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Abstract
This paper presents a demonstration of an integrated risk assessment and site investigation for groundwater contamination through a
case study, in which the geologic and hydrogeological feature of the site and the blueprint of the fossil power plant (FPP) were
closely analyzed. Predictions for groundwater contamination in case of accidents were performed by groundwater modeling system
(GMS) andmodular three-dimensional multispecies transport model (MT3DMS). Results indicate that the studied site area presents
a semi-isolated hydrogeological unit with multiplicity in stratum lithology, the main aquifers at the site are consisted of the filled
karst development layer with a thickness between 6.0 and 40.0 m. The poor permeability of the vadose zone at the FPP significantly
restricted the infiltration of contaminants through the vadose zone to the subsurface. The limited influence of rarely isotropic porous
karstified carbonate rocks on the groundwater flow system premised the simulate scenarios of plume migration. Analysis of the
present groundwater chemistry manifested that that the groundwater at the site and the local area are of the HCO3–Ca, HCO3, and
SO4–Ca types. A few of the water samples were contaminated by coliform bacteria and ammonia nitrogen as a result of the local
cultivation. Prediction results indicate that the impact of normal construction and operation processes on the groundwater environ-
ment is negligible. However, groundwater may be partly contaminated within a certain period in the area of leakage from the diesel
tanks, the industrial wastewater pool, and the cooling tower water tank in case of accidents. On a positive note, none of the plumes
would reach the local sensitive areas for groundwater using. Finally, an anti-seepage scheme and amonitoring program are proposed
to safeguard the groundwater protection. The integrated method of the site investigation and risk assessment used in this case study
can facilitate the protection of groundwater for the construction of large-scale industrial project.
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Introduction

Globally, groundwater is vital and a potentially vulnerable
water resource for meeting the various water demands in the

socioeconomic development, as well as for maintaining a
wide diversity of ecosystem functions and services.
However, a variety of organic contaminants, anions, metallic
ion, and emerging groundwater contaminants (EGCs) derived
from diverse municipal, agricultural, and industrial sources
and pathways have seriously limited drinking water availabil-
ity and posed threats to the subsurface microbial ecological
systems (Stuart et al. 2012). For instance, the overused and
nontarget pesticides used in agriculture are one of the repre-
sentative non-point pollution sources that have been detected
in groundwater widely (Arias-Estévez et al. 2008). Their en-
vironment residues in groundwater are notoriously persistent
organic contaminants that have been identified as the cause of
fish kills, reproductive failure in birds, and illness in humans
(Fernández-Cruz et al. 2017).

The rising public concerns on environment and groundwa-
ter contamination has caught the attention of governments and
scholars. Some progress in groundwater protection has been
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achieved in China via legislation, standardization, and finan-
cial support from government and agencies (Li et al. 2017).
However, risk assessment of groundwater contamination is
still a challenge due to the requirements of multidisciplinary
data and limited poor understanding of the site. It has been
reported that the intertwined processes of groundwater flow
and contaminant transport proceed in three spatial dimensions,
in inherently heterogeneous and anisotropic geological media,
over a great range of distances and times, and is typically
nonstationary (Wachniew et al. 2016; Yi et al. 2012b).
Therefore, a solid understanding of the method for obtaining
data, full analysis, and application of fundamental data in hy-
drogeology, geochemistry, environmental engineering, and
modeling as well, is crucial for an effective risk assessment
of groundwater (Yi et al. 2011). Contamination risks of
groundwater include the inherent vulnerability of an aquifer,
called static factor, and involve considering anthropogenic
activities as significant dynamic factors (Ducci et al. 2008).
Moreover, groundwater quality patterns, groundwater pollu-
tion quantification, and the risk assessment of groundwater
contamination require specialized modeling tools to predict
the water flow, dissolved species, and their complex interac-
tions with solid and gaseous phases, such as CORE2D code
(Dai and Samper 2004; Samper et al. 2012).

Karst environments are characterized by distinctive land-
forms and a peculiar hydrologic behavior occurring in around
20% of the emerged Earth’s surface and provide approximately
20–25% of the world’s drinking water (Parise et al. 2015a).
Karst aquifers are well-known for their vulnerability to contam-
ination, especially in large-scale industrial construction, such as
P-xylene (PX) chemical industry, nuclear power station, sanitary
landfill, disposal of low- and intermediate-level radioactive
wastes, or fossil power plant (FPP) (Ford 2007). Vulnerability
of karst aquifer systems are mainly from the frequent interaction
between surface water and groundwater, intense hydrological
dynamic variability, spatially heterogeneous distribution of
groundwater, and low depuration capability. Gutiérrez et al.
(2014) highlighted that environmental impacts and hazards as-
sociated with karst have led to an escalation of karst-related
environmental and engineering problems such as sinkholes,
floods, and landslides. Consequently, planning engineering
works in karst environments should consider such peculiarities
and potential risk and take measures to reduce as much as pos-
sible the negative impacts on ecosystems, with particular regard
to pollution events.

Furthermore, there is often a negative attitude among the
society toward risks of a large-scale industrial construction
because it is considered as a threat of damage, danger, and
of other potential side effects (Shan and Zhang 2012). An
effective risk assessment and prediction of groundwater envi-
ronmental contamination prior to construction renders enor-
mous help as it provides valuable suggestions for the manage-
ment of the project operation and groundwater pollution

prevention and control, and more importantly, convinces the
public. China is one of the richest countries in the world that
has construction projects in peculiarities karst environment.
Nevertheless, there is limited literatures reporting the risk as-
sessment of groundwater in karst environment induced by a
large-scale industrial construction.

In this paper, an integrated approach is used for the risk
assessment of groundwater contamination based on the con-
struction of an FPP at a karst and shale site. The studied FPP is
a power station to be constructed which burns coal to produce
electricity and use light diesel oil as the ignition oil. A series of
on-site investigations of boreholes, geophysical prospecting,
field tests, and laboratory analysis were conducted to obtain
fundamental data regarding the hydrogeological characteris-
tics of the site. Furthermore, the transports of contaminants
from different sources of pollution were numerically modeled
and predicted by groundwater modeling system (GMS)
equipped with modular three-dimensional multispecies trans-
port model (MT3DMS) code. Finally, environmental anti-
seepage and monitoring programs were proposed for the con-
struction and operation of the FPP and its affiliated ashery (dry
fly ash landfill) aiming to reduce the negative impacts on
ecosystems.

Site background

The study site is located on the eastern bank of the Beijiang
River, Guangdong province, China (Fig. 1). The FPP and its
affiliated ashery (namely the dry fly ash landfill) are at a dis-
tance of about 2 and 2.5 km to the east of the Beijiang River,
respectively. The installed capacity of the FPP is 2 ×
1000 MW, with the compensation water of 3300 m3/h (name-
ly 0.917 m3/s). Information from the feasibility report for the
project revealed that the annual weights of coal ash and slag
generated by the FPP are 6.95 × 105 and 1.3 × 105 tons, re-
spectively. After compression control, the annual volumes of
produced coal ash and slag can be reduced to approximately
6.6 × 105 m3. This could be a potential pollution source for the
FPP in the event of an accident.

The study site extends over an area of 35 km2 with the FPP
and the ashery as its center. The elevation of the site ranges
from 45 to 80 m above sea level (asl). Low hills are situated to
the north, east, and south of the site. The hills located to the
south and east sides of the site are dominated by carbonate
rock terrigenous formations that give rise to part of the classi-
cal karst topography, with relatively steep slopes at an eleva-
tion of 100–204 m asl. The hills located to the north site are
composed ofmudstone, at an elevation of around 60–86m asl.
West of the site is a basin with geological stratum constituted
of gravel and silty clay, and shale bedrock is present. There are
several villages and industrial plants in the basin. Part of the
groundwater is pumped for local drinking and irrigation, and
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the groundwater discharges to the Beijiang River, offering as
water source for local cities. Therefore, it is necessary to un-
derstand the groundwater properties, and a detailed risk as-
sessment should be performed to evaluate the possibility of
groundwater contamination prior to the design and construc-
tion of the FPP and the ashery in the site area.

Assessment program

Integrated on-site program

The risk of groundwater is from interaction between the vul-
nerability of aquifers and contamination due to anthropogenic
activities. Feasibility of the risk assessment of groundwater
environmental contamination includes three factors: (1) suit-
able method that can be applied to obtain the specific data of
the intrinsic vulnerability of the vadose zone and the aquifer,
(2) effective prediction of contaminant hazards released from
the pollution sources, and (3) reliable suggestions for environ-
mental measures to prevent groundwater from being polluted
(Calò and Parise 2009; Zhang et al. 2016).

In order to achieve the requirements for the groundwater
risk assessment for the FPP and the ashery, a systematic ap-
proach was proposed for the risk assessment of groundwater
environmental contamination, as shown in Fig. 2. Firstly, a
complete review was conducted including the regional
hydrogeologic and engineering geological investigation and
engineering project feasibility studies of the FPP and ashery.
A surface surveying regional hydrogeological survey at a
scale ratio of 1:10,000 was first performed to examine the
main geological and hydrogeological characteristics of the
site. Secondly, a detailed investigation of the pollution sources
and monitoring was carried out to collect the information of
local sensitive areas as well as the current environmental con-
ditions. Consequently, the classification of the sensitive areas
can be confirmed base on their vulnerabilities. Thirdly,
hydrogeolocical drilling, hydrogeological tests, and geophys-
ical prospecting were implemented aiming to collect the de-
tailed hydrogeology data, especially for karst. Simultaneously,
groundwater was sampled and ana lyzed dur ing
hydrogeological drilling and tests. All samples collected for
laboratory analysis were proceeded without disturbance dur-
ing sampling and delivery. The solute dispersion properties

Fig. 1 Location of the study area
and the hydrogeological
characteristics of the site
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were determined by an on-site dispersion experiment with
NaCl injection in one borehole and measured in the observa-
tion borehole. The Standmod program was used to calibrate
the variation of Na+ concentration and to estimate the disper-
sion coefficient (Feinstein and Guo 2004). Finally, based on
the specific data obtained from hydrogeological tests, the
groundwater flow and solute transport models were applied
to evaluate the contamination risk of the FPP and ashery in the
ambient groundwater environment (Yeh 2015).

Evaluation ranking for the groundwater environment

Risk assessment of groundwater determines the qualitative
analysis of risk potential regarding the sensitivity or vulnera-
bility of the subsurface environment. Therefore, confirmation
of the evaluation ranking for the groundwater environment is
the prerequisite for risk assessment. In order to classify the
groundwater environmental vulnerability, improve the effi-
ciency and precision of an assessment, and to meet the re-
quirement of relative regulations, the ranking of groundwater
environmental factors was evaluated in this study case accord-
ing to Technical Guidelines for Environmental Impact
Assessment of Groundwater Environment (HJ610–2016).

The assessment classification of groundwater environmen-
tal vulnerability is shown in Table 1. Several groundwater
environmental factors, including the capability of self-
purification in the vadose zone, the vulnerability of the aqui-
fer, the sensitivity of the groundwater environment, the inten-
sity of sewage discharge, and the complexity of sewage

content, are considered (Anand et al. 2016). As no distinctive
feature of groundwater environmental vulnerability was
found, the evaluation rank of the groundwater environmental
vulnerability for the site of the FPP and the ashery is assigned
to the secondary class based on Technical Guidelines for
Environmental Impact Assessment of Groundwater
Environment (HJ610–2016), specifying the content and depth
of the on-site investigations, experiments, and analysis of the
karst hydrogeological condition of the site.

Evaluation factor and protection target

Groundwater pollution may involuntarily or accidentally hap-
pen in the construction and operation period of the FPP.
During the engineering project construction period, the main
potential pollution sources of groundwater are dominated by
domestic sewage and contingent leakage of fuel oil from the
engines. Consequently, contaminants of CODMn, NH3–N,
suspended solids (SS), and petroleum oil are the main contam-
inants in the groundwater environment evaluation. While dur-
ing the operating period, sulfate, chloride, and petroleum oil
contribute to the main factors of the groundwater environmen-
tal evaluation, given the point sources of the diesel tank (DT),
the industrial wastewater pool (IWP), and the cooling tower
water tank (CTWT). For the monitoring factors of the ground-
water environment, the pH, water hardness, SO4

2−, Cl−, F−,
NO2

−, NO3
−, Fe2+, Fe3+, Mn2+, Hg2+, As3+, Cd2+, Pb2+, Cr6+,

CODMn, NH3–N, volatile phenol, petroleum oil, and fecal
coliform in the groundwater are parameters for the evaluation.

Protection of sensitive groundwater areas is the motivation
that promotes the progress of risk assessment of groundwater
contamination. In this study case, seven sensitive groundwater
areas located in the vicinity of the FPP and the ashery were
inspected and confirmed (Fig. 1). Since part of the groundwater
for washing and irrigation is supplied from decentralized domes-
tic wells in the basin area where the investigated site is located,
simultaneously considering the possibility of emergency water
supplies, seven decentralized domestic well areas are confirmed
as environmentally sensitive areas except for the Beijiang River
downstream of the FPP, to the west of the site. Thus, these seven
decentralized domestic wells were confirmed as the environ-
mental protection objectives for this risk assessment.

Result and discussion

Karst development

A quantitative understanding of the hydrogeological charac-
teristics of the site is essential for groundwater assessment for
the engineering project. The studied site lies in the south of
Dadong mountain-Guidong east-west tectonic zone, and the
north of Renhua-Yingde-Sanshui Cathaysian drape tectonic

Fig. 2 Integrated approaches for the risk assessment of groundwater
environmental contamination for the construction of the FPP and ashery
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zone. The tectonic zone at the site comprise quaternary bed,
Devonian mudstone, marlstone and limestone, no other time-
stratigraphic appeared.

Both the FPP and its affiliated ashery are seated in a syn-
clinal basin where karst developed. The ashery is located to
the east of the FPP. Erosion-deposition type and corrosion
type dominate the basic geomorphology of the basin.
Erosion-deposition type geomorphology distributes in strip-
type, constituted of diluvium quaternary system, while the
corrosion type geomorphology characterizes the hills, com-
posed of thick Devonian limestone. Similar to the regional
hydrogeology, quaternary, Devonian, carboniferous and
Cambrian rocks domain the site lithology. For the quaternary
strata, they are developed from the terrace deposit at the
Beijiang River. Its substrate consists of grait, gravelly sand,
and conglomeratic silty clay. Carboniferous strata restrictively
appear in the west-south of the FPP, fine-crystalline dolomite,
micrite, and dolomite are the prime matrices. Cambrian strata
are metamorphic and slightly spread around FPP, with
medium-fine quartz sandstone, feldspar-quartz sandstone,
and silk mica slate as the main content. Unlike Cambrian
strata, Devonian strata are widely distributed around the site,
exhibiting the north-east trend.

Karst is a distinctive terrain developed on the soluble rock
with landforms related to various underground drainage con-
dition that can be very difficult ground for civil engineers as
they threaten foundation integrity (Waltham and Fookes
2011). In this case study, a comprehensive analysis of the
characteristics has been performed for the karst development
of the site. The parameters of the karst ratio (Kv), the planar
karst ratio (Kp), and the average linear karst ratio (Kl) calcu-
lated from the on-site geophysical prospecting, as well as the
boreholes distributed evenly throughout the site have been
used to indicate the spatial karst development:

KV ¼ Vk

Vt
� 100% ð1Þ

Kp ¼ Ak

At
� 100% ð2Þ

Kl ¼ ∑Lk
∑Lt

� 100% ð3Þ

where Vk is the volume of the estimated karstified carbonates
in the investigated site; Vt is the total volume of the investi-
gated site; Ak is the amount of the borehole in which karstified

carbonates is found; At is the total quantity of the borehole; Lk
is the length of the karstified carbonates in a borehole; and Lt
is the total length of a borehole.

A classification of karst on the site based on their karst
characteristics was proposed according to the Code for geo-
technical investigation of fossil fuel power plant (GB 51031–
2014). Basically, the karst development on the site can be
divided into three sub-zones, namely very strongly developed
zone (I), strongly developed zone (II), and intermediate-
slightly developed zone (III), as shown in Fig. 3. The very
strongly developed zone (I) traverses the site. It exhibits an
area of very strong karst development. Dozens of karst caves
have been disclosed by the boreholes with a Kv value up to
37.36%.Most of the caves are less than 0.4 m in height, a karst
cave with the maximum height of 11.0 m was identified. The
karst caves are mainly developed at the middle-south of the
basin where the carbonate rock layer is thick. It has been found
that the Kp and Kl are 71.5 and 26.22%, respectively, with an
average depth of 17.0 m below the surface.

In the strongly developed zone (II) located in the south and
middle of the basin, karst caves are generally found near the
surface. The karst caves were mainly disclosed at a depth
ranging from 16.0 to 30.0 m for the sub-zone in the north of
the basin. For these two sub-zones (II) located in the south and
middle of the basin, the calculated Kv and Kl are 26.3 and
11.5%, respectively.

In contrast, only three karst caves were disclosed at the most
northern area of the basin, with the Kv andKl only about 15 and
4.2%, respectively. Correspondingly, karst has been determined
as an intermediate-slightly developed zone (III) (Marín et al.
2010). Karst presents a complex medium with multi-scale het-
erogeneity on this site. However, no shallow buried river, hall-
or corridor-type karst caves were developed at the site nor large-
scale well-connectivity karst channels. Due to the fact that al-
most all the karstified carbonates framework in the three regions
were filled with silt clay during the hydrogeological drilling, the
three karst hydrosystems presented relative low permeability
resulting in slow movement of groundwater through silt clay
filled karst conduits and retardative pressure transfer occur-
rences (Worthington et al. 2001).

Characteristics of vadose zone

The vadose zone plays a vital role in retarding the migration of
solutes (Khaleel 2007); therefore, characterization of the

Table 1 The evaluation rank of the groundwater environment for the risk assessment of the FPP and the ashery

Position/item Overall Capability of self-purification
in vadose zone

Vulnerability of
pollution in aquifer

Sensitivity of groundwater
environment

Intensity of
sewage discharge

Complexity of
sewage content

FPP Secondary Medium Medium Sensitive Minor Medium

Ashery Secondary Medium Medium Sensitive Minor Medium
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vadose zone is crucial for a field assessment program (Li et al.
2015). The vadose zone of the site where the FPP and the
ashery are located is dominated by quaternary deposits, and
only a small amount of Devonian mudstone and limestone is
scattered at the south and north of the FPP, as well as at the
slope region bounding the ashery. The contour map of the
vadose zone thickness is derived from boreholes and is shown
in Fig. 4. The results show that the thickness of the vadose
zone is about 2 to 6 m in the east-south part of the FPP,
constituted of weathered limestone. The thickness of the va-
dose zone in the central part of the FPP varies between 2.0 and
8.0 m, composed of artificial fills, muddy soil, and alluvial
clay. The vadose zone in the northern FPP is thicker than that
of central and southern part, with thickness between 8.0 and
20.0 m. The lithology of this part of the vadose zone is
governed by a thin layer of mudstone, silty mudstone, and
marl along with partial argillaceous siltstone.

The permeability of the vadose zone at the FPP is poor to
an average vertical hydraulic conductivity value of 3.40 ×
10−5 cm/s obtained from water injection tests in pit experi-
ments. The vadose zone acts as a horizontal cutoff wall with
a favorable parameter that can significantly restrict the

infiltration of contaminants through the vadose zone to the
subsurface (Goss et al. 2010).

Aquifers and aquitards

Phreatic aquifers act as a principal lens for contaminants in
view of storage, interaction, and migration (Gurdak and Qi
2012). The results indicate that the aquifers were mainly con-
stituted of pore water in friable quaternary rocks, fissure-
cavern water in carbonatite, and fissure water in clastic rocks.
Pore water in friable quaternary rocks is widely distributed on
the site, with several discrete patches, constituted of fissure-
cavern water in carbonatite and fissure water in clastic rocks.
A typical vertical distribution of aquifers at the FPP is shown
in Fig. 5. The result reveals that intensely karstic development
was verified in the aquifer where fissure-cavern water in
carbonatite is covered, with the Kp and Kl of 71.5 and
26.22%, respectively. The aquifers consist of the filled karst
development area with a thickness between 6.0 and 40.0 m,
mainly distributed in the central-southern part of the site. The
embedded depth of the groundwater level varies from 0.2 to
10.0 m. Groundwater levels show seasonal variation, and

Fig. 3 On-site field work and distribution of karst development around the site
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atmospheric precipitation is the primary supply of phreatic
aquifers. To some extent, the silt clay filled karst
hydrosystems provide a buffer effect on the phreatic water
level. The average annual precipitation in this region is
1881 mm and the evaporation is 1635 mm (data collected
for years from 1959 to 2015). The rainy season commences
in April and ends in September with the heaviest precipitation
between April and June. The thickness of the aquifers is rela-
tively thin and coupled with the fact that the water volume is

small, it does not serve as the main source of water supply for
FPP.

In situ batch drilling pumping testing, water pressure
testing, and double orifice dispersion testing were per-
formed per the site-specific conditions for each test.
Parameters were estimated independently with equations
appropriate to the test methods (Mayer et al. 2002; Zech
et al. 2015). The pumping test was conducted at both the
site of the FPP and ashery in triplicate at each drilling

Fig. 4 The contour map of the thickness of the vadose zone

Fig. 5 A north-south
hydrogeological cross-section of
the site (3–3′ section shown in
Fig. 3)
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hole (Fig. 3). The permeabilities of the aquifer in the FPP
and ashery are stable at 3.20 × 10−4 and 1.80 × 10−4 cm/s,
respectively (Table 2). Water pressure tests were used to
estimate the hydraulic conductivities for the slightly
weathered limestone (Chandra et al. 2016; Lacey 2016)
and the results are listed in Table 3. All the P-Q curves of
the water pressure tests are classified as either C or E
type, namely the 1 Lu regarded as 10−5 cm/s to approxi-
mate the permeability value (Mejías et al. 2009). The av-
erage permeability value of the slightly weathered lime-
stone is estimated at about 1.20 × 10−5 cm/s, which can
regard as the aquitard below the aquifers. From Tables 2,
3, and 4, the results demonstrate that there is a tiny dif-
ference among the permeability values around the site, yet
they are found to be scale-dependent and almost in the
same order of magnitudes.

Figure 6 shows the comparison between the measured and
the modeled concentrations of Na+. Results indicate that the
groundwater flow rate of 0.0215 m/h, with a longitudinal
dispersity, αL, and a transverse dispersity, αT, equal to 0.033
and 0.009 m, respectively. The calibrated value of hydraulic
conductivity is 1.57 × 10−4 cm/s for the data from the disper-
sion experiment, consistent with the values that from the
pumping test (Table 4).

Groundwater flow

A precise description of groundwater flow is one of the
essential elements for an effective risk assessment of

groundwater and for the analysis of migration of contam-
inants (Pfunt et al. 2016). Groundwater flows generally in
the direction from east to west and the Beijiang River and
its tributaries are the fundamental receivers of groundwa-
ter (Fig. 7). The shallow groundwater in this study case is
mainly recharged by precipitation and lateral flows from
the eastern and southern boundary areas. Part of recharges
are from the Beijiang River during the rainy season.
Evapotranspiration is extensive in the valley areas and
the scattered domestic wells offer additional discharge of
groundwater in the area. The studied site presents a semi-
isolated hydrogeological unit with groundwater discharge
to the Beijiang River along the western boundary. On the
other hand, the contour map of the measured water table
via drilling indicates that the water table in this site is
unified and continuous. Based on the analyses of regional
field tests and water table monitoring, conclusion could be
drawn that the karstified carbonates, clastic rocks, and
friable rocks framework, in which very strongly devel-
oped zone, strongly developed zone, and intermediate-
slightly developed zone included, is hydraulically contin-
uous, which premised the correct interpretation and
modeling of solute transport (Kaufmann and Braun 1999).

Present groundwater chemistry

The concentrations of major and minor ions of groundwa-
ter are essential in understanding anthropogenic and geo-
chemical processes affecting water quality (Idris et al.

Table 2 Result of the pumping test at the aquifers

Position Order Volume of water
inflow Q (L/min)

Drawdown of
pumping water
S (m)

Thickness of
aquifer h (m)

Diameter of
pumping hole
r (m)

Radius of
influence
R (m)

Permeability
cm/s

Average
value
(cm/s)

Classification
of permeability

FPP 1st time 5.03 1.31 18.3 0.054 6.94 3.25 × 10−4 3.20 × 10−4 Medium permeable
2nd time 9.25 2.61 18.3 0.054 14.08 3.37 × 10−4

3rd time 13.53 4.81 18.3 0.054 24.03 2.90 × 10−4

Ashery 1st time 3.59 2.50 11.20 0.054 6.98 2.02 × 10−4 1.80 × 10−4 Medium permeable
2nd time 4.54 3.70 11.20 0.054 9.80 1.81 × 10−4

3rd time 5.00 5.40 11.20 0.054 13.41 1.59 × 10−4

Table 3 Result of the water pressure test in boreholes at the aquitards

Lithology Borehole no.* Position Depth (m) Permeable rate (Lu) Permeability
(cm/s)

P-Q curve Average value
(cm/s)

Classification

Lightly weathered
limestone

E FPP 12.9~17.8 2.32 8.36 × 10−6 C type 1.20 × 10−5 Aquitard
F FPP 15.4~19.5 2.22 2.65 × 10−5 E type

G Ashery 14.7~19.1 0.94 1.14 × 10−5 F type

H Ashery 15.1~19.9 0.49 6.05 × 10−6 C type

K Ashery 26.2~32.5 0.66 8.69 × 10−6 E type

* The borehole position is shown in Fig. 3
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2016). In this study, groundwater and surface water dur-
ing the wet, normal, and dry seasons were sampled in the
field and analyzed in the laboratory. The single pollution
index method is adapted to evaluate the contaminants in
groundwater for all the analyzed factors (Wong et al.
2017):

Si ¼ Ci

Csi
ð4Þ

where Si is the contamination index of contaminant, Ci

refers to the concentration of contaminant (unit mg/L for
groundwater or quantity for the total coliform group), and
Csi refers to the standard concentration of contaminant
(unit mg/L for groundwater or quantity for the total coli-
form group). The standard of quality standard for
groundwater (GB/T 14848–93) is employed for the eval-
uation: a value for Si greater than 1 indicates that this type
of contaminant is contaminated; in turn, it indicates that
this contaminant meets the standard.

Results indicate that the groundwater at the site and in the
local areas are of HCO3–Ca, HCO3

−, and SO4–Ga types, and
no significant contaminant in the groundwater is observed at
the FPP and its vicinity. However, a few of the samples suf-
fered contamination of coliform bacteria and ammonia nitro-
gen in both the wet and the dry seasons. Generally, the
groundwater is less contaminated in the dry season than in
the wet season, suggesting that it is more critical to protect
the groundwater from being contaminated during the wet sea-
son (Table 5 and Fig. 3).

Risk assessment of groundwater contamination

Groundwater flow and transport modeling

Karst is a so extremely fragile natural environment that the
delicate equilibrium of karst ecosystems can be dramatically
and irreversibly changed as a consequence of both natural and
anthropogenic impacts (Parise et al. 2015b). The issue
concerning the migration of solute in the karst zone from the
pollution source is an urgent and essential problem that should
be addressed in groundwater assessment, taking into consid-
eration the effect of the FPP itself on the hydrogeological
regime. Based on the specific analysis of the geologic,
hydrogeological, and geochemical characteristics of the site,
a 2-D unconfined groundwater flow model was developed
through the finite difference method using the MODFLOW
code (McDonald and Harbaugh 1988). The equation
governing contaminant transport through porous media can
be derived from the principle of mass conservation. The
advection-dispersion formula used for describing a solute
transport is given by Zheng and Bennett (2002):

∇ � θD � ∇cð Þ−∇ qcð Þ þ qs � Cs ¼ θ
δc
δt

ð5Þ

where C is the contaminant concentration, D is the dispersion
tensor, q is the volumetric water flux, θ is the volumetric water
content, ∇ is the divergence operator, t is time, and qs and Cs

are the volumetric water flux and concentration of a contam-
inant sink/source term, respectively. No chemical reaction was
considered in the model.

Contaminant transport parameters (e.g., retardation and
dispersion) are known to be scale-dependent (Soltanian et al.
2017). In this case study, the model area extends approximate-
ly 5.01 km2, demarcated by the rivers at the west-south-north
of the site and the watershed to the east of the site. Infiltration
of atmospheric precipitation dominates the recharge of
groundwater in the model area, while rivers act as the desti-
nation for groundwater drainage. Generally, the effect of the
anthropic intervention on the groundwater in the model area is
negligible.

The conceptual model of the aquifer system was
established based on the logs of more than 60 boreholes.
The initial input parameters for the FPP and the ashery area
are listed in Table 6. The infiltration coefficient of precipita-
tion (α) and specific yield (μ) were fixed in 0.05 and 0.06,

Table 4 Result of water injection
test by single loop methods in pit
at the vadose zone

Lithology of
investigated section

Location Permeability (cm/s) Average value (cm/s) Classification of
permeability

Clayey silt
(qdl, eluvial soil)

North to the FPP 1.76 × 10−5 3.40 × 10−5 Aquitard
West to the FPP 4.03 × 10−5

South to the FPP 4.40 × 10−5
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Fig. 6 Comparison of the field test and simulated concentrations of Na+

ions
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respectively, both for the region of the FPP and ashery.
According to the tiny difference between the lithological char-
acters of the FPP and ashery, the permeability (K) of the site at

the FPP and ashery were set as 0.0173 and 0.013 m/day, re-
spectively. Since little groundwater level data monitoring was
performed in the area, the groundwater level measured in the

Fig. 7 Comparison of the contour map of between the measured and the calculated water table in the wet season

Table 5 Analysis results and evaluation of the present groundwater chemistry

Season Dry season Normal season Wet season Dry season Normal season Wet season Dry season Normal season Wet season

Borehole no. Item Mn Coliform bacteria (/L) pH

A Ci 0.0011 0.0005 0.0008 – 3500 1700 6.91 7.17 7.09

Si 0.011 0.005 0.008 – 1166 566.67 0.18 0.11 0.06

B Ci < 0.0001 0.0001 0.0007 – 230 9200 7.42 7.41 6.92

Si L 0.001 0.007 – 76.67 3067 0.28 0.27 0.16

C Ci 0.16 0.0023 0.14 – 80 – 5.86 8.1 6.17

Si 1.6 0.023 1.4 – 26.66 – 2.28 0.73 1.66

D Ci 0.0001 0.0013 0.0008 – 16,000 230 7.76 7.28 7.48

Si 0.001 0.013 0.008 – 5333 76.67 0.507 0.19 0.68

F Ci 0.0013 0.0012 0.0005 – 9200 – 7.84 7.35 7.75

Si 0.013 0.012 0.005 – 3066 – 0.56 0.23 0.5

G Ci 0.0016 0.0004 0.0011 80 – 230 7.37 6.7 6.63

Si 0.016 0.004 0.011 26.67 – 76.67 0.247 0.6 0.74

I Ci 0.001 < 0.0001 0.0021 50 330 1700 7.36 8.1 6.97

Si 0.01 – 0.021 16.67 110 566.67 0.24 0.73 0.06

J Ci 0.0069 0.0005 0.0012 230 5400 5400 7.7 7.45 7.41

Si 0.069 0.005 0.012 76.67 1800 1800 0.467 0.3 0.273

K Ci 0.0045 0.0069 0.0007 130 490 700 7.59 7.9 7.45

Si 0.045 0.069 0.007 43.33 163.33 233.33 0.393 0.6 0.3

Standard value ≤ 0.1 ≤ 3.0 6.5–8.5

Results for total hardness, sulfate, chloride, fluoride, nitrite nitrogen, nitrate nitrogen, iron, mercury, arsenic, cadmium, lead, hexavalent chromium,
permanganate index, ammonia nitrogen, volatile phenol, and petroleum are below the standard value and not shown in the table. B-^ indicates that the
concentration in the sample is far less than the standard value. Italic numbers means that the concentration in the sample is beyond the standard value
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wet season during the investigation was used as the initial
groundwater table in the model and was used for the model
calibration. Figure 7 shows the comparison of contour maps
between the computed and the measured groundwater table in
the wet season. The calibrated groundwater flow model is
quite consistent with the flow regime of the site, indicating
the well-established validity of the model for further modeling
of solute transport within the site. In other words, the current
calibrated model is sufficient for the preliminary prediction of
the groundwater behavior. Similar work of calibration and
validation for groundwater flow model at site-local scale can
be found in Yi et al. (2012a).

Plume transport and risk assessment

The transport behaviors of contaminant plumes preceded by
accidental leaking were estimated based on the calibrated
groundwater flow model. The aquifer system and the flow
system were assumed to be the same for the solute transport
model with those of the flow model. Scenarios with point
contaminant sources have been hypothesized based on the
layout of the FPP, including leaking at the diesel tank (DT),
the industrial wastewater pool (IWP), the cooling tower water
tank (CTWT), and the ashery. The point sources were estimat-
ed based on the design of the FPP and were listed in Table 7.
The on-site tested longitudinal and transverse component of
the dispersity, 0.033 m (αL) and 0.009 m (αT), were employed
in the calculation. A total time of 30 years was calculated for
the transport behavior of the plumes according to the opera-
tion period of the FPP.

For the FPP and the ashery under normal operating condi-
tion, the exhaust gas and wastewater produced during the
operation will be environment-friendly treated and recycled
by the established instruments before releasing to the environ-
ment. Therefore, no contaminants can reach the groundwater
system and the risk is small for groundwater contamination.

However, the groundwater will be contaminated by acci-
dental leaking at the FPP and plumes under normal operating
condition. The transport distance and the distribution of the
plumes at 100 days, 10 years, and 30 years are listed in
Table 8. The distribution of the plumes after 30 years of trans-
port from the DT, the IWP, and the CTWT are presented in
Fig. 8. Results indicate that the maximum transport distances
of contaminants released from DT, IWP, and CTWT are ap-
proximately 787, 363, and 769 m, respectively. Most of the
plumes will be within the boundary of the FPP and the ashery.
No contamination plume of petroleum, SO4

2−, total dissolved
solids (TDS), and Cl− will reach the seven sensitive areas for
occasional occurrence of groundwater pumping and usage.
The shapes of contaminant plumes are distributed band-like
in a direction from east to west, which can be attributed to the
intertwined effect resulting from multiple factors including
groundwater flow direction, intrinsic properties of diesel, the
texture of the aquifers, and so on (Grima et al. 2015).

Based on the above prediction and analysis, it is clear that
the construction and operation of the FPP and the ashery will
present a limited risk for groundwater environmental contam-
ination. Fortunately, the environmental protection objectives
of this risk assessment are impervious to the contamination
plumes that resulted from accidental leaking during the

Table 6 Initial value of
hydrogeological parameters in the
model

Region Infiltration coefficient of
precipitation/α

Permeability/
K (m/day)

Specific
yield/μ

Lithological characters

FPP 0.05 0.0173 0.06 Pore water in friable rocks of quaternary,
fissure-cavern water in carbonatite,
fissure water in clastic rocks,
and epimetamorphic rock

Ashery 0.05 0.013 0.06

Table 7 Scenarios for modeling
of the accidental leaking and
source calculations for the
contaminates at the FPP

Item/location Diesel storage tank piping Industrial waste water
pool

Water tank in
cooling tower

Leakage area (m2) 0.0025 32 817.28

Leakage rate per unit area (m/day) 3.2 1.39 35.55

Leakage rate (m3/day) 0.008 1.39 35.55

Infiltration rate (m/day) 0.85 0.0435 0.0435

Duration of leakage(days) 3 7300 7300

Contaminant Petroleum Cl− TDS SO4
2− SO4

2− TDS

Concentration (mg/L) 8 × 105 1500 2700 270 600 1300

Excessive concentration (mg/L) 0.05 250 450 250 250 450

Background concentration (mg/L) – 10 130 10 10 130
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construction and operation period. Because of natural attenu-
ation, both the transport distance and the distributed areas of
the plumes will be slightly diminished despite a gigantic quan-
tity of contaminated groundwater remaining. Herein, effective
environmental measures should be taken for the construction
and operation of the FPP and the ashery to avoid the occur-
rence of contamination.

Groundwater protection

Groundwater may deteriorate its quality and fail to be a re-
newable resource if not well managed because human inter-
vention and natural processes change groundwater recharge
patterns (Li et al. 2016b). To protect the soil and groundwater
from being polluted, and to ensure the FPP under normal
operation, effective environmental measures are needed.
Priority is given to the grading of anti-seepage sites as well
as the prevention and removal of the sources, given the inev-
itable leakage from potential pollution sources (Li et al.
2016a).

Results of the risk assessment and understanding of the site
hydrogeology make it possible to program targeted anti-
seepage measures by considering the layout of the FPP and
the ashery. Three levels of anti-seepage have been proposed to
prevent the groundwater from contamination: (1) the major
control areas of 11.12 hm2, including the oil reservoir region,
the water tank in the cooling tower, and wastewater treatment
of FPP and the ashery, which needs special anti-seepage layers
with a hydraulic conductivity less than 10−12 cm/s; (2) the
general control areas of the steam engine room, deaerator
bay, and pump house, which are proposed to be constructed
of concrete with a hydraulic conductivity less than 1.0 ×
10−7 cm/s; and (3) The minor control areas of administrative
office, transformer substation, canteen, and so on, which the
standard concrete measure is proposed for anti-seepage
purposes.

In the meantime, a total of 11 wells have been designated
for monitoring the groundwater system and for the protection

of the sensitive areas involving groundwater usage. The mon-
itoring wells are designated according to the following

Table 8 Results for the model
prediction for accidental leaking
at the diesel tank (DT), industrial
wastewater pool (IWP), and
cooling tower water tank (CTWT)

Source of pollution Contaminant Predictive
time span

Area of
pollution/m2

Area of
substandard/
m2

The max
migration
distance/m

Diesel tank (DT) Diesel 100 days 14,315.18 13,814.91 102.1

10 years 79,322.27 78,722.59 560.87

30 years 92,858.67 92,158.35 786.97

Industrial wastewater
pool (IWP)

Total salt
(TS)

100 days 2996.4 2658.91 87.52

10 years 19,264.46 18,639.46 197.04

30 years 33,156.23 31,475.23 362.98

Cooling tower water
tank (CTWT)

SO4
2− 100 days 84,557.49 57,760.11 156.7

10 years 133,478.01 119,194.53 330.32

30 years 119,997.32 97,704.65 769.12

Fig. 8 Distribution of the contamination plume after 30 years of transport
preceded by accidental leaking: a diesel plume from the diesel tank (DT),
b total dissolved solids (TDS) plume from the industrial wastewater pool
(IWP), and c sulfate radical plume from the cooling tower water tank
(CTWT)
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requirements: (1) enhanced monitoring in major pollution
control regions and adjust locally by the position of pollution
sources as well as the groundwater flow direction; (2) primary
focus on the shallow aquifers; (3) taking into account ground-
water monitoring in the vicinity of the FPP and the ashery; (4)
monitoring both the upstream background, the lateral condi-
tion of the FPP, and the sensitive downstream areas; and (5)
monitoring both the groundwater level and the chemistry. The
distribution of the monitoring wells is shown in Fig. 3.

Conclusion

A risk assessment of groundwater environmental contamina-
tion is presented for the construction of FPP at a karst site with
limited prior knowledge. This case study illustrated the assess-
ment procedure, contents, and the relationship between the
groundwater system and the project characteristics of the
FPP, focusing mainly on the hydrogeological characteristics
of the site through an integrated on-site surface, subsurface,
and laboratory investigations supplemented by solute trans-
port modeling. Results indicate that the site is located in a
synclinal basin area and represents a semi-isolated
hydrogeological unit with groundwater discharge to the
Beijiang River along the western boundary. The vadose zone
presents poor permeability and acts as a horizontal cutoff wall
to restrict the infiltration of contaminants through the vadose
zone to the subsurface. The aquifers consist of the filled karst
development area with a thickness ranging from 6.0 to 40.0m,
which mainly distributed in the middle-south part of the site.
No shallow buried river, hall- or corridor-type karst caves
were developed at the site, nor large-scale well-connectivity
karst channels. Karstified carbonates framework were found
to be filled with silt clay, revealing the hydrogeological system
is hydraulic continuous and inactive, which premised the cor-
rect interpretation and modeling of solute transport.
Groundwater flows mainly from the east to the west with
annual fluctuation around 0.2 to 4.0 m. The groundwater part-
ly suffers contamination from coliform bacteria and ammonia
nitrogen.

Seven decentralized domestic well areas are confirmed as
environmentally sensitive areas after the detailed investigation
on the pollution sources and monitoring. Results of numerical
modeling and prediction indicate that the groundwater will be
partly contaminated with a certain period at the point source
area of the FPP. The maximum transport distances of contam-
inants released from DT, IWP, and CTWT are approximately
787, 363, and 769 m, respectively. Most of the plumes will be
within the boundary of the FPP and the ashery. No contami-
nation plume of petroleum, SO4

2−, TDS, and Cl− will reach
the seven sensitive areas. A suggested course for anti-seepage
measures and monitoring was proposed for the protection of
the groundwater based on the results of the risk assessment.

This study provides a valid integrated approach for investiga-
tion and risk assessment of groundwater contamination for a
construction project and is most valuable for the purposes of
site selection, project design, and protection of the groundwa-
ter environment.
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