitative analysis, more detailed
investigations, experiments, and long-term monitoring and
observations on various spatiotemporal scales are still
necessary.

Geogenic groundwater quality problems
High-arsenic groundwater

In China, there are some of the most populated regions at risk of
exposure to geogenic high-arsenic (As) groundwater. However,
current estimates of the Chinese population exposed to elevated
As concentrations vary widely, ranging from 0.58 million (Yu
etal. 2007) or 1.85 million (He and Charlet 2013) to as many as
19.6 million individuals (Rodriguezlado et al. 2013). China is a
typical high-As groundwater (>10 pg/L) region, where 19 of
the 34 provinces in the mainland have high-As groundwater
(Guo et al. 2014a), including Anhui, Beijing, Gansu,
Guangdong, Hebei, Henan, Hubei, Inner Mongolia, Jilin,
Jiangsu, Liaoning, Ningxia, Qinghai, Shandong, Shanxi,
Shaanxi, Sichuan, Xinjiang, and Yunnan (Fig. 2).

Geographically, there are two types of geogenic high-As
groundwater areas: fluvial/alluvial-lacustrine plains of humid
or semi-arid/arid regions and the river deltas of humid regions
(Guo et al. 2014a). The former mainly includes the
Jianghan Plain of the Yangtze River in the humid climate areas
of central China, and the basins and plains of the Yellow River
and the Haihe River in the arid regions of North China such as
the Hetao Basin, the Huhhot Basin, the Yinchuan Basin, the
Datong Basin, the Yuncheng Basin, the Songnen Basin, the
Guide Basin and the Dzungaria Basin (Guo et al. 2008). The
river deltas with geogenic high-As groundwater mainly in-
clude the Pearl River Delta, the Yangtze River Delta (YRD)
and the Yellow River Delta.

High-As groundwater mainly occurs in shallow Quaternary
sedimentary aquifers with alluvial lacustrine or lacustrine sed-
iments in inland plain areas. In comparison, in river delta re-
gions, high-As groundwater mainly occurs in fluvial-marine
sedimentary aquifers that have been affected by transgression.
In both inland plains and river deltas, high-As groundwaters,
which mainly form under reducing conditions, are
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Fig. 2 Distribution of high-As groundwater in China: a groundwater As
concentration > 50 pg/L; b groundwater As concentration > 10 pg/L).
The numbers show the locations of As-affected areas. XIJIANG: 1 The
Dzungaria basin; 2 Luntai, Bohu, and Weili counties; 3 Awati and Bachu
counties; 4 Shule county; 5 Hami county; 6 Delingha county. QINGHALI:
7 Nangqian county; 8 Gande, Magqin and Dari counties; 9 Guide, Zeku,
Tonren, Xunhua, Hualong, Jianzha, Gonghe, Huangyuan, Haiyan,
Pingan, Huzhu, Datong, Mengyuan, and Tianzhu counties. INNER
MONGOLIA: 10 Alashanzuoqi; 11 The Hetao basin, Wulatehouqi,
Wulatezhonggi; 12 The Huhhot basin; 13 Shuniteyouqi; 14 Zhenglanqi,
Weichang county, Naimangqi; 15 Xinbaerhuyouqi and Ewenkezuzizhiqi.
JILIN: 16 The Songnen basin. HEILONGJIANG: 17 Fuyu, Lindian,
Anda, Suihua, and Beian counties; 18 Jidong, Linkou, Muling and
Ningan counties. BEIJING: 19 Tongzhou and Shunyi. SHANDONG:
20 The alluvial plain of the Yellow River of Shandong. HENAN: 21
The alluvial plain of the Yellow River of Henan. ANHUI AND

characterized by high concentrations of Fe, Mn and HCOs3,
high pH, and relatively low NO; and SO4> concentrations
(Guo et al. 2014a). In general, the oxidation mechanism of
pyrite is widely used to explain the formation of high-As
groundwater. This occurs when Fe(IIT) oxides undergo reduc-
tive dissolution under anaerobic conditions (Tufano and
Fendorf 2008), leading to As desorption and enrichment in
the aqueous phase.

The main source of groundwater As is the release of solid
As from aquifer sediments via (bio)geochemical processes
(Guo et al. 2014a). In inland basins of arid regions, the
chemical composition of high-As groundwater is not only af-
fected by water—rock interaction processes but also by evapo-
ration. Organic-rich deposits and alkaline waters have been
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JIANGSU: 22 The Huai River alluvial plain. JJANGSU and
SHANGHALI: 23 The Yangtze River delta. ZHEJIANG: 24 The
Qiantang River delta. HUBEI: 25 The Jianghan alluvial plain of the
Yangtze River. SHANXI: 26 The Datong basin; 27 The Taiyuan basin;
28 The Yuncheng basin. SHAANXI: 29 The Weihe alluvial plain; 30
Yan’an and Yulin counties. NINGXIA: 31 The Yinchuan basin.
GANSU: 32 Huanxian county; 33 Weixian, Zhouqu, and Baoji
counties. SICHUAN: 34 Shongpan, Xiaojin, Jinchuan, and Maerkang
counties; 35 Luding county. YUNNAN: 36 Tengchong, Lianghe,
Yunlong, Eryuan, Binchuan, Mouding, Chuxiong, Nanjian, Changning
counties; 37 Gengma and Zhenyuan counties; 38 Mengla, Jinghong,
Menghai, and Simao counties. GUANDONG: 39 Zhijin, Wuhua,
Xingning counties; 40 The Pearl River delta. TAIWAN: 41 The
Choushui alluvial plain and Chianan alluvial plain; 42 The Lanyang
alluvial plain. (modified from Guo et al. 2014a)

reported to cause As desorption from the solid phase
(Schaefer et al. 2016). In river delta regions, the salinity of
groundwater is normally low due to the large amount of pre-
cipitation and recharge (Jia and Guo 2013). The interlayers of
marine and fluvial deposits in river deltas mainly comprise
silty sand, silt, clayey silt and clay, with high contents of nat-
ural organic matter. These conditions, together with low
groundwater flow rates, readily lead to reducing conditions in
aquifers (Guo et al. 2014a). High As concentrations in
groundwater are the result of the redox processes, microbially
mediated reduction, and desorption processes that occur in
aquifer systems. Under reducing conditions, both the reductive
dissolution of Fe oxides and the reductive desorption of As are
believed to occur in aquifer systems, leading to As
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mobilization. Microbes, which are fueled by organic matter in
aquifers and can catalyze the reduction of Fe oxides and As(V),
play an important role in As mobilization (Guo et al. 2014a).

Geothermal groundwater also contains high As concentra-
tions. In the Guide Basin and the Tengchong area, high-As
groundwaters are closely associated with deep geothermal
water. Usually, deep geothermal water recharges shallow
groundwater via faults due to recent tectonic movement. The
spatial distribution of As concentration is generally consistent
with the occurrence of tension faults.

In China, groundwater contamination by geogenic As has
been reported to be more serious than that of anthropogenic
As (Smedley et al. 2003), which is related to mining (Wei
1992), irrigation (Norra et al. 2005) and pesticide usage
(Alam et al. 2015). The interaction between groundwater
and surface water was also proposed to be an important factor
controlling As concentration dynamics in groundwater
(Schaefer et al. 2017; Schaefer et al. 2016).

High-fluoride groundwater

China, which is one of the countries that has been most affected
by high-fluoride (F) groundwater (Ayoob and Gupta 2006;
Jadhav et al. 2015), reported in 2015 that over 70 million peo-
ple have been exposed to endemic fluorosis due to their long-
term intake of high-F water (>1.0 mg/L, Chinese guideline
value; National Health and Family Planning Commission of
China 2016). This situation is more severe in arid and semiarid
areas, where groundwater is the main source of drinking water
(Ren et al. 1996; Shen et al. 2010; Zhao et al. 2007). The F—
concentrations in cold groundwater samples in northern China
range from 0.1 to 22 mg/L, and most of them are <8 mg/L
(Fig. 3). Except in a few areas such as the NCP, high-F
groundwater in China mainly occurs at shallow depths
(<100 m), especially at depths of <50 m (Fig. 3). Based on
its genesis, the geogenic high-F  groundwater of China can be
basically classified into three types (Fig. 3): (1) shallow high-
F~ groundwater in the plains and intermountain basins of arid
and semiarid areas; (2) deep high-F groundwater in the depo-
sitional plains and basins of arid and semiarid areas; and (3)
high-F geothermal water (Liu et al. 1980, Ren and Jiao 1988,
Wen et al. 2013).

Shallow high-F~ groundwater is mainly distributed in the
subsiding basins and plains of northern China (e.g., western
Songliao Plain, Inner Mongolia, inland basins of Shanxi and
Shaanxi), northeastern China (e.g., Tarim Basin, Junggar Basin,
Qiadam Basin and Hexi Corridor) and central China (e.g., the
area from the Qinling Mountains to the Huai River; He et al.
2010; Liu et al. 1980; Ren and Jiao 1988; Wang et al. 1999;
Wen et al. 2013). High-F groundwater is mainly distributed on
a regional scale in semiarid and arid northern China. In com-
parison, it tends to occur on a local scale (<100 kmz) in semi-
humid and humid southern China (He et al. 2008; Wang et al.

1999; Wen et al. 2013). Shallow high-F~ groundwater is usually
found on the front edges of piedmont alluvial fans and in the
central regions of basins and plains, which are characterized by
low flat terrain and sluggish groundwater flow (He et al. 2010;
Ren and Jiao 1988; Wen et al. 2013). Geogenic F in ground-
water is ultimately derived from fluorine-bearing minerals (e.g.,
fluorite, apatite, amphiboles and micas) in rocks and sediments
(Ali et al. 2016). The host rocks and sediments of basins and
plains in northern China often have high fluorine contents (Ren
and Jiao 1988; Wang and Cheng 2001)—for example, the av-
erage fluorine contents of rocks, loess and sediments (0—
200 cm) in the Datong Basin are approximately 666, 895 and
560 mg/kg, respectively, which are much greater than the back-
ground fluorine content of soil in China (478 mg/kg; Li et al.
2014d; Pan et al. 2013; Zhao et al. 2007). Water—rock interac-
tions are primarily responsible for the release of F to ground-
water, and evapotranspiration promotes F enrichment in shal-
low groundwater, especially in northwestern China (Vithanage
and Bhattacharya 2015; Gao et al. 2007; Wang et al. 2009;
Zhang et al. 2013a). Agricultural and industrial activities
could be important sources of F in groundwater because some
commonly used fertilizers and pesticides in China contain high
contents of F~ (i.e., up to 1,161 mg/kg; Luo et al. 2017).

The high F~ concentration in deep groundwater in the coast-
al plains of the Bohai Sea and Yellow Sea such as the eastern
NCP is mainly derived from palaco-seawater (Ren and Jiao
1988; Wan et al. 2013), and that in the inland basins of central
Shanxi and arid northwestern China such as the Tarim Basin,
Junggar Basin and Chaoshui Basin may originate from palaco-
brine (Currell and Cartwright 2011; Currell et al. 2010). The
Na-dominant, neutral to alkaline conditions of deep groundwa-
ter in these areas also favor F~ enrichment. Anthropogenic
activity also affects the F~ distribution in groundwater. As ob-
served in Cangzhou City in the NCP, the center of high-F deep
groundwater is located directly in the depression cone created
by groundwater withdrawal, and the average F concentration
in the depression area gradually increased from 3.0 mg/L in
1970 to 5.1 mg/L in 2000 (Kong et al. 2015; Wang et al. 2011).
These studies indicated that decreasing the head pressure in
deep aquifers results in clay compaction, releasing F from clay
into the groundwater (Kong et al. 2015; Wang et al. 2011). The
downward vertical hydraulic gradient developed by exploita-
tion further promotes the leakage of shallow groundwater with
high F~ concentrations, which likely facilitates F~ enrichment
in the deep groundwater of the Yuncheng Basin (Currell et al.
2011; Currell et al. 2010; Gao et al. 2007).

Geothermal groundwater, which has been widely exploited
in China (Zhu et al. 2015a), generally contains high F~
concentrations. The F~ concentrations in 90% of the geother-
mal water samples from both high- and medium-low-
temperature geothermal systems are greater than 2.0 mg/L.
Extensive water—rock interactions, enhanced by higher tem-
peratures, are the major source of F~ in most geothermal fluids

@ Springer



1308 Hydrogeol J (2018) 26:1301-1324
-~
4 )
7 R
/ﬁ'{ / 9
- I k. 2
¥
& / 2. % 3
“am, o 717
‘_A{ K %, e V%/‘(W/arbin ¢
e o 0 200 400 km 7 o’ hS
i V,.w-'}; Urumai | | o // /4. i
o H ¢
‘i - {#ﬂ(llll,,,"//‘g ? < ~ 7 . / 4 s angchun . 3 o
1) 'a/, 5% i < / /////// - . \.§
= 'é /¢ S //// Shenyang /-
. / o Huhhot
J Y e . s
'L‘& % 1/7/ 2
~ V2 %r
<
L Kuniun Moy, ; /7//
) o
{\ “ om/‘
o
§<.
( L]
S » YELLOW SEA
.\V‘ % i &
\ % ¢ ¥
“»-l “, = Hgfé‘ Nan Shanghai
\Z-n, ',, P 4 olLhasa Che.ngdu Wihag k 's
m\-w...j ,,,\?.” ? Chongging &§I'0 River Hanzhou &
£ & 4@‘\ 7z & EAST CHINA SEA
B ° 'ﬁar?chang
S Changsha
L %A+
Legend . Guﬂ(ang o 0,“ e Tajwan
Kunming . a % 4 .
- Shallow high-F groundwater area ” i 5 I
i s 9 “Guangzho # .
Deep high-F groundwater area 3 oD ) . ¥ i
S gt T Nanning W kosar SOUTH |
o High-F geothermal water area =2 ; Micau SAR. z I Cé‘/é/XA 4
Potential high-F geothermal water area *~2Haikou . A
—— Malnivers 0 SOUTH CHINA SEA i S o
L ml

Fig.3 Distribution of F in groundwater of China, modified from original maps in Long et al. (2015), Ren and Jiao (1988), Tan (1989) and Wen et al. (2013)

(Guo et al. 2017), while magmatic degassing might contribute
to F in high-temperature magma-heated geothermal systems
such as Yangbajing and Rehai (Guo 2012; Guo and Wang
2012; Sracek et al. 2015). F~ concentrations vary dramatically
in geothermal systems with different reservoir lithologies.
Geothermal water samples from granite and metamorphic
rock reservoirs generally contain much higher F~ contents
(usually >5.0 mg/L, up to 28.5 mg/L), with average concen-
trations of 11.3 and 13.4 mg/L, respectively, whereas in clastic
rock and carbonate reservoirs, almost all geothermal water
samples have F~ contents of <5.0 mg/L, with average concen-
trations of 2.5 and 1.7 mg/L, respectively. These differences
are likely due to the different fluorine contents of diverse host
rocks and water-rock interaction without the addition of mag-
matic fluid (Guo et al. 2009, b).

High-iodine groundwater

Geogenic high-iodine (I') groundwater has been found in 12
provinces in China, including Beijing, Tianjing, Hebei, Henan,
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Shandong, Shanxi, Inner Mongolia, Xinjiang, Jiangsu, Anhui,
Fujian and Shan’xi (Zhang et al. 2010). These cities are mainly
located in the ancient flood areas of the Yellow River and the
coastal areas of the Bohai Sea, arid inland basins, the YRD and
the Pearl River Delta (Fig. 4). Shen et al. (2011) reported that
there are 488 towns with high-I" groundwater and 246 towns
with endemic goiter cases in the areas that use high-I" ground-
water as drinking water; thus, high-I" groundwater affects a
population of over 30 million people (Shen et al. 2011).

The high I concentrations in groundwater are mainly con-
trolled by the dissolution of I -containing minerals, the evap-
oration of shallow groundwater and the release of I in sedi-
ments in organic-rich reducing environments. High-1"~
groundwater often occurs in discharge areas or areas with
sluggish groundwater flow (Lin and Wang 2017). Previous
studies of high-I" groundwater have mainly focused on north-
ern inland basin areas such as the Datong Basin, Taiyuan
Basin and NCP.

Groundwater I concentrations ranged from 0.02 to
4,117 pg/L in the Taiyuan Basin, and 687 out of 950
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Fig. 4 Distribution of high-iodine groundwater (>150 pg/L) in China.
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etal. (2013), Li et al. (2013), Li et al. (2012), Liang and Ren (2005), Liu

groundwater samples had I concentrations that were higher
than 150 pg/L, which is the recommended guideline for drink-
ing water established by the Chinese government (Tang et al.
2013). At Taiyuan, deeper groundwater generally had higher
I concentrations than shallower groundwater (Tang et al.
2013). The I concentrations in groundwater from the
Datong Basin ranged from 14.4 to 2,180 ug/L, and high-I
groundwater mainly occurred in the central part of the basin.
Vertically, both shallow and deep groundwater had high I
concentrations (>150 pg/L). An increasing trend of ground-
water I from 17.5 to 934 pg/L was observed along the
groundwater flow path in the Datong Basin. The sediments
with high total organic carbon (TOC) contents generally had
high I contents, thus suggesting that OC-rich clayey sedi-
ments might represent the primary source of iodine. In the
groundwater discharge area of the Datong Basin, when the
biodegradation of sediment organic matter occurred, the I that
was sorbed on the clayey sediment was mobilized into aque-
ous phases during the degradation of I -rich organic matter (Li

(2009), Luetal. (2011), Mo and Huiqing (2005), Su et al. (2006), Tang et
al. (2006), Xie et al. (2005), Xu et al. (2012) and Zhao et al. (2014)

et al. 2014a). Iodide, which is the major iodine species in the
reducing environment of the Datong Basin, is difficult to re-
incorporate into previously precipitated carbonate minerals
(Zhang et al. 2013b). Therefore, due to water-sediment inter-
actions, the groundwater I concentration exhibited a sharp
increase in the discharge area, which was dominated by iodide.
Due to strong evaporation, the I concentration in shallow
groundwater can reach up to 2,180 pg/L, with a TDS value
of 6,275 mg/L. The mixing of surface water and groundwater
caused by recharge processes, such as irrigation, can also af-
fectI concentrations. The distributions of truly dissolved and/
or colloidal iodine, Fe and DOC are largely controlled by the
redox potential and pH conditions of the groundwater system
(Li et al. 20164, b).

The I' concentrations in the groundwater of the NCP
ranged from 1.51 to 1,106 pg/L, with a median value of
51.28 ng/L; approximately 32.3% of groundwater I concen-
trations were higher than 150 pg/L. High-I' groundwater is
mainly distributed in the southern part of the Bohai Bay area,
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thus reflecting the potential effects of the Bohai Sea (Li et al.
2017a). Vertically, although high-I" groundwater occurs in all
four aquifers, groundwater from deeper aquifers (>350 m)
generally had higher I concentrations (Li et al. 2017a). In
the NCP, along the groundwater flow path from Taihang
Mountain to the Bohai seawater, groundwater I concentra-
tions increased from 2.4 to 390.1 pg/L. The Bohai seawater
had an T concentration of 51.1 pg/L. It can be postulated that
during several events of seawater transgression, seawater [
was potentially loaded onto sediment in coastal areas, given
the strong assimilation of I onto organic matter and metal
oxides/hydroxides (Dai et al. 2009; Shetaya et al. 2012;
Shimamoto et al. 2011). Under favorable conditions, sediment
I can be released into groundwater to form I -rich Na-Cl-type
water in coastal areas (Li et al. 2017a).

High-salinity groundwater

In China, brackish and/or saline groundwater with high TDS
(>1 g/L) values has been widely reported in nearly 20 prov-
inces in northwestern (Chen et al. 2016; Ma 2016; Wang et al.
2016a; Wei et al. 2016a), northeastern (Han et al. 2015;
Zhang et al. 2017), and northern China (Chen et al. 2014;
Currell and Cartwright 2011; Han et al. 2014; Huang et al.
2015; Li et al. 2016a); castern coastal arcas such as the
Laizhou Bay and the Pearl River Delta (Han et al. 2014;
Huang et al. 2015 Wang and Jiao 2012; Xue et al. 2000);
and central, southern and southwestern China (Lin et al.
2016; Wang et al. 2015b; Wang and Jiao 2012; Xu and
Wang 2016)—for example, the groundwater in the Tarim
Basin has a mean TDS value of 10.82 g/L, up to 350 g/L in
some localities (Ma et al. 2010; Ruan et al. 2013; Zhao et al.
2016b). The TDS values in groundwater in the southern part
of the Laizhou Bay can reach up to 184 g/L (Han et al. 2014;
Xue et al. 2000). The total area with high-salinity groundwater
has been gradually extending (Zhang et al. 2017).

High-salinity groundwater is usually associated with shal-
low aquifers. Deng et al. (2009) found that the TDS concen-
trations in the shallow aquifer of the Hetao Plain in Inner
Mongolia can reach up to 7.46 g/L (Deng et al. 2009);
Currell et al. (2010) found that most of the deep groundwater
in the Yuncheng Basin has low TDS concentrations, with a
median value of 1.09 g/L, while the shallow groundwater has
TDS values of up to 8.45 g/L, with a median value of 2.01 g/L
(Currell et al. 2010). Li et al. (2016a) also reported that 41% of
the groundwater samples collected mostly from shallow aqui-
fers in the Datong Basin are moderately saline, with TDS
values of 3—10 g/L. Under the elevated vertical hydraulic gra-
dients due to pumping, shallow high-salinity groundwater
may leak into deeper aquifers, especially in places where pref-
erential paths exist, as observed in the northern Sushui River
Basin (Currell et al. 2010).
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The processes responsible for the occurrence of high-
salinity groundwater can be summarized as follows: firstly,
evaporation and transpiration in arid and semiarid areas, as
has been reported in inland basins such as the Dunhuang
Basin and the Tarim River Basin in northwestern China
(Huang and Pang 2012; Sun et al. 2016b). In these arid and
semiarid regions, evaporation is the primary cause for high
salinity in groundwater (Hao et al. 2000; Huang and Pang
2012). Transpiration is also important for increasing ground-
water salinity, especially in oasis zones (Currell et al. 2010).
Secondly, the modification and buildup of salinity through wa-
ter—rock interactions is another factor contributing to the oc-
currence of high-salinity groundwater. Mineral dissolution sig-
nificantly contributes to the buildup of salinity in the ground-
water in the lower reaches of the Tarim River, in addition to
evapotranspiration (Huang and Pang 2012). Similar mecha-
nisms have also reported in the Ejina Basin (Wang et al.
2013a), the Jizhong Depression in the NCP (Chen et al.
2014), the Songnen Basin (Zhang et al. 2015a), the
Datong Basin (Li et al. 2016a), and the Dunhuang Basin
(Sun et al. 2016b). Thirdly, mixing with saline water also has
a role in the occurrence of high-salinity groundwater.
Groundwater salinity is reported to have been caused by sea-
water intrusion near coastal areas such as the Pearl River Delta
(Wang and Jiao 2012), a coastal plain in southwestern
Guangdong (Chen et al. 2016), the Huanghua Depression in
the NCP (Chen et al. 2014), and the Laizhou Bay (Liu et al.
2016b). Regional water-table decline and extensive depression
cones caused by intensive groundwater abstraction have dis-
turbed the dynamic balance between freshwater and saline wa-
ter, leading to the intrusion of saline water. The effects of hu-
man activities on groundwater salinity concentration include
salt-flushing from agricultural irrigation (Wang et al. 2016a;
Xie et al. 2013), the excessive use of chemical fertilizers
(Zheng et al. 2017), and urban municipal and domestic waste-
water discharge (Li et al. 2014e).

Elevation of groundwater salinity not only reduces avail-
able freshwater resources but has serious ecological conse-
quences. The intrusion of high-salinity groundwater into
freshwater aquifers has become an important environmental
disaster (Han et al. 2011; Ma et al. 2007; Xue et al. 2000).
High-salinity groundwater has been widely extracted for irri-
gation, extending the total area of secondary saline-alkaline
land and aggravating slightly saline-alkaline land (Zhang et al.
2007; Zhang 2004; Chen et al. 2010). When the water table
rises due to saline groundwater irrigation, capillary rise of
saline groundwater causes the direct precipitation of evaporite
minerals at the surface, leading to salinization when salts are
concentrated in soils by the evaporation of freestanding irri-
gation water (Dehaan and Taylor 2002). Nearly 20% of irri-
gated land in China is threatened by salinization, and the pro-
portion is still increasing (Li et al. 2014e). Irrigation with
brackish water significantly raises the salinity of the soil (Ma
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et al. 2010). The research of Ma et al. (2008) indicated that
saline water irrigation causes the EC of the topsoil (0—100 cm)
to be higher and more variable than the subsoil (100—180 cm)
and the salt load rapidly increased, notably in the upper 80 cm
in North China Plain.

Basic types of geogenic groundwater quality
problems

As discussed in the preceding, geogenic groundwater problems
are extremely complicated and affected by various coupled
processes and factors. Based on the authors’ 20 years of inter-
disciplinary research on the occurrence and hydrogeological
conditions associated with geogenic groundwater quality prob-
lems inside and outside China, four basic types of their genesis
and occurrence are summarized according to the main sources
of the hazardous components and the predominant hydrogeo-
chemical processes:

1. Leaching-enrichment type. The geogenic hazardous com-
ponents with relatively high mobility can be leached from
rocks/sediments in the recharge area of the regional
groundwater system, and the groundwater can be further
enriched by the time it reaches the discharge area of the
groundwater system.

2. Burial-dissolution type. The aquifer matrix is the main
source of geogenic hazardous components in groundwa-
ter. The sediments rich in hazardous components were
accumulated as aquifer matrix via erosion, transport and
deposition processes. Under favorable environmental
conditions and the impact of hydrogeochemical processes
(such as reductive dissolution process), the hazardous
components can be dissolved and released from the aqui-
fer matrix, especially from fine-grained sediments, into
groundwater.

3. Compaction-release type. The source areas of the hazard-
ous components are the hydrostatically deposited sedi-
ments (mostly lacustrine/swamp silts) of regional
surface-water systems. Through surface runoff and
weathering, the hazardous components can be accumulat-
ed in the sediments. During the processes of burial, com-
paction, consolidation and drainage of the sediments, the
components can be released into the adjacent aquifers
under favorable conditions.

4. Evaporation-concentration type. The source areas are the
geogenic hazardous components in shallow groundwater
systems, and due to the arid/semi-arid climate, shallow
water table and strong evaporation, the hazardous compo-
nents can be enriched in shallow groundwater.

These four basic types of genesis and occurrence of
geogenic groundwater quality problems may jointly occur in
the same region due to the variations of climate, sedimentary

environment and hydrogeological conditions, thereby leading
to the co-occurrence of various geogenic hazardous compo-
nents in groundwater. Due to the conservation of mass on the
Earth, the continuous loss of materials in source areas will lead
to a lack of specific components—for instance, due to the
large amount of iodine leaching and loss from the Taihang
Mountain areas in northern China, the iodine in groundwater
there is commonly low, which has caused iodine deficiency
disorders among local residents.

This theoretical framework of four basic types for the first
time unifies the theories concerning the genesis of different
types of worldwide geogenic groundwater quality problems,
and has been supported by multidisciplinary evidence of hy-
drodynamics, hydrochemistry, isotope geochemistry and nu-
merical simulation across the world.

Groundwater quality deterioration
by anthropogenic activity

Groundwater quality deterioration due to domestic,
agricultural, industrial and mining activities

Domestic, agricultural, industrial and mining activities have
deteriorated the quality of groundwater; this has become a
serious environmental and social problem for major cities un-
dergoing rapid economic growth in China (Zheng and Liu
2013). According to the Ministry for Environmental
Protection (MEP), the groundwater tested in 100 cities across
China did not qualify as a source water for drinking. In 2011,
the Ministry of Water Resources reported that 40% of rivers in
China were classified as seriously polluted; of these, 20%
were so polluted that their water quality was rated too toxic
for human contact (Coulon et al. 2016; Hu et al. 2014). The
main causes of groundwater quality deterioration include the
excessive discharge of pollutants and the overexploitation of
groundwater. As a result of both natural factors and human
activities, it is estimated that 18% of groundwater in western
China is of such poor quality that it cannot be directly used for
multiple purposes (Li et al. 2016c). According to the Report
on the State of the Environment in China, groundwater pollu-
tion in China is serious; only 40% of groundwater is suitable
for drinking or fishing, and 28% is not suitable even for in-
dustrial purposes (Hu et al. 2014).

Industrial pollution is the main source of groundwater con-
tamination (Wang 2007). A large amount of discharged indus-
trial wastewater infiltrates groundwater due to intensive indus-
trial activities and poor regulation, which causes groundwater
to become loaded with different pollutants. Without sewage
treatment plants, domestic sewage is discharged directly into
surface water (rivers and canals) in many cities, and pollutants
in surface water are transported into groundwater during
groundwater recharge (Ma et al. 2012). Large linear
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wastewater ponds that lack anti-seepage measures act as river
channels that also cause the deterioration of groundwater qual-
ity in the semiarid area of the Lake Baiyangdian watershed in
the NCP (Wang et al. 2014). The application of chemical fer-
tilizer, animal manure and pesticides has increased food pro-
duction; however, they can strongly affect groundwater quality
via leaching, percolation, and soil erosion (Kaneko et al. 2005;
Zhao and Li 2015), resulting in enrichment of contaminants
such as NH4-N, NO3-N, NO,-N and organic substances in
subsurface. Nitrate contamination is a common problem in
the groundwater of the NCP due to the overuse of fertilizers
and the discharge of wastewater (Wang et al. 2016b). In
addition, irrigation with polluted surface water also results in
serious groundwater contamination—for example, the ground-
water quality in Yanqi, which is a typical irrigation area in
Xinjiang, has been deteriorating as a result of wastewater irri-
gation and the excessive application of fertilizers and pesticides
(Di et al. 2015).

According to the Chinese Geochemical Investigation
Report, the concentration levels of contaminants in 15% of
investigated groundwater samples exceeded the national
drinking water standard; the major contaminants are N-com-
pounds, Fe, Mn, heavy metals and toxic trace organic contam-
inants (Wang et al. 2016c). The investigation of organic
contaminants in groundwater in areas such as Beijing-
Tianjing-Hebei, the YRD, the Pearl River Delta and the
Huaihai Plain, found that trace amounts of toxic organic con-
taminants have generally been detected in cities and suburban
areas (Lin and Wang 2017). N-compounds are major non-
point contaminants that pose a great risk to Chinese ground-
water quality, and they are mainly distributed in agricultural
areas in northeastern and northern China and the Huaihe River
Basin. The sources of N-compounds include fertilizer usage
and livestock production, as well as landfill disposal and do-
mestic sewage discharge. Along with the rapid economic de-
velopment that China has been experiencing over the past
30 years, heavy metal pollution has become one of the major
environmental issues in China. Pb, Cr, As, Cd, and Hg are the
key heavy metal pollutants (Hu et al. 2014). The groundwater
samples with Pb concentration exceeding the maximum con-
centration level (MCL, 0.01 mg/L for Pb) set by the National
Drinking Water Standard (NDWS) were mainly distributed in
the southern coastal area of Zhejiang Province, south of the
NCP, and in the central and western areas of the Huai River
Basin, while groundwater samples with excessive Cd contents
are located in local areas of the NCP and the southeastern
coastal area. The samples with Cr concentration exceeding
MCL were mainly collected from areas near plants producing
chromic salts, and several tens of Cr-contaminated sites were
found. In comparison, samples with excessive Hg contents are
much less common and are only distributed sporadically. In
general, heavy metal contaminants were mainly detected in
the areas near industrial plants and cities.
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The toxic organic contaminants detected in groundwater
mainly comprise monocyclic and polycyclic aromatic hydro-
carbons, chlorinated solvents, antibiotics and pesticides. Most
of these pollutants were found in groundwater samples col-
lected from populated and economically developed areas such
as the southeastern coast of China, and industrially developed
cities such as Taiyuan, Shenyang, Tianjin, Jinan, and Wuhan.
Industrial and domestic effluents from wastewater treatment
plants and agricultural wastewater were major sources of or-
ganic contaminants in groundwater (Dong et al. 2017).
Pesticides were mainly detected in groundwater samples from
the Liaohe Plain, northern Xinjing, and Su-Xi-Chang regions
(Lin and Wang 2017).

Oil, coal, and other minerals are abundant in western China.
The development of these mineral resources has produced tre-
mendous groundwater pollution (Li et al. 2017b). Coal mining
activities have had a great impact on karst water quality in the
Niangziguan spring catchment, which is one of the largest
karst springs in northern China. Significant water quality de-
terioration was observed along the flow path, as was evidenced
by the increasing sulfate, nitrate, and TDS contents of karst
water (Wang et al. 2016c¢). Coal mine development has
also caused groundwater contamination in northern Shanxi
(Zhang et al. b). Petroleum contamination caused by the oil
industry in the Longdong oilfield is the largest source of pol-
lution that has led to the deterioration of water quality in the
Malian River Basin of the Longdong Loess Plateau in north-
western China (Ma et al. 2012). The elevated concentrations of
SO4* and CI” in the groundwater in the piedmont region of
Shijiazhuang could be mainly attributed to mining activities in
the mountain area and discharge of municipal and industrial
wastewater (Zhou et al. 2016).

Institutions and people involved in groundwater quality pro-
tection and management now face unprecedented challenges
due to the effects of intense human activities and significant
changes of the ecosystems. Groundwater quality monitoring
networks are not well established in many regions, and those
that exist have incomplete monitoring parameters and/or inad-
equate monitoring frequencies. Furthermore, manual monitor-
ing is required in most regions of western China due to the high
price of automated monitoring devices (Li et al. 2016c¢).

Changes in groundwater quality due to water
diversion and surface water and groundwater
interactions

In recent years, the contamination of surface water has been
significant, especially in the Yellow River catchment, the
Liaohe and Haihe River basins, and Taihu Lake catchment.
Given that surface water and groundwater frequently interact
with each other, the groundwater quality in China is greatly
affected by water diversion and surface water and groundwa-
ter interactions (Hu 2014). The interaction and resulting
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changes in groundwater quality have been explored in many
areas such as the Jianghan Plain (Duan 2016), the mid-lower
reach of the Hanjiang River (Li et al. 2016f), the Jialu River
Basin (Yang et al. 2012a) and the Songhua River Basin
(Zhang et al. 2016a). The influence of polluted rivers on
groundwater environments was qualitatively or semi-
quantitatively investigated using soil columns or field experi-
ments by some researchers (Chai and Lei 2004; Li et al. 2006).
Duan (2016) found that changes in the redox environment and
the input of surface-derived oxidants in aquifer systems are the
main causes of seasonal changes in groundwater As concen-
trations in the Jianghan Plain. Li et al. (2016f) estimated the
dissolved solute flux from tributaries and groundwater to the
river using a water-balance-budget model and an
environmental-tracer mass balance approach. The transport
processes of contaminants from surface water to groundwater
have also been investigated in many areas (Hu 2014). Li et al.
(2014c) indicated that surface water and groundwater interac-
tions influenced the spatial distribution of trace metals and
their transport in an alluvial fan of the Yellow River. A nu-
merical simulation model was used to simulate and predict the
transport and fate of contaminants under the effects of ground-
water and surface-water interactions (Liang et al. 2003; Wang
2010; Yuan et al. 2011; Chen 2013; Yang 2011)—for exam-
ple, Li (2003) simulated the infiltration, migration and trans-
formation of pollutants in the Weihe River when groundwater
was discharged to the river using in situ test data. The study
found that pollutants can penetrate low-permeability strata and
contaminate groundwater, although the low-permeability un-
saturated zone hampered stream recharge. Song (2010) eval-
uated surface-water/groundwater interactions caused by phos-
phate mining activities using a numerical model. Li (2015)
studied variations in groundwater quality affecting the main
canal water quality in different situations using an established
coupling numerical simulation model in the western moun-
tains of Baoding.

To better manage and use water resources, water conser-
vancy projects such as water diversion projects, dams and
reservoirs have been widely implemented in China. The im-
plementation of inter-basin water diversion projects increases
the frequency and complexity of surface water and groundwa-
ter interactions. Furthermore, changes in surface water and
groundwater interactions further affect groundwater quality
(Du 2004; Huang and Pang 2010; Li et al. 2014b)—for ex-
ample, Du (2004) studied the evolution of groundwater qual-
ity in southwestern Beijing after the implementation of the
SNWT and analyzed changes in the chemical composition
of the groundwater caused by the increase of the water level
and the soaking of the unsaturated zone. Huang and Pang
(2010) investigated changes in groundwater induced by water
diversion in the lower Tarim River based on evidence provid-
ed by environmental isotopes and water chemistry. Irrigation
using diverted water from the lower reaches of the Yellow

River in China has lasted for more than 50 years, and their
effects on surface water and groundwater have been assessed
(Liu et al. 2014; Kong et al. 2016). For example, the effect of
irrigation practices on the transfer and regional migration
mechanisms of nitrate (NO3 ") in surface water and groundwa-
ter was investigated in an alluvial fan of the Yellow River (Li
et al. 2014b), indicating that surface water and groundwater
interactions influenced the spatial distribution of NO53 ™ in the
piedmont of the southern Taihang Mountains. Furthermore,
the impact of ecological water diversion on the hydrogeo-
chemical characterization of surface water and groundwater
was evaluated in the Yellow River Delta using hydrochemical
and isotopic methods (Liu et al. 2014). Jia et al. (2015) devel-
oped a linked surface water and groundwater simulation mod-
el to assess the impact of a trans-basin water diversion project
on groundwater safety. Chen et al. (2015) studied seasonal
variations in water quality in a lateral hyporheic zone in re-
sponse to dam operations and determined that dam release-
storage cycles were the dominant factor causing changes in
lateral hyporheic flow and water quality.

Changes in groundwater quality affected
by seawater/saline water intrusion

The intense groundwater exploitation in coastal areas has led
to a continuous decrease in groundwater level. This situation,
imposed by sea level rise, has triggered seawater intrusion,
further increasing groundwater salinity and deteriorated
groundwater quality. Seawater intrusion in China mainly oc-
curs in the Circum-Bohai-Sea region such as Liaoning, Hebei,
and Shangdong provinces (Lin and Wang 2017)—for exam-
ple, seawater intrusion affected an area of 3,076 km? in the
Dongyin, Weifang, Qingdao, Weihai, and Rezhao areas in
Shandong Province. An area of 740 km? in Jinzhou,
Huludao, and Dalian in Liaoning Province was also affected
by seawater intrusion, whereby the encroachment distance
reached up to 5-8 km in Huludao, where the groundwater
was intensively pumped (Lin and Wang 2017).

Since seawater intrusion in coastal aquifers induced by
over-exploitation of groundwater has affected the quantity
and quality of fresh groundwater resources (Zhang et al.
2015c), it has thus been regarded as a crucial geo-
environmental problem in coastal regions such as Liaoning,
Shandong and Jiangsu provinces (Wang 2007; Zhao et al.
2016a). The city of Dalian was one of the first cities in
China that was found to have experienced seawater intrusion
(Zhao et al. 2016a). Due to the uncontrolled groundwater
abstraction that occurred from the 1980s to the 1990s in
Dalian, the groundwater level continued to decrease and its
depression cones became enlarged. Then, seawater intrusion,
which increased the chloride concentrations in groundwater,
resulted in the deterioration of groundwater quality. Similarly,
the deep groundwater from the southern coastal region of
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Tangshan has been severely affected by salinization, and the
quality of the shallow groundwater in the north has also been
affected by seawater intrusion (Ma et al. 2015). The shallow
groundwater at Yuncheng Basin showed a clear increase in
salinity along its regional flow paths toward the center of the
basin, where a low-clevation inland salt lake is located (Li et
al. 2016f). Saline water commonly exists in the shallower
aquifer and freshwater commonly exists in the deeper aquifer
in Hengshui District, which is located in the center of the NCP.
Overexploitation in this region has caused the downward mit-
igation of shallow brine, leading to the salinization of deeper
groundwater (Li et al. 2016e).

Anthropogenic eco-geological problems

The regional decline in groundwater level has also impacted
groundwater-dependent ecosystems, thus causing wetlands to
shrink or disappear and the degradation of vegetation cover-
age. Due to groundwater overdraft, land subsidence has oc-
curred in more than 40 cities, among which Shanghai, Tianjin
and Taiyuan experienced the maximum accumulative land
subsidence (over 2 m). In addition, aquifer salinization has
been caused by intensive irrigation in the NCP (Foster et al.
2004) and desertification has increased.

Ecosystem degradation

The continuous degradation of vegetation systems in arid
areas over the past 50 years has not only constrained social
and economic development but also affected ecological safety,
thus threatening the environment in central and northwestern
China (Cheng and Wang 2006). The degradation of vegetation
systems in arid areas is closely associated with the unreason-
able exploitation of groundwater resources.

The decreased water table caused by groundwater exploi-
tation could affect the structure, distribution and dynamics of
vegetation in groundwater-dependent ecosystems (Jolly et al.
2010). In China, most studies have focused on groundwater-
dependent vegetation ecosystems that are mainly located in
arid-semiarid inland areas in northwestern China (Zhao et al.
2005). There, the vegetation ecosystem has experienced se-
vere degradation due to the water-table decline, which has
been widely reported in the Tarim Basin, Yanqi Basin,
Jungar Basin, Heihe River Basin (Fan et al. 2008), Yinchuan
Plain (Jin et al. 2009) and Erjina Basin (Zhong et al. 2002). In
inland arid basins, river water was intercepted by water con-
servancy projects upstream, leading to the drying of terminal
lakes and acceleration of the aridity of the lower reaches of
rivers—for example, the groundwater levels in the lower
reaches of the Manasi River dropped by 5-8 m along the
rivers, causing death of the vegetation along rivers and lakes
(Lin and Wang 2017). The relationship between groundwater
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and vegetation has been observed on both regional and local
scales. On a regional scale, remote sensing using normalized
difference vegetation index (NDVI) data was employed to
establish the statistical relationship between the spatial distri-
bution of vegetation cover and groundwater level and to as-
sess the zonation of groundwater-dependent vegetation (Jin et
al. 2007). On a local site scale, field experiments and moni-
toring at points and cross-sections were used to investigate the
relationship between the ecological indicators of vegetation
and the hydraulic factors of saturated and unsaturated water,
as well as to reveal the water consumption patterns of vegeta-
tion (Sun et al. 2016a). Groundwater quality also exerts a
control on vegetation growth. A previous study showed that
most vegetation withered when the TDS content in the arid
Tarim Basin was >10 g/L (Lin and Wang 2017). Some re-
searchers argued that the water-table depth is a key factor
determining vegetation growth and that the structure and func-
tion of a vegetation ecosystem will be maintained when the
water table is maintained at a reasonable depth (Chen and
Kang 1992; Guo and Liu 2005; Wang et al. 2001; Zhang et
al. 2003). Thus, they proposed the concept of the ‘suitable
water-table depth’, which is the optimal water-table depth
for maintaining a vegetation ecosystem.

Soil salinization can occur both in coastal areas due to
seawater intrusion and in arid-semiarid inland areas due rise
of the water table (Chen and Kang 1992; Yuan 1964) when the
soil type is clay or silty clay in an arid-semiarid climate. Soil
salinization was also observed in both northwestern and east-
ern China and was reported to be associated with water-table
depth, TDS, chemical components and flow conditions (Song
and Deng 2000). Soil salinization could further alter the prop-
erties of soil and affect the productivity of crops. The critical
water-table depth was used to control soil salinization when
using groundwater resources.

Coastal ecosystems that depend on groundwater discharge
have been affected by seawater intrusion. Seawater intrusion
changes the salinity and chemical components of freshwater
from coastal areas and can thus affect the ecosystems in these
areas. The problems associated with this process include dam-
age to the plant community caused by the deterioration of soil
properties and a decrease in the soil organic matter content, as
well as changes in the structure of fish ecosystems due to
changes in the salinity, chemical components, and concentra-
tions of nutrient elements in aquatic environments (Han 2013;
Tang 1995; Tang and Zhang 2011). For example, the regres-
sive succession and degradation of the plant community in
Layzhou Bay, Yantai, were reported to have been caused by
seawater intrusion which, in turn, promoted further seawater
intrusion (Tang and Zhang 2011).

River or lake base flow can maintain habitats for aquatic
life, the equilibrium of the river ecosystem and the self-
cleaning capacity of the water body. Efforts were made to
calculate the ecological river or lake base flow flux based on
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the demands of aquatic life in the water habitat (Li et al. 2006).
Many studies have reported that the base flow in rivers and
lakes has been greatly reduced due to the overexploitation of
groundwater in China. Consequently, aquatic ecosystems
have been degraded. The decreased base flow in rivers and
lakes and the associated degradation of riparian ecosystems
has been widely reported in areas such as Xinjing (Jia and Ci
2000; Jia and Xu 1998), the coastal area of Bohai and the
Yellow Sea (Yang 2006). For example, the groundwater level
in an alluvial fan of the Geermu catchment decreased by
0.85 m due to the construction of a reservoir and groundwater
exploitation in its upper reaches in comparison with its natural
condition, leading to a decrease in the river base flow and
changes in the eco-environment (Wang et al. 2001).
Wetlands were also seriously degraded—for example, the
wetland area in the Songnen Plain decreased by 65.80 x

10* km? at a rate of 4.39 x 10* km*/year over the past 20 years.
Two-thirds of the 4,000 swamps in the Sanjiang Plain have
disappeared due to groundwater level decrease.

Land subsidence

Land subsidence and its induced ground fissures have been
caused by excessive groundwater withdrawal in more than
50 cities in China (Zhang et al. 2008; Zhu et al. b). These
cities are mainly distributed in coastal regions and river
deltas such as the YRD, as well as sedimentary plains com-
prising porous media such as the NCP and the Fenwei Graben
(Hu et al. 2004). The total area that has been affected by sub-
sidence in China was approximately 4.9 x 10* km? in the
1990s (Duan 1998), which increased to 7.9 x 10* km” in the
2000s (Xue et al. 2005; Yi et al. 2011) and further increased to
more than 9 x 10% km? in 2012 (Wang 2016). The maximum
accumulated subsidence can reach up to more than 2-3 m in
some areas such as Tianjin in NCP (Yi et al. 2011), Shanghai
in the YRD (Shi et al. 2008) and Taiyuan in the Fenwei Graben
(Ma et al. 2005). Changes in the rate of land subsidence cor-
respond to the degree of groundwater withdrawal. Most of the
regions that have subsided experienced their maximum subsi-
dence rates during the 1970s to 1980s. In response to the recent
decline in groundwater exploitation and the artificial recharge
of groundwater, the subsidence rate has slowed down in some
regions such as Shanghai. However, the areas that have been
affected by subsidence are still extending, and more than 11
cities have experienced accumulative subsidence of greater
than 1 m at their subsidence centers, including Shanghai,
Suzhou, Wuxi, Changzhou, Tianjin, Cangzhou, An’yang,
Fuyang, Xi’an, Taiyuan and Taibei (Hu et al. 2004).

The land subsidence in these regions has mainly been
caused by excessive groundwater abstraction, which is evi-
denced by the close correlation between the spatiotemporal
development of subsidence and the distribution of withdrawal
in different areas of subsidence (Ma et al. 2006; Shi et al. 2007,

Zhu et al. b). Although tectonic movement could also be re-
sponsible for land subsidence, its effect is negligible compared
to the influence of groundwater exploitation (Ma et al. 2006;
Yan et al. 2006). The heterogeneity of the aquifer (e.g., the
distribution of clay or muddy clay layers) can also have an
impact on the distribution of land subsidence (Ma et al.
2006; Sun et al. 2007).

The occurrence of land subsidence areas in China not only
caused the sinking and destruction of constructed infrastructures
such as buildings, highways, subways and tunnels (Hu et al.
2004), but also induced floods and seawater intrusion (Wang
et al. 2012), the reduction of groundwater storage (Chen et al.
2003) and the degradation of groundwater quality (Liu et al.
2001). The compaction of aquitards reduced the hydraulic con-
ductivity of the third mud layer (aquitard) in Suzhou, Jiangsu
Province, by over 30% from 1983 to 1997 (Lin and Wang
2017). The consolidation of sediments decreased the ground
elevation. As a result, the drainage capability decreased, which
led to inland floods and coastal storm surges, which are com-
mon in the YRD and NCP. For example, four storm surges
occurred in Tianjin in the NCP in 1985, 1992, 1997 and 2003,
destroying multiple tidal embankments and causing a series of
ecological and social problems (Hu et al. 2008). In Shanghai,
rainfall flooding occurred 22 times at a rate of almost twice per
year from 1981 to 1994 (Chai et al. 2004). The decrease in
ground surface elevation also reduced the groundwater depth,
resulting in farmland submergence and soil salinization.

Monitoring data are critical for both land subsidence
modeling and its control. Regional land subsidence networks
have been established in the YRD and the NCP, which mon-
itor factors including the dynamic groundwater level and land
subsidence (Lin and Wang 2017).

Desertification in both northwest and southwest arid
areas

Desertification in China mainly includes sandy desertification
and rocky desertification, which are mainly distributed in the
northwestern and southwestern areas of China, respectively.
Desertification degrades the ecological environment and be-
comes the primary factor that prevents sustainable develop-
ment and social stability in many regions around the world (Li
et al. 2016d; Mainguet 1991; Reynolds and Smith 2002;
Williams and Balling Jr 2005).

Approximately 95.64% of the sandy desertification area is
distributed in five provinces in northern and northwestern
China, including Xinjiang, Inner Mongolia, Tibet, Gansu and
Qinghai provinces as shown in Fig. 5 (Li et al. 2015). The total
land area affected by desert and desertification comprises
288.5 x 10* km?, which accounts for 30% of the area of
China (Lin and Wang 2017), whereby the desertification area
occupies 73.5% of the area of Inner Mongolia, 47.7% of
Xinjiang, 54.7% of Gansu, and 46% of Qinhai (Ge et al.
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2016; Li et al. 2015; Lin and Wang 2017; Liu et al. 2016a;
Wang et al. 2013b; Yan et al. 2015; Yang et al. 2005; Zhang
et al. 2015b).

The term” rocky desertification” is used to characterize the
processes that transform a karst area covered by vegetation
and soil into a rocky landscape that is almost devoid of soil
and vegetation (Yuan 1997). Rocky desertification primarily
occurs in southwestern China due to the effects of extensive
human activities on ecologically fragile carbonate rocky for-
mations. China contains a rocky desertification area of ap-
proximately 0.12 million km? in the southwestern karst area,
which is distributed in seven provinces (Yunnan, Guizhou,
Guangdong, Chongqing, Hunan, Hubei, Sichuan) and
Guangxi autonomous region (Jiang et al. 2014) (Fig. 6).
Rocky desertification is the primary ecological disaster that
has significantly hindered economic growth in southwestern
China and has had a direct impact on the millions of people
living there (Jiang and Yuan 2003)—for example, the rocky
desertification area in Guangxi, which is renowned for its
representative tropical karst landforms, is approximately
28,400 km? (Jiang et al. 2014).

In addition to climate conditions and human activities, wa-
ter is the major factor affecting desertification processes, as
water conditions determine the total vegetation cover area to a
large extent, especially in arid-semiarid areas (Yan et al.
2015). Many studies have concluded that the overexploitation
and overutilization of groundwater resources in the artificial
oases in the middle reaches could cause the degradation of the
ecological environment, leading to the desertification of the
natural oases in downstream reaches (Kang et al. 2004; Fang
and Sun 2006; Dong 2009; Xie 2004; Du et al. 1996).
Groundwater is one of most important water resources sup-
plied to plants, and has strong interactions with surface water
and the atmosphere in arid and semiarid regions; therefore, the
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water-table depth is the primary factor controlling desertifica-
tion if the amount of intervention from human activity is neg-
ligible (Su et al. 2005). Thus, it was suggested that the most
fundamental approach to controlling desertification be the ra-
tional exploitation of water resources and the maintenance of
optimal groundwater levels (Tursun et al. 2008).

Summary and perspective

To maintain its economic development, China has had to ex-
tract groundwater as a major source of water supply; however,
the groundwater level has been greatly reduced due to the
overexploitation of groundwater reserves over the past several
decades. The groundwater quality has also deteriorated due to
the effects of both intense human activities and geogenic pro-
cesses. Consequently, a series of ecological and geo-
environmental problems have been induced by changes in the
quantity and quality of groundwater; thus, the effects of rapid
economic growth on groundwater systems should be moni-
tored, understood and predicted for safe and sustainable
groundwater supply. The current monitoring networks in main-
land China were established and maintained by the Ministry of
Water Resources, Ministry of Land and Resources and
Ministry of Environmental Protection, with focus on the mon-
itoring of groundwater quantity, geo-environment induced by
over-extraction of groundwater, and groundwater contamina-
tion, respectively. A total of 24,515 groundwater level moni-
toring stations were established by the Ministry of Water
Resources by 2013 (Ma 2012; Jin et al. 2013), and a total of
4,778 groundwater quality stations were built in 203 cities by
2016 (Wei et al. 2016b). The groundwater environment
monitoring system has not been completed and most monitor-
ing wells are located within wellhead areas (Wei et al. 2016b).
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The impact of large-scale water conservancy projects on
groundwater systems should be investigated to achieve sustain-
able water resource management. To better monitor, predict
and manage groundwater flow, certain research aspects are of
priority in order to establish the evolution of groundwater sys-
tems under rapid economic development.

1. The monitoring and simulation of the evolution of the
groundwater system and its effects on the ecological sys-
tem and geo-environment are fundamental for groundwa-
ter management. High-precision, high-resolution, and
high-frequency depth-specific monitoring and field exper-
iments are very useful for observing the behavior of
groundwater flow and contaminant transport, which are
required to improve the current monitoring system in
China. Multiple methods, including geophysical, geo-
chemical and isotopic tracing methods, should be integrat-
ed with hydrogeological methods to observe, model and
predict the changes in properties and behavior of ground-
water systems. In addition to traditional monitoring
methods, interpretation of remote sensing and satellites
data proves to be very useful for monitoring large-scale
changes in groundwater systems and should be included
in Chinese regional groundwater monitoring systems.

2.

Coupled groundwater and surface-water models, which
can simulate changes in both water quality and quantity
caused by different impacts, should be used in large basins
and catchments to simulate and predict the evolution of
groundwater systems. These models can also consider the
effects of water conservancy projects on groundwater sys-
tems. Optimization models should be further employed to
optimize groundwater use among different areas and the
demands from different users without constraints
reflecting the occurrence of different ecological and geo-
logical environmental problems.

More cost-effective and user-friendly remediation technol-
ogies to clean up contaminated aquifers need to be
invented, tested and applied, which is especially important
for distant and poor regions where there are no alternative
sources for water supply. Geo-environmental engineering
that aims to cost-effectively in situ remove or fix geogenic
and/or anthropogenic contaminants in contaminated aqui-
fers will become an increasing important cross-discipline,
linking hydrogeology and environmental engineering.
Studies of groundwater flow systems, groundwater-
dependent ecosystems, and eco-environmental problems
associated with changes in groundwater systems involve
multiple disciplines such as hydrogeology, ecology,

@ Springer



1318

Hydrogeol J (2018) 26:1301-1324

economy, management, law, and climate change. Thus,
hydrogeological studies should be incorporated with
these disciplines to resolve groundwater-associated prob-
lems and better manage groundwater resources.
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