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Abstract

To effectively protect shallow groundwater and to evaluate the environmental impact of groundwater, we set up a monitoring
network of 30 monitoring wells and collected 11 water samples from the wells during the rainy and dry seasons. Hydrochemi-
cal characteristics of the shallow groundwater were identified with the Piper and Gibbs diagrams. Groundwater quality was
assessed with the single standard index method and the entropy-weighted water quality index. Finally, we used a numerical
simulation of the impact of the power plant operation on the groundwater environment. The average abundance of the major
ions in groundwater from the dry to the wet season occurred in the following orders: Ca** > Na*>Mg** > K* for cations and
HCO;™ >S0,>~ > CI~ for anions. The shallow groundwater usually has elevated hardness and alkalinity values comparison
with the standard values. The dominant hydrochemical facies of the groundwater is the HCO5;—Ca type. Rock weathering
is likely to be the dominant process that controls the groundwater chemical composition. Groundwater in the study area is
suitable for drinking under ordinary conditions, according to the single standard index method and the entropy-weighted
water quality index. However, the groundwater quality has been influenced by anthropogenic activities (including near the
west Ash Yard and Huangji Sunaba). Numerical modeling shows that leakage during abnormal operating conditions is of
limited extent within the boundary of the simulated area and does not enter into the Yangtze River. Overall, it is necessary
to carry out effective anti-seepage and pollution control measures to ensure that shallow groundwater is not contaminated.
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Introduction

Water resources in China are unevenly distributed over space
and time (Yan and Chen 2013), and groundwater is consid-
ered to be a dependable source of uncontaminated water
(Chanchal et al. 2015). As a water resource for sustainable
development, groundwater use is an essential, complex,
and permanent issue because when surface water shortages
occur, the original environmental and aquatic ecological
equilibriums are strongly affected (Gohari et al. 2013). The
sustainable management of water resources usually requires
a balance to be achieved between the amount of water that is
used for social and economic needs against the amount that
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is required to maintain environmental values (Venkatara-
man et al. 2016). However, with the rapid development of
the economy and society, groundwater in many areas across
the world is in short supply and has been affected or pol-
luted by human activities (Qian et al. 2016; Li et al. 2014).
It is very important to protect groundwater resources, and
governments and businesses can play an important role in
protecting and improving water quality through raising pub-
lic awareness and recycling water (Li et al. 2018).
Groundwater pollution, one of the most serious and wide-
spread issues in China, refers to the phenomenon of the pro-
gressive deterioration of water quality under the influence of
human activities (Li et al. 2016b). Furthermore, the results
of water quality evaluations often include effects from natu-
ral factors that may bias the evaluation results and are not
necessarily useful in defining effective measures for ground-
water pollution prevention (Peng et al. 2017; Vandenbohede
et al. 2011). Qian et al. (2016) used single-parameter com-
parisons and fuzzy comprehensive evaluations to analyze
the degree of human influence on groundwater quality in the
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Ordos Basin, central China. In addition, fuzzy c-means clus-
tering and principal components analysis were used to evalu-
ate the impact of human activities on groundwater chemistry
in the coastal plain of Turkey (Giiler et al. 2012). Although
each method has advantages for assessing the influence of
human activities on groundwater quality, the entropy-based
weighted technique can avoid having too many factors that
need to be considered and can clearly delineate water quality
categories and express whether the variables involved in the
evaluation meet the decision-making criteria of functional
areas (Islam et al. 2017; Varnosfaderany et al. 2009).

The power plants that are the subject of this study are
located in Ezhou City in southern China, along the Yangtze
River, where a large quantity of clean water is needed for
the agriculture, fisheries, and poultry industries. Although
there are enough available water sources at present, surface
water pollution is becoming more and more aggravated, and
groundwater pollution has also become serious. These fac-
tors are likely to adversely affect the balance of the water
resource supply and the regional water demands (He and
Xu 2010). It has been shown that the regional groundwater
is in serious danger of being contaminated due to leakage
of some organic pollutants, caused by abnormal operating
conditions, which will eventually enter the groundwater sup-
ply (Wu et al. 2017). To improve the groundwater quality
and protect the water sources of the Yangtze River, a sys-
tematically managed framework must be used (Hayat and
Baba 2017).

To protect shallow groundwater and evaluate the envi-
ronmental impacts on groundwater, it is necessary to first
understand its hydrochemical characteristics and the factors
that influence groundwater quality (Qian et al. 2016; Xiao
et al. 2014). Due to the emphasis on groundwater quality,
the number of real-time monitoring wells has been installed
in the area. When sudden groundwater pollution occurs
from leakage during abnormal operating conditions, shal-
low groundwater quality indexes are obtained from adja-
cent monitoring wells, and these real-time data can be used
to improve simulation accuracy (Shao et al. 2016). The
entropy-weighted water quality index (EWQI) can correctly
calculate the groundwater quality, which can be ranked on
the basis of the groundwater quality standards (Amiri et al.
2014; Islam et al. 2017).

In addition, numerical simulation models have become
a powerful tool to describe and study physical systems and
related phenomena. They are applied in this field of science
and engineering to describe hydrologic phenomena, ground-
water flow fields, and the movement of contaminants, and to
evaluate or predict the groundwater environmental impacts
of contaminant migration (Karatzas 2017). Many researchers
have used numerical methods to forecast groundwater flow
based on conceptual hydrogeological models, which have
been further developed as computers continue to facilitate
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the construction of complex models (Lap et al. 2007; Shao
et al. 2016). For describing the evolution of the contaminant
scope as essential in environmental impact assessments, the
longitudinal distributed mean concentration and the exces-
sive scope from long-timescale evolution are used to deter-
mine some characteristic parameters, including the duration
and the critical length of the contaminant scope (Wu et al.
2015; Zeng et al. 2014).

However, a thorough understanding of hydrochemical
characteristics and environmental risks, as well as the fac-
tors influencing groundwater quality, is vital for decision
making in any particular region. In this study, we carried
out a groundwater sampling program that analyzed the
hydrochemical parameters to determine the hydrochemical
characteristics of groundwater and the factors controlling its
chemical composition. The characterization of groundwa-
ter quality ranks was performed by comparing the entropy-
weighted water quality index to the single standard index
method. Finally, a numerical model of GMS software was
set up to simulate and predict the migration of potential pol-
lutants during leakage under abnormal operating conditions
in shallow groundwater, which helps in the environmental
risk assessment of these areas. Considering all of these fac-
tors, therefore, this study was designed to outline the hydro-
chemical characteristics and processes, to calculate drink-
ing water quality ranks, and to perform an environmental
risk assessment for the power plant of Ezhou City using the
aforementioned approaches for scientific justification and
decision making.

Study area

The study area (power plant of Ezhou) is located in the
Huarong district of Ezhou City, which is in the eastern part
of the Hubei Province and is on the south bank of the mid-
dle Yangtze River (Fig. 1). Topographically, the terrain
flats, with an overall trend of topographic highs to lows
from southeast to northwest, belong to the second terraces
of the Yangtze River. There are four distinct seasons with
ample sunshine and rainfall. Precipitation occurs through-
out the year, particularly, during the summer. The annual
average precipitation is 1338.9 mm, and evapotranspiration
is 1455.98 mm, which occurs primarily from April to Sep-
tember. The study area is in the subtropical monsoon climate
zone, and the annual average relative humidity is 76%. The
annual average temperature of this area is 17.2 °C, and the
extreme maximum and minimum temperatures are 40.7 and
—12.4 °C, respectively.

The region is underlain by a range of sediments. The shal-
lowest sedimentary unit of Quaternary age is approximately
45 m thick. These sediments overlie Devonian quartzose
sandstone and the Cretaceous argillaceous sandstone, which
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Fig. 1 Location of the study area and monitoring well locations

was influenced by the subsiding belts of the Neocathaysian
system.

The immediate base of the phreatic aquifer mainly
consists of silty clay and clay as the relative aquiclude,
with a permeability coefficient of 6.4e-5—1.7e-3 m/d. The
phreatic water has a weak connection with the underly-
ing fissure water, which is composed of eluvial silty clay

with crushed stone and underlying bedrock. The ground-
water level is shallow with depths of 0.4-3.6 m. Shal-
low groundwater is mainly recharges by the infiltration
of atmospheric rainfall, which follows the terrain surface
slope from the south to the north of the low water level,
and ultimately drains into the Yangtze River.
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Materials and methods
Sample collection and analysis

In this study area, groundwater from the phreatic aquifer was
sampled during the dry season (March 2013) and the wet sea-
son (October 2013), and 11 groundwater samples were col-
lected in the power plant. The monitoring wells were evenly
distributed in the study area (Kim 2015), as shown in Fig. 1.
Sample collection, handling, and storage follow the standard
procedures that are recommended by the Chinese Ministry of
Water Resources (Qian et al. 2016). We sent these samples to
the Pony Testing International Group for the measurement of
25 parameters, including major cations (K*, Na*, Ca’*, Mg>"),
major anions (HCO;™, SO42_, CI7), fluoride (F™), three nitro-
gen species (NO;™-N, NO, N, NH4+—N), heavy metals, and
total hardness (TH). Among these parameters, Na™ and K*
were determined using a flame photometer; SO42_, Cl7, and
HCO;™ were analyzed using ion chromatography; Ca’t, Mg**,
F~, three nitrogen, heavy metals, and Fe were determined by
spectrophotometry; and pH, electric conductivity (EC), total
dissolved solids (TDS), and others were analyzed immedi-
ately with a portable instrument from HANNA (HI9828).
The accuracy of the water quality tests was controlled using
blank samples, parallel samples, and internal standards, and
the percentage of charge balance error (%CBE) was calculated
to be less than 5%, suggesting that the accuracy of each index
meets the quality requirements.

Methods

The shallow groundwater quality can be assessed by the sin-
gle standard index method, which can intuitively reflect the
parameters and groundwater quality. The single standard index
method for determining the evaluation criteria consists of a
constant value and an interval value (as pH) of groundwater
quality, as shown in Eqgs. 1 and 2, respectively (Zhang et al.
2011):

p =S
iTC o))
where P; is the standard index of the parameter i; C; is the

monitoring concentration of the parameter i (mg/L); and Cj;
is the standard concentration of the parameter i (mg/L).

_7.0-pH H <7
Pt 7'0_pHmin’ P
Pa=-2"70  hs g *
P pHmax -7.0’ P ’
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where P is the standard index of pH; pH is the monitoring
value; pH,,,, is the upper limit of pH in the standard; and
pH,;, is the lower limit of pH in standard.

The EWQI is applied to characterize groundwater quality
due to its features that can make full use of all available param-
eters to evaluate groundwater quality and give comprehensive
groundwater-quality information (Islam et al. 2017; Li et al.
2010; Su et al. 2017). The three steps that are used to calculate
the EWQI are given below (Li et al. 2010).

Supposing that there are m groundwater samples and that
each sample has n hydrochemical parameters, the first step is
the calculation of the eigenvalue matrix, X, which is associ-
ated with all the samples in the following equation:

X1 X2 ot Xy

x x cee x
=7 3)

Xl Xm2 Ximn

Then, using Eq. 4, the eigenvalue matrix X is converted
into a standard-grade matrix Y in Eq. 5:

X — (xl-j) .
i =y @
Y/ max Y/ min
Yiu Y2 Vin
y=|"2 ygz Yan (5)
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The ratio of parameter index value j and the i sample and
the entropy e; of the j parameter are calculated with Egs. 6
and 7, respectively:

P ad]
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The smaller the amount of entropy, the bigger the effec-
tiveness of the j parameter. Then, calculate the weight w; of
the j parameter using the following equation:

1—ej

SR ®

The second step is the determination of the quantita-
tive rating scale g; of the j parameter using the following
equation:
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where C; is the concentration of the j parameter (mg/L),
Cp is the value of pH, and S; is the permissible limit of the
standard for drinking water quality of China of j parameter
(mg/L).

The EWQI is calculated using Eq. 10 in the third step:

EWQI = Z}’;l wig;. (10)

Based on the entropy-weighted water quality index,
groundwater quality can be categorized into five ranks for
drinking purposes in the study area (Kamrani et al. 2016),
as shown in Table 1.

Numerous methods have been applied to evaluate
groundwater quality, and each has its own characteristics
and can be used in different applications. The entropy-based
weighted theory can estimate the weights of groundwater

Table 1 Classification of the entropy-weighted water quality index
(EWQD

EWQI <25 25-50 50-100 100-150 >150

Rank I I 111 v \%

Water quality Excellent Good Medium Poor Extremely
poor

hydrochemical parameters that ignore the artificial weight
dividing, and it can also clearly delineate water quality cat-
egories and properly assess water pollutant ranks (Islam
et al. 2017). Comparing the entropy-weighted water quality
index and the single standard index methods is an appropri-
ate approach for scientific justification and sound decision
making. Therefore, this study presents reasonable results
of a groundwater quality assessment. In addition, numeri-
cal modeling was conducted using the 3D finite-difference
groundwater flow model-GMS (Karatzas 2017). Then,
some other models were linked to the GMS model, includ-
ing MT3D, which is a modular three-dimensional transport
model. MT3D simulates advection in complex steady-state
and transient flow fields, anisotropic dispersion, and multi-
species reactions, and it can simulate or assess natural
attenuation within a contaminant plume. Numerical models
based on the advection—diffusion equation and the continu-
ity equation have been widely used to forecast groundwater
environmental impacts in previous studies (Lap et al. 2007,
Shao et al. 2016).

Results and discussion

Chemical characteristics of groundwater
Hydrochemical parameters statistics

Here, we provide a statistical summary of the hydrochemi-
cal parameters of shallow groundwater in the dry and wet
seasons. The heavy metals that did not exceed the detection

value (GB/T14848-93 in China) (Bureau of Quality and
Technical Supervison of China (1994)), including Zn, Al,

Table 2 Statistical summary of

. Parameters Groundwater from dry season Groundwater from wet season
chemical parameters
Min Max Mean Min Max Mean
K* 0.73 27.1 4.48 0.84 27.1 4.83
Na* 13.9 56.1 30.65 15.5 62.8 31.90
Ca’* 57.3 598 134.07 42.4 231 107.13
Mg?* 12.1 56.6 27.55 12 43.1 22.75
CI~ 13.4 177 65.35 17.6 81 46.52
SO, 19 1320 215.17 29.8 436 140.54
HCO;~ 160 378 293.55 123 398 247.18
NO;™-N <0.04 15.3 4.85 <0.04 12.6 4.34
NO,-N <0.001 0.74 0.28 <0.001 0.02 0.01
NH;-N <0.02 0.41 0.17 <0.02 0.44 0.15
F~ 0.14 1.54 0.47 0.17 1.52 0.50
TH 55 1790 413.18 198 764 365.91
TDS 269 2384 641.82 304 1100 537.55
pH 7.24 7.92 7.57 7.06 7.32 7.22

Units: mg/L, except pH; <, below the limit of detection
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Se, and Cu, are not described in detail here. As shown in
Table 2, although K* is one of the essential elements for
human health, it is widely thought that the concentration of
K* is generally low in groundwater. The mean concentra-
tions of K* are 4.48 and 4.83 mg/L, and they did not change
significantly from the dry to the wet season. Groundwater,
with a mean CI™ concentration of 65.35 and 46.52 mg/L,
exceeds the mean concentration of Na* (30.65 and
31.90 mg/L) in the dry and wet seasons, respectively, which
may be due to cation exchange (Li et al. 2013; Islam et al.
2017). Ca®* and Mg*" in groundwater mainly come from
the dissolution of carbonate minerals and cation exchange.
The mean Ca®* concentrations of 134.07 and 107.13 mg/L
are higher than that of Mg?* (27.55 and 22.75 mg/L), during
the dry and wet seasons, respectively, also indicating that the
dissolution of calcite may be a dominant factor governing
the groundwater chemistry (Garcia et al. 2001; Qian et al.
2016). Furthermore, the highest concentration of Ca’* (J18)
in the dry season is 598.00 mg/L, which exceeds the per-
missible limit (400 mg/L). The national standards set the
concentration limit of SO,?~ at 250 mg/L, and the concen-
tration of SO,*" is likely to occur from the dissolution of
sulfate-bearing minerals and the oxidation of sulfides (Islam
et al. 2017). In the study sites, the mean concentrations of
SO42_ are 215.70 and 140.54 mg/L in dry and wet seasons,
respectively. However, two samples exceed the permissi-
ble limit. As one of the major anions, the concentration of
HCO;™ primarily occurs due to carbonate dissolution, with
average concentrations of 293.55 and 247.18 mg/L in the
dry and wet seasons, respectively, and with no values that
exceed the permissible limit (500 mg/L). Based on the above
analysis, the major cations and anions of the hydrochemi-
cal parameters have remained relatively unchanged in the
dry and wet seasons, but the two samples from monitoring
wells JO1 and J18 are exceptions because of their special
location. According to the average concentration, the abun-
dance of the major ions for groundwater in the dry and wet
seasons is as follows: Ca’* > Nat>Mg** > K™ for cations
and HCO;™ > SO,>~> CI™ for anions.

Groundwater nitrogen and fluoride pollution is a com-
mon concern globally. In general, three nitrogen com-
pounds, NO; N, NO, N, and NH;-N, suggest ground-
water contamination due to the use of chemical fertilizer,
industrial production, and feces. They can be used for
estimating the pollution of groundwater, and they have
transformational relationships under different condi-
tions (Su et al. 2017; Winton et al. 2016). The concentra-
tion of NO; —N in the dry and wet seasons varies from
<0.04 to 15.30 mg/L and <0.04-12.60 mg/L (< below
the limit of detection), while NO, N ranges from < 0.001
to 0.74 mg/L and <0.001-0.02 mg/L, and NH;—N ranges
from <0.02 to 0.41 mg/L and <0.02-0.44 mg/L, dur-
ing the dry and wet seasons, respectively. The mean
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concentration of the three nitrogen compounds are as
follows: NO;7"—N > NO, —-N > NH;-N. The high concen-
trations of NO; —N and low concentrations of NO, —N
and NH;-N in groundwater indicate that the groundwater
has been polluted in the past and that either the pollution
source has been removed or that nitrogen is being removed
by biochemical reactions in the aquifer (Zhang et al. 2015).
As essential trace elements in the human body, and the
average concentrations of F~ in these wells are 0.47 and
0.50 mg/L in the dry and wet seasons, respectively, which
are under the limit value in the national standard (1 mg/L
in drinking water), except the F~ maximum concentration
of 1.54 and 1.52 mg/L in the monitoring well (J18) near
the west Ash Yard.

TDS is a significant parameter used to determine the
quality of groundwater. All of the water samples in the
dry and wet seasons are classified as freshwater type in
the study area because their respective TDS mean con-
centrations of 641.82 and 537.55 mg/L are less than
1000 mg/L. The TDS concentrations of 2384 mg/L (J18)
in the dry season and 1100 mg/L (JO1) in the wet sea-
son are located at the west Ash Yard and the Huangji
Sunaba, respectively, and the Huangji Sunaba is near the
bank of the Yangtze River. The mean TH concentrations
are 641.82 and 365.91 mg/L in the dry and wet seasons,
respectively. Because the maximum concentration of TH
is 1790.00 mg/L, the mean concentration exceeds the per-
missible limit of 450 mg/L in the dry season. In addition,
two samples slightly exceed the permissible limit in the
groundwater drainage area (JO1) and near the west Ash
Yard (J12) of the study area. The Chinese standards for
drinking water quality require that the pH ranges from
6.5 to 8.5; in this study area, the mean values of pH are
7.57 and 7.22, respectively, indicating that the shallow
groundwater is slightly alkaline in the study area. Overall,
the results of the hydrochemical analysis have shown that
the chemical composition of the groundwater in the dry
and wet seasons have not clearly fluctuated, except for the
samples from the monitoring well near the west Ash Yard
and Huangji Sunaba and that the shallow groundwater
has a slightly high hardness and alkalinity. Human activi-
ties and the natural geological environment are important
influences on the chemical composition of shallow ground-
water in the study area.

Hydrochemical facies

Piper trilinear diagrams have been widely used to under-
stand the hydrogeochemical regime of a study area (Ahada
and Suthar 2017; Li et al. 2013; Qian et al. 2016). As
shown in Fig. 2, most of the samples from the dry and wet
seasons fall in zone 5, which suggests that the carbonate
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Fig.2 Piper diagram of shallow
groundwater (after Qian et al.
2016; blue squares for dry sea-
son data and red circles for wet
season data)

hardness exceeds 50% and that weak acids exceed strong
acids, except for the two special samples (JO1 and J18),

1.Alkaline earth exceeding alkalies
2.Alkalies exceeding alkaline earth
3.Weak acids exceeding strong acids
4.Strong acids exceeding weak acids
5.Calcium bicarbonate type
6.Calcium-chloride type
7.Sodium-chloride type
8.Sodium-bicarbonate type

9.Mixed type

A.Calcium type

B.No dominant type
C.Magnesium type

D.Sodium and potassium type
E.Bicarbonate type
F.Chloride type

G.Sulphate type

20%

which have high concentrations of Ca®* and SO,*", as

described in the hydrochemical parameters section. With
respect to the anions, most of the shallow groundwater
samples plot in zone E, suggesting the dominance of
HCO;, and the cations plot in zone A and B, which also
indicates the dominance of Ca. The dominant hydrochem-
ical facies of the shallow groundwater is the HCO;—Ca

type.

Fig. 3 Gibbs plots that illustrate
the mechanisms governing
shallow groundwater chemistry
(after Gibbs 1970)

Factors influencing the chemical composition
of groundwater

The formation of groundwater chemistry is usually influ-
enced by three factors, including rock weathering, evapo-
ration, and crystallization and precipitation. The dominant
factor is often determined by Gibbs diagrams (Li et al. 2013;
Murkute 2014). However, the extent and degree of human
activity is difficult to quantify, so the results do not nec-

essarily mean that groundwater formation mechanisms are

100000

10000

100

TDS/(mg-L™")

107

1000 -1~

0.2 0.4 0.6 0.8
Na/(Na+Ca)

Dry Season ® Wet Season

100000 N
10000
" ,1000+" @
‘Tl ) L) * N\
2 ®, ’ >
E |8 ] y
7 ) . -
A 100+~ Rock Dominace o o
1l L e .
PN S
S pl/J/}, .
T g, \
10 4 B 2 A
.. (o \
~ . /]‘,}(‘(‘/
1 T T T T
0 0.2 0.4 0.6 0.8 1
Cl/(CI+HCO,)
® Dry Scason ® Wet Scason

@ Springer



503 Page8of13

Environmental Earth Sciences (2018) 77:503

completely free from human interference (Li et al. 2016a).
Most of the samples in this study fall within the rock-dom-
inated zone of Gibbs diagrams (Fig. 3), suggesting that the
major ion chemistry of the shallow groundwater in the dry
and wet seasons was essentially controlled by rock weather-
ing (Marghada et al. 2012; Murkute 2014). There is a shal-
low groundwater sample that has Na/(Na + Ca) ratios < 0.2
and a relatively high TDS value of 2384 mg/L in the dry
season near the west Ash Yard (Fig. 3a). Similarly, Fig. 3b
shows that a sample from the dry season near the west Ash
Yard belongs to the evaporation dominance zone, with Cl/
(C14+HCO;) ratios > 0.5. This peculiar sample does not
affect the finding that the overall shallow groundwater
chemistry formation mechanisms were controlled by rock
weathering.

Groundwater quality assessment

The permissible limits of the Quality Standard for Ground-
water (class IIT) (QSGW) were employed to assess the suit-
ability of these samples for drinking purposes. The results
show that the major parameters of concern are TH, pH, TDS,
NO, N, F~, and SO,*~ (Table 3).

The evaluation results of assessing groundwater quality
using the single standard index method with the QSGW
show that the partial parameters of these shallow ground-
water samples exceed standard values (Table 3). The JO1
monitoring well was located in the power plant near the
bank of the Yangtze River, which is in a low-lying region
and in a discharge area of the groundwater flow field.
The samples from the J18 well near the west Ash Yard
exceeded many standard parameters, which may have been
caused by ash infiltration into the shallow groundwater and
by slow groundwater movement. The J12 well is located
in a livestock farm, and its TH values exceed the standard
value. The high TH concentration may be due to human
and animal activities, such as using chemical fertilizer and
the presence of livestock and domestic sewage.

To further evaluate the shallow groundwater quality
in the study area, the rank of each groundwater sample
for drinking purposes was calculated using Eq. 3-10,
and the results of the groundwater quality assessment in
the dry and wet seasons are shown in Table 4. Table 4
reveals that the EWQI values of all the samples range from
19.36 to 61.82 and 23.14-137.33 for the dry and wet sea-
sons, respectively. The critical limit for EWQIs is 100,

Table 3 Results of the single

. Parameters Dry season Wet season
standard index method for
shallow groundwater samples Max Exceed ratio (%) Exceed point Max Exceed ratio (%) Exceed point
exceed exceed
multiple multiple

TH 3.98 18.18 J12J18 1.7 27.27 JO1J12718
pH 9.02 9.09 J15 - - -
TDS 2.38 9.09 J18 1.1 9.09 Jo1
NO,™-N 2.77 9.09 117 1.05 9.09 JO7
F~ 1.54 9.09 J18 1.52 9.09 J18
S0, 5.28 18.18 JO1 718 1.74 18.18 JO1J18

Tablg 4 Results of groundwater Sample Dry season wet season

quality assessment into dry and

wet seasons EQWIs Rank Water quality EQWIs Rank Water quality
Jo1 43.18 11 Good 61.82 111 Medium
Jo3 34.25 I Good 36.89 I Good
JO5 35.84 I Good 33.21 I Good
JO7 26.67 I Good 24.28 I Excellent
JO8 33.62 I Good 21.26 I Excellent
J10 23.14 1 Excellent 19.36 I Excellent
J12 43.20 1I Good 45.31 I Good
J14 26.91 I Good 26.55 I Good
J15 31.24 11 Good 23.32 I Excellent
J17 36.92 I Good 29.85 I Good
J18 137.33 v Poor 55.80 1 Medium
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indicating that only one sample (J18) in the dry season
exceeded the critical limit and is classified as poor-quality
water, which suggests that the sample is unsuitable for
drinking purposes. In addition, ten groundwater samples
are classified as good-quality and excellent-quality water
and are, therefore, suitable for human drinking. In addi-
tion, nine groundwater samples are categorized as good-
quality and excellent-quality water and are fit for human
drinking uses, and two groundwater samples (JO1 and J18)
are categorized as having medium-quality water, and are
suited for the centralized production of drinking water
sources and for industrial and agricultural water in the wet
season. Based on the above results of the single standard
index method, TH, TDS, and SO42_ are the most common
contaminants in the study area, which can be confirmed
by the hydrochemistry results.

Groundwater environmental impact assessment
Numerical simulation of groundwater flow field

To forecast the environmental impacts on groundwater, a
numerical model can be used to describe the groundwater
flow field (Liu and Wu 2008; Karatzas 2017; Weng et al.
2003; Wu et al. 2015). In this study area, groundwater is
mainly recharged by atmospheric precipitation, which is
70% of the total recharge, and the lateral recharged is from
the south high-lying region. The groundwater is mainly dis-
charged through soil surface evaporation, through overflow
to surface water bodies and through artificial exploitation.
Furthermore, the groundwater runoff is approximately from
south to north, with a hydraulic gradient ranging from 4
to 6%o, and it is discharged into the Yangtze River. The
groundwater depth ranges from 2.3 to 6.9 m, without any
obvious changes between each season. According to the
above hydrogeological conditions, the simulation area is
determined to be approximately 20 km?. The edge of the
power plant to the banks of the Yangtze River is the bound-
ary of the fixed water level (the first boundary); then, the
boundary of fixed flow (the second boundary) is approxi-
mately 0.7 km west, 2 km east and 2.8 km south of the
power plant, according to the hydrogeological conditions
and monitoring sites.

Subsequently, a conceptual hydrogeological model was
established for accurately depicting this study area. The sim-
ulation area is generalized into one layer, and the hydrogeo-
logical parameters are based on those of a phreatic aquifer,
where the permeability coefficient is 0.5 m/d, the specific
yield is 0.08 and the porosity is 0.6 after recalibration of the
model. Based on the given hydrogeological parameters and
the equilibrium conditions, we obtain the spatial distribution
of the groundwater flow field using this conceptual hydro-
geological model. In addition, by fitting the flow field of the

same period, we identify the hydrogeological parameters,
boundary values, and other equilibrium variables, so that the
established model is in accordance with the hydrogeological
conditions of the simulation area.

According to the conceptual hydrogeological model and
the anisotropy and heterogeneity in water-bearing strata,
three-dimensional and unsteady models of groundwater flow
consist of a governing equation and of boundary conditions
and initial conditions, which are given below, respectively
(Liu and Wu 2008; Wu et al. 2017):

’0< 8h> 0 oh 0 oh oh
ik, 2+ Lk, 2 )+ L (k. Z2)+w=sZ
ox\ ox 6y< » 0y> 6z< ZZ@z) ot

J h(X,y’Z) = ho(x’y’z)a(x’yaz) S Q,t = 0
h(x,y,z, t)|1—] =h(x,y,x, 1), (xy,x,) €, t =20
oh

k—
on

=0

I

L

1)

where K, is the hydraulic conductivity in the x direction
(m/d); Kj, is the hydraulic conductivity in the y direction
(m/d); K, is the hydraulic conductivity in the z direction
(m/d); S is the specific storage coefficient (1/d); & is the
groundwater level (m); W is the source term of groundwater
flow (1/d); hy(x,y,z) is the initial water level; I'; is the first
boundary; and I', is the second boundary.

The results of the numerical simulation show that the
calculated groundwater flow fields were basically consistent
with the measured groundwater flow field in the dry and wet
seasons (Fig. 4). As shown in Fig. 4, the dynamic change
in the groundwater level at the observed site can accurately
reproduce the actual process of groundwater level changes.
The corrected model of the numerical simulation basically
meets the accuracy requirement, and it can describe the
groundwater flow field and match the hydrogeological condi-
tion. Overall, this model can be used to forecast groundwater
levels and simulate solute transport.

To predict contaminant transport in groundwater, the
mathematical model of groundwater solute transport also
consists of a governing equation, boundary conditions and
initial conditions (Karatzas 2017), which are given by the
following equation:

oc _ o (, oc\_ o
Ro%E = 2 (90,25 ) - L (gv,c) - WC
or ax,.< i 6xi]-> az (Oi€) (12)

where R is the hysteresis coefficient; 8 is the soil porosity; C
is the contaminant concentration (mg/L); Dij is the disper-
sion coefficient (m%/d); v; is tensor of groundwater velocity;
and W is the source term of groundwater flow (1/m).
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Fig.4 Fitting map of the groundwater flow field during the dry and wet seasons

Table 5 Characteristic

. Circumstance Particular pollutants Source intensity Concentration Leak pattern
pollutants in leakage under
. o (mg/d) (mg/L)
abnormal operating conditions
Liquid ammonia stor- Liquid ammonia 1388 61,700 Continuous
age tank leaks
Industrial wastewater COD 10,275 750 Continuous
treatment sattion Petroleum 1644 120 Continuous
leaks Ammonia 1370 100 Continuous

Predicting groundwater environmental impact

According to the power plant design scheme, the leakage of
pollutants may have occurred in the semi-underground non-
visible areas, such as the liquid ammonia tank, the sewage
treatment station, and the industrial wastewater treatment
station, which may then seep into the vadose zone and enter
shallow groundwater. Of these areas, domestic sewage was
sent to the park sewage treatment plant for decontaminating
treatment, which not advisable. In this study, the ground-
water environmental impacts near the liquid ammonia tank
and the industrial wastewater treatment station (Fig. 1) were
assessed at the abnormal operating condition leakage point.
As shown in Table 5, under the two circumstances of abnor-
mal operating conditions, the pollutants may enter the shal-
low groundwater. After screening, the four priority control
pollutants consist of liquid ammonia, COD, petroleum and
ammonia, whose detection limits and analysis methods were
recommended by GASQ (III).

Furthermore, groundwater environmental impact assess-
ments conform to the principle of conservative evaluation,
which is concerned with the convection—dispersion effect
on pollutant transport without regards to the fact that these

@ Springer

pollutants occur from other processes, such as adsorption,
volatilization, and biochemistry into the phreatic aquifer
of the study area (Karatzas 2017; Zeng et al. 2014). The
longitudinal dispersivity and transverse dispersivity of the
pollutants were 2.5 and 0.5 m, respectively, calculated by
repeatedly adjusting model parameters and empirical values.
The concentration distribution of pollutants in the phreatic
aquifer can be obtained by solving the equation of ground-
water flow (Eq. 11) and pollutant migration (Eq. 12).

The results of the numerical simulation of pollutant
migration are shown in Table 6. The results show that the
maximum excessive scope of liquid ammonia is 504 m?,
which decreases with time during the forecast period
and disappears until 40 years of pollutant migration. The
maximum migration distance of liquid ammonia increased
with time from 26 to 100 m, and the pollution scope first
increases and then decreases with a maximum value of
2952 m>. However, excessive values of pollutants are trans-
ported approximately 98 m along the groundwater flowlines,
and liquid ammonia does not exceed the standard value until
the 37th year of pollutant migration in the shallow ground-
water (GASQ). Figure 5a shows that the concentration of
liquid ammonia changes over time in the monitoring well
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Table 6 Predicted results of

o Circumstance Predictive factor Pollutant migra- Pollution Excessive Maximum
pollutant migration tion time (a) scope (m?) scope (m?) migration dis-
tance (m)
Liquid ammonia  Liquid ammonia 1 684 504 26
storage tank 20 2340 156 62
leaks 40 2952 - 98
60 1080 - 100
Industrial waste- COD 1 1080 180 26
water treatment 20 1260 _ 60
sattion leaks 40 360 N 62
60 - - -
Petroleum 1 1120 1080 24
20 2760 1245 74
40 2808 375 118
60 2070 - 110
Ammonia 1 1080 540 26
20 2250 183 65
40 2160 - 88
60 1080 - 110
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Fig. 5 Changes in the concentration of pollutants over time in monitoring wells

(JO1), and liquid ammonia was detected during the 3rd year
of pollutant migration, which finally reached its maximum
value of 0.08 mg/L on the 20th year.

For industrial wastewater treatment station leaks, the
maximum excessive scope of COD is 180 m?, and it
disappears until the 20th year of pollutant migration, at
which time excessive values of pollutants are transported
approximately 26 m along with the groundwater flow. The

concentration of COD was detected on the 6th year of
pollutant migration, and it reached a maximum value of
0.68 mg/L on the 13th year in the JO3 monitoring well
(Fig. 5b). The pollution scope and maximum migration
distance disappeared on the 40th year; the maximum pol-
lution scope and maximum migration distance of COD are
1260 and 62 m, respectively. After 40 years, COD does not
transport into shallow groundwater (GASQ). Similarly, the
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maximum excessive scope of petroleum is 1080 m? and
decreases with time, and it disappeared until 40 years of
pollutant migration. After 40 years, the range of exces-
sive values of petroleum transported approximately 118 m
along with the groundwater flow, which is also the maxi-
mum migration distance. Figure 5c shows that the concen-
tration of petroleum was detected during the second year
of pollutant migration and reached the maximum value of
0.075 mg/L on the 14th year in the JO3 monitoring well.
In the last case, the maximum excessive scope of ammonia
is 540 m?, which decreases with time to 375 m?. At this
point, the ammonia does not exceed the standard value
after 40 years of pollutant migration time, and excessive
values of ammonia are transported approximately 88 m
along with the groundwater flow, but the maximum migra-
tion distance continuously increases to 110 m. However,
the pollution scope increases first and then decreases from
1080 to 2250 m?, and becomes progressively smaller,
returning to the initial value of 1080 m? after 60 years
of pollutant migration time. From the date of monitoring
well (JO3), ammonia was detected in the first year of pol-
lutant migration time and reached the maximum value of
0.08 mg/L in the 14th year, which decreases annually until
it disappears (Fig. 5d).

Conclusions

In the study area, the shallow groundwater in the dry
and wet seasons contains major ions in the relative con-
centrations of Ca**>Na*>Mg?*>K* for cations and
HCO,~ > S0,>~> CI™ for anions. The statistical results of
other ions suggest that the groundwater has been polluted
by human activities in the past and either the source of
pollution has been removed or that groundwater quality
is improving due to biochemical reactions in the aquifer.
The results show that the shallow groundwater has slightly
high hardness and alkalinity. In general, the hydrochemi-
cal facies are predominantly of the HCO;—Ca type, and
rock weathering is likely to be the most important pro-
cess controlling groundwater chemistry at this study site.
In addition, we characterize the groundwater quality for
drinking purposes based on the shallow groundwater qual-
ity indices using the single standard index method and the
entropy-weighted water quality index at the power plant.
The results reveal that 81.81% of the groundwater samples
are categorized as good quality and excellent quality, and
most of the shallow groundwater from the dry and wet
seasons is of suitable quality for potable use, except for
three sites (JO1, J12 and J18) that were polluted by human
activities.

@ Springer

Based on this detailed information about shallow
groundwater chemistry and the groundwater quality
assessment, an established model of numerical simula-
tion is used for evaluating the groundwater environmental
impact from the power plant operation. The results show
that the pollutants of abnormal operating condition leakage
consist of liquid ammonia, COD, petroleum and ammonia,
and they do not exceed the standard value until they disap-
pear after many years of migration time. The pollutants
also do not exceed the boundary of the simulated area to
enter into the Yangtze River. Overall, these risks of con-
tamination are acceptable according to the most conserva-
tive principles of environmental protection. Therefore, it is
necessary to carry out effective anti-seepage measures for
key areas in the power plant and to put forward emergency
measures and pollution control measures.
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