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The migration of groundwater flow and contaminants in fractured medium is complicated owing to the strong heterogeneity and
anisotropy of fractured rock mass. Taking the environmental restoration and groundwater protection of the Lishui domestic waste
landfill in Nanjing as the background, the groundwater environmental impact assessment and prediction are conducted for the
groundwater environmental pollution that may be caused by the leakage of the landfill leachate after the closure of the
domestic waste landfill. The strata of the landfill site are clay-cobble gravel, strongly and moderately weathered breccia, with
obvious anisotropy and significant differences in rock mass permeability. A 3D numerical model of groundwater flow and
contaminant migration in the landfill area is established by integrating the hydrogeological field tests and a conceptual model
in the study area. Based on the parametric inversion method, the heterogeneous anisotropic permeability coefficient of the
fractured medium is calibrated, and the temporal and spatial migration characteristics of contaminants such as ammonia
nitrogen and mercury are predicted using the corrected model under the normal and failure conditions of the antiseepage
curtain. The calculated results show that when the antiseepage fails, the maximum migration distances of contaminants in the
horizontal direction after 100 days in the old and new landfills are 7.66m and 15.64m, respectively, and the maximum
migration distances after 20 years are 192.5m and 113.89m, respectively. The migration direction and distances of
contaminants are consistent with the hydrogeological conditions of the study area. The model calculation results provide a
corresponding basis for the antiseepage control of contaminants.

1. Introduction

The disposal of municipal solid waste has been one of the
most significant problems worldwide, especially in devel-
oping countries [1]. In both developed and developing
countries, landfilling is the simplest, cheapest, and most
cost-effective way of waste disposal [2, 3]. Although landfills
are the least popular method of municipal solid waste
disposal, they are still widely used [4–11]. Hundreds of
thousands of municipal solid waste landfills have been con-
structed around the globe [12]. However, the possibility for
contamination of groundwater resources by leachate from
landfills has led to potential social and environmental prob-

lems [13–17]. The social and environmental impacts of
municipal solid waste have attracted much attention in
recent years [18].

The harmful effects of waste leachate infiltration into
groundwater mean that the assessment of these impacts
has attracted much research attention in recent years [19].
Due to the large increase in population and the need for safe
sources of drinking water, these studies have become
increasingly important [20]. Nagarajan et al. [21] investi-
gated the impact of leachate on groundwater quality, caused
by nonengineered municipal solid waste landfills. Various
physicochemical parameters in leachate and groundwater
samples were studied to understand the possible connection
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of groundwater contamination. The results of this study
proved the existence of contaminants in groundwater and
warned of dangers in its quality, especially near the landfills.
El Salam and Abu Zuid [22] evaluated the environmental
impacts associated with solid waste landfills by analysing
leachate and groundwater quality. The results of the
physicochemical analysis of leachate proved that the charac-
teristics of leachate were highly variable. Besides, the con-
tamination of organic matter, salts, and heavy metals was
severe. Due to the variability in composition and flow rate,
seasonal variations in precipitation, type, and age of the
facility, landfill leachate is one of the most difficult wastewa-
ter to treat [8, 23]. Contaminant transport in groundwater is
mainly influenced by the flow direction of groundwater and
hydraulic conductivity in the aquifer beneath the landfill, the
amount of water entering the aquifer, and the concentration
of contaminants at the source [24]. Hydraulic conductivity
(K) mainly affects the contaminant fate and transport [25].
Ahmed et al. [26] established a three-dimensional simula-
tion model by combining modular finite-difference flow
model and the modular three-dimensional transport model,
which was applied to the leachate collection site to elucidate
the fate and migration of the leachate from collection site
bed into the groundwater. Results showed a good match
between numerical model results and experimental measure-
ments. Aromolaran et al. [27] explored the pollution of
groundwater by leachate emanating from Aba-Eku MSW
dumpsite in Ibadan, Nigeria, and found the two-
dimensional subsurface model revealed a leachate plume
extending beyond 5m and the MSW leachate is heteroge-
neous. Fandino et al. [28] investigated the dispersion of
leachate from urban solid waste through saturated soil using
the codes MODFLOW and MT3DMS. It was concluded that
the landfill had the potential to pollute the surrounding soil
and groundwater. In last year, the pollutant concentration
model, leakage rate model, and the solute transport model
were coupled to evaluate the effect of municipal solid waste
landfill on groundwater quality by Zhang et al. [29].

These studies are generally sampled for laboratory anal-
ysis or use simulation software based on finite difference
method, while simulation software based on finite element
method is more precise with regard to the geometric struc-
ture of the study model and actual study area. Besides, com-
bining with the hydrogeological field tests and conceptual
model in the study area, the numerical model of groundwa-
ter flow and contaminant migration in the landfill area is
found to be more accurate.

The purpose of this study is to predict the migration of
contaminants in waste landfill leachate through numerical
simulation evaluation based on the actual situation of Lishui
municipal solid waste landfill in Nanjing, China. The
hydrogeological parameters were calibrated by means of
hydrogeological field tests and parameter inversions. The
effects of initial concentration of contaminants in leachate,
the leachate water head, and diffusion were considered.
The established three-dimensional groundwater flow and
contaminant migration model highlight the heterogeneity
and anisotropy of the fractured medium. The results can
provide corresponding technical support for the design of

landfill closure and have reference significance for the
construction of similar projects.

2. Study Area

2.1. Location. The project is in Lishui District and the central
southern part of Nanjing. It is an important national film
and television base, an agricultural science and technology
base, a significant transportation hub and logistics centre
in East China, a manufacturing base and modern industrial
cluster in the Yangtze River Delta region, and one of the four
vice-cities of Nanjing. Lishui District is adjacent to Liyang
City in the east, Gaochun District in the south, Bowang Dis-
trict in Ma’an City, Anhui Province in the west, Jiangning
District in the northwest, and Jurong City in the northeast.
It is located at 31°23′-31°48′N, 118°51′-119°14′E, with an
area of 1067 km2 (Figure 1). The study area belongs to the
lower Yangtze River depression belt of the Yangtze River’s
ancient landscape in terms of the geological structure. As a
result of lake sedimentation and lithological influence, the
area has formed a topographic landscape with exfoliated
low hills as the main feature and river valley plains and lake-
side estuarine delta plains as the second.

The study area has a north subtropical monsoon climate
with four distinct seasons, hot and humid in summer and
cold and dry in winter. The annual average temperature is
16.4°C. The annual average relative humidity is 76%. The
annual average precipitation is 1204.3mm with the rainfall
infiltration coefficient of 0.05-0.2. The annual average pre-
cipitation time is 123 days, and the annual average sunshine
is 1980 hours. The rainy season is from mid to late-June to
early-July each year. The average annual evaporation is
1038mm, and the limit depth of groundwater evaporation
is about 5m. The annual average surface runoff is 420 mil-
lion cubic meters. The study area mainly belongs to the
Shijiu Lake and the Qinhuai River water systems, of which
the Qinhuai River Basin is 464.82 km2, the Shijiu Lake Basin
is 599.39 km2, and only 2.73 km2 in the southeast corner of
the mountainous area belongs to the Taihu Lake Water
System. The watershed of the two major water systems runs
across the middle of the area from east to west, which
divides the river flow in the area into two directions, north
and south.

2.2. Project Overview. There are two municipal solid waste
disposal facilities in Lishui District: Lishui District Municipal
Solid Waste Simple Landfill (old waste landfill) and Lishui
District Municipal Solid Waste Sanitary Landfill (new waste
landfill). The old waste landfill is located 50m southwest of
the new waste landfill (Figure 1). Covering an area of about
54,000m2, it was opened for use in 1993 and has been filled
to an extent of about 700,000m3 of municipal solid waste. Its
storage capacity has been used up. The landfill was built
without corresponding pollution prevention facilities, such
as bottom-impermeability and leachate treatment facilities.
The new landfill storage area opened to use in 2008, covering
an area of about 28,000m2, with about 350,000m3 of munic-
ipal solid waste landfilled. Its storage capacity of the north
side of the landfill is going to be used up soon.
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The landfill is about to reach its final service life, and
there is not much storage capacity left (in 2016). In addition,
with the expansion of urban construction in Lishui City, the
landfill has been gradually close to the densely populated
areas of the city. To limit the uncontrolled piling of the old
landfill, control the environmental pollution caused by
leachate and odour, eliminate potential safety hazards, and
reduce the damage to the environment, and the threat to
public health is necessary to seal the old landfill and the res-
ervoir area on the north side of the new landfill, according to
the national standard and the new landfill anticipated to fill
soon. The aims are thoroughly remedying the environmen-
tal pollution problems left in the use of the landfill and
improving the landfill and surrounding environment.
Nanjing Lishui District Urban Management Bureau intends
to invest ¥54.758 million to implement the closure of the
Lishui landfill. The main stages of the closure project include
pile trimming, closure and coverage, installation of vertical
antiseepage measures, installation of a leachate collection
system, landfill gas drainage works, a surface water drainage
system, and greening projects.

2.3. Geological Framework

2.3.1. Stratigraphy and Lithology. The stratigraphy of the
study area from top to bottom is described as follows:

Layer ①1 (Qml) is the miscellaneous fill which is
composed of clayey soil, broken bricks, rubble, and other
construction waste, with miscellaneous colour and loose
structure. Its thickness is in the range of 0.60-5.80m.

Layer ①2 (Qml) is the plain fill which is mainly com-
posed of clayey soil, occasionally broken bricks, broken

stones, and plant roots, with yellowish brown to greyish
brown. The age of the fill exceeds 10 years, with loose struc-
ture and poor uniformity. Its thickness is about 0.5-1.5m.

Layer ①3 (Qml) is miscellaneous fill which is mainly
composed of domestic garbage, locally interspersed with
gravel, bricks, etc., with a grey-black colour. Its thickness is
around 1.1-10.9m.

Layer ③ (Q3
al) is a clay with pebbles and gravels: they

are brownish red. The pebbles of grain size are between 20
and 100mm comprising about 10%-30% by mass of the
total. They are mainly subrounded, irregularly arranged,
and locally blocky. The mixture has a low plasticity, with
locally plastic, intermediate compressibility zones. Its thick-
ness is 3.4-16.5m.

Layer ④1 (J3
l) contains strongly weathered breccia. They

are brownish red, with the shape of broken blocks. The
number of standard penetration test blows is greater than
50, and it is easy to break by hammering. It is classified as
a relatively soft rock. The basic quality grade of the rock is
class V, and the thickness is 0.6-1.5m.

Layer ④2 (J3
l) is a moderately weathered breccia. It is

brownish red and slightly fissured. The coring rate is gener-
ally 60%-90%. The rock is generally complete, and the core is
short, columnar, and breakable by hammering. It is classified
as a relatively soft rock. The basic quality grade of the rock is
class IV, and its thickness is 5.3-24.7m (Figure 2).

2.3.2. Groundwater Types and Hydrogeological Zoning. The
whole area of Lishui lies in the Ningwu Jurassic volcanic
basin, and the type of groundwater is singular. Except for a
small amount of pore water of the Quaternary System cover-
ing layer on the surface, all of them are fractured water
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reservoirs. According to the geomorphological and hydro-
geological characteristics, the Lishui area can be divided into
two hydrogeological zones, the Qinhuai River floodplain
zone and a hilly zone. And the hilly zone can be divided into
subzones comprising exposed bedrock and Quaternary
System coverage.

(1) Qinhuai River Floodplain Zone (I5). The zone is in the
north of Lishui District, with an area of about 5 km2. There
are no borehole data in the whole area. It is speculated that
the sediment thickness is 20-30m, and the water inflow to
a single well is 100-300m3/d. The deep part is Jurassic volca-
nic clastic rocks (Figure 3).

(2) Hilly Zone (III5). The exposed bedrock subzone (III5
1) is

the most widely distributed area in the region with a total
area of 830 km2. Except where the surface layer is covered
with a thin layer of cohesive soil, a large area of bedrock is
exposed. The exposed bedrock in this area mainly includes
the upper Jurassic (J3

2) volcanic rocks and volcanic clastic
rocks and lower J3

1 clastic rocks and volcanic clastic rocks.
The sandstone of the Lower Middle Jurassic (J1-2) Xiangshan
Group and the sandstone of the Middle Triassic Huangmaq-
ing Group (T2h) are exposed in some parts of the area. There
are intrusions of rough porphyry and amphibolite in
Huashan in the west of the city and Wushan and Qunli in
the north of the city. There are Devonian sandstones and
Silurian mud shales exposed in the area from Baima Town
south to Zhishan in the southeast of the city, which is the
southern extension of the Maoshan Mountain Range.

The groundwater types in this area are all fractured
water. The overall water volume is not large, and the flow
rate is mostly less than 300m3/d. Only some well holes can

reach about 1000m3/d. Water richness is mainly controlled
by lithology and structural fractures. The area containing
hard volcanic rocks and coarse sandstone is more water-
rich. In the area containing soft sandstone, siltstone, and
mud shale, there is less water. In addition to lithological fac-
tors, structural faults play a leading role. Near tensional and
tension-torsional fault zones and at the contact area between
intrusive rocks and volcanic clastic rocks and clastic rocks,
the water volume is large. On the contrary, the water volume
is small or even absent elsewhere. Clastic and volcanic clastic
rocks are affected by intrusions, so that the surrounding
rocks are thermally altered and the intrusive rocks of the
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top support extrusion, so that the fracture is enhanced,
which is conducive to the enrichment of groundwater
transport and the increased flow of water. For example, the
deep well of Wushan Mineral Water Factory is on the fault
zone and is influenced by the intrusion of Wushan sphaler-
ite; thus, the water volume is very large, with the water level
dropping some 0.98m and the flow rate reaching 1680m3/d.
The fracture connectivity in this area is weak, mostly in the
form of belts or pipes. In the same area, there is a well with
large water volume, while another nearby well yields little to
no water (as at the North Industrial Factory in Lishui Dis-
trict City). There are two wells in the factory area about
200m from each other, and their water quality and yield
are very different. The maximum water volume of single well
is 103m3/d and 24m3/d, respectively; the degree of mineral-
isation is 0.51 g/L and 1.11 g/L, respectively. One is freshwa-
ter, and another is slightly saline.

Hydrochemical types are mainly HCO3-Ca·Mg and
HCO3-Ca·Na, with salinity of 0.35-0.66 g/L. They all yield
fresh water, but some contain SO4·HCO3-Na·Ca, with a
salinity of 1.11 g/L. The depth to the water level is mostly less
than 5m (some are artesian and can be as deep as 10-20m).

Qiugang Quaternary System cover subzone (III5
2) is

mainly distributed in the east side of Shiwu Lake, Tiansheng-
qiao River, and Xinqiao River downstream with a total area
of 125 km2. The surface layer covers Quaternary System soil
with thickness of about 10m. The upper part is mainly sub-
clay, and the lower part has a thin layer of sand. It is esti-
mated that the maximum water volume of single well is
10-100m3/d, and the water table depth is less than 5m.
The lower part of the cover layer is still Jurassic volcanic
rocks and volcanic clastic rocks. The hydrogeological char-
acteristics are similar to those of the exposed subzone of
Qiugang bedrock (III5

1).
The groundwater of the landfill mainly belongs to pore

phreatic water and bedrock fracture water. The phreatic
water is stored in the layer①. It mainly receives atmospheric
precipitation and surface water recharge. The runoff is slug-
gish, mainly via evaporation and discharge, and the water
level dynamics are influenced by seasonal changes with a
strong connection between surface water and groundwater.

The depth to the groundwater level is 4.2-8.5m. The average
elevation is 26.0m, and the annual variation of groundwater
level is about 1.0m. The water richness of bedrock fracture
water is shown to be uneven.

2.3.3. Recharge and Discharge of Groundwater. The sources
of groundwater recharge are mainly vertical recharge and
lateral recharge. The vertical recharge mainly comes from
atmospheric precipitation infiltration with an average rain-
fall of 1204.3mm/a. There is a long rainy season in summer,
and rainfall is the main source of groundwater recharge. The
groundwater level is closely related to the incident precipita-
tion. With the increase of precipitation, the groundwater
level rises; with the decrease of precipitation, the groundwa-
ter level falls. The recharge and runoff discharge conditions
of the fractured clastic rock aquifer are significantly con-
trolled by the terrain and the thickness of the residual soil
of the Quaternary System. It receives direct recharge from
atmospheric precipitation at the exposed bedrock and the
thin thickness of the loose coverage layer on the mountain
slope. The discharge patterns include evaporation and sur-
face runoff. Meteorological data show that the average
annual evaporation is 1287mm/a, although the evaporation
of groundwater is related to the depth to groundwater and
the evaporation limiting depth is 5m. Beyond this depth,
the effect of evaporation can be ignored, and the actual evap-
oration of groundwater is much smaller than the evapora-
tion of surface water. The second means of groundwater
discharge is mainly via flow to surface ponds, lakes, and riv-
ers. The contour map of groundwater levels in the study area
is shown in Figure 4.

3. Methods

3.1. Mathematical Models of Groundwater Flow and
Solute Transport

3.1.1. Model of Groundwater Flow. The transient groundwa-
ter flow in heterogeneous anisotropic fractured media can be
simulated using the Boussinesq equation:

where x, y, and z are the spatial coordinates, t is time, Ω is
domain of fractured media, and Γ1 and Γ2 are the domains
of the first and second type boundary, respectively. hf is

the hydraulic head in the fractured system, Kx , Ky , and Kz

refer to the hydraulic conductivities along coordinate three
axes, μ is the specific yield for unconfined aquifer and

μ
∂h
∂t

= ∂
∂x

Kx
∂h
∂x

� �
+ ∂
∂y

Ky
∂h
∂y

� �
+ ∂
∂z

Kz
∂h
∂z

� �
+W, x, y, z ∈Ω, t ≥ 0,

h x, y, z, tð Þjt=0 = h0, x, y, z ∈Ω,
h x, y, z, tð ÞjΓ1

= h1 x, y, z, tð Þ, x, y, z ∈ Γ1, t ≥ 0,

Kn
∂h
∂n!

����
Γ2

= q x, y, z, tð Þ, x, y, z ∈ Γ2, t ≥ 0,

8>>>>>>>>>><
>>>>>>>>>>:

ð1Þ
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specific storage for confined aquifer, W represents the sinks
and sources, such as the evaporation, precipitation, and
pumping rate; h0 is the initial groundwater table, h1 denotes
the known groundwater table in the first type boundary, n is
the normal direction of boundary surface, Kn is the hydrau-
lic conductivity in normal direction of boundary surface,
and q represents the unit area flux of the second type bound-
ary, and its value is positive for groundwater inflow and
negative for outflow.

3.1.2. Model of Solute Transport. The contaminant control
equation can be expressed as follows:

Rθ
∂C
∂t

= ∂
∂xi

θDij
∂C
∂xj

 !
−

∂
∂xi

θviCð Þ −WCs −WC − λ1θC − λ2ρbC,

C x, y, z, tð Þ = C0 x, y, zð Þ x, y, zð Þ ∈Ω, t = 0,
C x, y, z, tð ÞjΓ1

= C x, y, z, tð Þ x, y, zð Þ ∈ Γ1, t ≥ 0,

θDij
∂C
∂xj

�����
Γ2

= f i x, y, z, tð Þ x, y, zð Þ ∈ Γ2, t > 0,

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð2Þ

where R denotes the hysteresis coefficient, dimensionless; ρb
is the density of the medium; θ is its dimensionless porosity;
C is the component concentration; �C represents the solute
concentration adsorbed by the medium skeleton; t is the
time; Dij is the hydrodynamic dispersion coefficient tensor;
vi is the groundwater percolation velocity tensor; W refers
to the source-sink term of water flow; Cs stands for the con-
centration of the component; λ1 is the primary reaction rate
of the dissolved phase; λ2 is the reaction rate of the adsorbed
phase; C0ðx, y, zÞ is the known concentration distribution; Ω
denotes the model simulation area; Γ1 is the given concen-
tration boundary; Cðx, y, z, tÞ indicates the concentration
distribution on the fixed concentration boundary; Γ2 is the

flux boundary; f iðx, y, z, tÞ is the known dispersion flux
function on the boundary.

3.2. Determination of Hydraulic Conductivity. The methods
to determine the hydraulic conductivity based on the data
of water injection are mainly the Cooper-Bredehoeft-
Papadopulos (CBP) model and Bouwer and Rice (BR)
model, where the CBP model is applicable to confined
aquifers and the BR model is mainly used for unconfined
aquifers. Since the shallow groundwater in this study area
is mainly pore phreatic water, the BR model is used to ascer-
tain the hydraulic conductivity. Bouwer and Rice [30] pro-
posed a method to obtain the hydraulic conductivity for
submerged aquifers with intact or incomplete wells, which
was not only similar to the Hvorslev method but also
included a set of curves to determine the radius of influence.
During a slug test, the change in the well is expressed as
follows:

dy tð Þ
dt

= Q
πr2c

, ð3Þ

where Q represents instantaneous injection or withdrawal
of water into the well and yðtÞ is the change in water
level at t. In the steady state, the flow rate can be
expressed as follows:

Q = 2πKLe
y

ln Re/rwð Þ , ð4Þ

where K is the hydraulic conductivity of aquifer, Le is the
filter length, Re is the radius of influence, and rw is the
radius of well or filter.

Substituting Equation (4) into Equation (3) and integrat-
ing it, an expression for the hydraulic conductivity is
obtained:

K = r2c ln Re/rwð Þ
2Le

1
t
ln y0

y
, ð5Þ

where y0 is the initial water level change and ln ðRe/rwÞ can
be expressed using the following empirical equation:

ln Re

rw
= 1:1

ln Lw/rwð Þ +
A + B ln D − Lwð Þ/rw½ �

Le/rw

� �−1
, ð6Þ

where Lw is the distance between the bottom of the well and
the initial water level, A and B depend on the ratio of Le/rw
(Figure 5), and D refers to the distance between the bottom
of the aquifer and the initial water level. When Lw =H,
Equation (6) can be simplified; thus,

ln Re

rw
= 1:1

ln Lw/rwð Þ +
C

Le/rw

� �−1
, ð7Þ

where C denotes the function of Le/rw (Figure 5).
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3.3. Vertical Hydraulic Conductivity of the Low Permeability
Layer for the Riverbed. To determine the vertical hydraulic
conductivity of the riverbed bottom deposit, a vertical tube
is driven vertically into the riverbed sediment (Figure 6). It
is usually measured by the artificial gradient method,
where water is first added to the vertical tube, the hydrau-
lic head at the corresponding time in the tube is measured,
and then, the drop in water level is calculated. If there is
an obvious difference between the river water stage and
the groundwater level, the head of water in the pipe will
be higher or lower than that outside the pipe (i.e., the
river level); at this time, the falling or rising value of the
water head in the pipe can be measured, which is the nat-
ural gradient method. The vertical pipe test is a polyvinyl
chloride (PVC) pipe, with a length of 2m. The straight
pipe of the test is used to determine the vertical direction
of the hydraulic conductivity. Due to the vertical pipe test
lasted a long time, to ensure that the water level in the
vertical pipe will not be caused by changes in other condi-
tions which may give rise to inaccurate data, the top of the
vertical pipe with a film is sealed to prevent evaporation
or rainfall.

According to Chen [31], the vertical hydraulic conduc-
tivity (Kv) is calculated by using the following equation:

Kv =
LV

t2 − t1
ln h1

h2
, ð8Þ

where Kv is the vertical hydraulic conductivity of the river-
bed, Lv represents the length of the riverbed sediment in
the measurement tube, and h1 and h2 denote the groundwa-
ter level values at tines t1 and t2 in the measurement tube,
respectively. The river water level is considered as a constant
during the test.

3.4. Parameter Calibration. A least-squares method (LSM) is
employed to calibrate the hydraulic conductivity. A general,

the function of LSM for a transient flow can be expressed as
follows [32]:

LSM = 〠
m

j=1
〠
n

i=1
wi,j hO − hcð Þi,j
h i2

, ð9Þ

where m is the number of time steps, n denotes the number
of given hydraulic heads, hO and hc are the observed and
calculated groundwater tables, respectively, and wi,j are
weighting factors, which range from 0 to 1. Their value
depends on location of the observation holes. For high
groundwater tables, a small weight is assigned; otherwise,
the weight has a large value. When the value of LSM is less
than a given predetermined error, the calibrated parameters
are deemed optimal.

3.5. Numerical Simulation Method. The software FEFLOW
(Finite Element Subsurface Flow System), which is a numer-
ical simulation developed by the German WASY Water
Resources Planning and Systems Research Institute in the
late 1970s, is employed to simulate the groundwater flow
and contaminant migration in the study area. The software
is one of the most complete groundwater simulation soft-
ware packages so far. It demonstrates the characteristics of
fast and accurate numerical method, advanced graphic
visualisation technology, etc. It can simulate the migration
process of contaminants in groundwater and its time and
space distribution.

4. Results and Discussion

4.1. Field Tests and Parameter Determination

4.1.1. Water Injection Test. The lithology of the study area is
mainly clay with pebble gravel and strongly and moderately
weathered breccia. The stratigraphy revealed by the bore-
holes shows that the lithology at each monitoring well is
similar, and the aquifers are all phreatic aquifers, which are
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divided into three layers. Based on the field water injection
test data, the BR model is utilised to calculate the hydraulic
conductivity of the phreatic aquifer (Table 1); the difference
in hydraulic conductivity is about one order of magnitude
due to the heterogeneity and anisotropy of the fractured rock
mass.

4.1.2. Standpipe Tests. In this study, the artificial gradient
method was used to solve the hydraulic conductivity. Two
PVC pipes with a length of 2m, an inner diameter of
46mm, and an outer diameter of 50mm were selected. The
PVC pipes were inserted on the Xinmo River, which was
located 1 km to the west of the landfill site (called vertical
pipes 1 and 2). Among them, the latitude of vertical pipe 1
is 31°39′37.96″N and the longitude is 118°59′28.77″E. The
latitude of vertical pipe 2 is 31°39′37.62″N, and the longi-
tude is 118°59′28.07″E. The thicknesses of riverbed sedi-
ment in vertical pipe 1 and vertical pipe 2 are 0.20m and
0.21m, and the distances between river water level and the
pipe orifices are 1.66m and 1.58m. The pipes were covered
with PVC pipe cover to prevent intrusion of rainwater.
The water level corresponding to different times was
recorded. Any two water head values and corresponding
time were used to calculate the hydraulic conductivity of
sediments in the measuring pipe. The observed values and
calculation results of hydraulic conductivity of riverbed sed-
iments are listed in Table 2. The calculation results show that
there is a certain hydraulic connection between groundwater
and surface water in the area.

4.1.3. Determination of the Diffusion Coefficient. Makuch
[33] synthesised the available research: the extent of varia-

tions in the media under different lithologies and different
scale conditions was ascertained statistically. The longitudi-
nal dispersion of contaminant migration in different litholo-
gies under the phenomenon of the scale effect was obtained.
According to laboratory dispersion tests and in situ
measurements (Lishui Shiqiu and Zhetang), the extent of
longitudinal dispersion was taken as 50m and that in the
transverse direction was taken as 5m for the phreatic aquifer
in this study area.

4.2. Hydraulic Conductivities of Fracture Media by Inversion
Method. The groundwater type in the study area is phre-
atic water. According to the disclosed stratum, it is divided
into three layers on the cross section: clay with gravel,
strongly weathered and moderately weathered breccia
layers, and the weakly weathered breccia layer at the bot-
tom is a water-resistant layer. The average depth is 30m.
Since the east, west, and north sides of the study area
are relatively large rivers, these three sides are generalised
as the first type of boundary, that is, a boundary with a
fixed head of water. The weakly weathered breccia layer
at the bottom of the phreatic aquifer exhibits good integ-
rity and can be used as a water-resisting boundary. There-
fore, the hydrogeological conceptual model is obtained in
the study area.

The calculation area takes the central of the project site
as the coordinate origin. The due north direction, east
direction, and the vertical direction are the y-axis positive
direction, x-axis positive direction, and the z-axis positive
direction: seven layers are considered vertically. The study
area is discretised into 143,976 nodes and 244,566 units
(Figure 7).

Table 1: Calculation results of hydraulic conductivity of some boreholes.

No.
Burial depth
before water
injection (m)

Height after
water

injection (m)

Time
(s)

Water level
height at
time t (m)

Screen
length (m)

Casing radius
(m)

Borehole
depth(m)

Lw =H/ mð Þ D (m)
Hydraulic
conductivity

(cm/s)

GW3 8.30 0.82 2030 0.79 4 0.055 10 8.8 19.2 2:42 × 10−6

GW5 7.51 4.39 950 4.31 4 0.055 10 9.27 19.2 2:85 × 10−6

GW6 4.67 2.74 2015 1.92 4 0.055 8 5.21 19.2 2:65 × 10−5

GW10 7.91 5.29 1520 5.15 4 0.055 27 2.64 19.2 5:15 × 10−6

Table 2: Hydraulic conductivity of riverbed sediments.

Test location Time (s) Water level (cm) Hydraulic conductivity (cm/s) Average hydraulic conductivity (cm/s)

Vertical pipe 1

0 166 -

3:18 × 10−6
9300 165.7 3:89 × 10−6

12,960 165.6 3:72 × 10−6

68,820 164.9 1:93 × 10−6

Vertical pipe 2

0 158 -

3:18 × 10−6
8940 157.8 2:97 × 10−6

12,660 157.7 2:10 × 10−6

68,700 157.1 1:74 × 10−6
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The study area is a relatively independent hydrogeologi-
cal unit. The east, west, and north boundaries are rivers,
which can be regarded as constant-head boundaries. The
south side is the no-flow boundary, and the bottom of the
aquifer is the other no-flow boundary. The top is recharged
from precipitation, and the discharge is mainly by evapora-
tion. The water level of the monitoring hole in the simula-
tion area is taken as the initial water level of the simulation
prediction. The background value of the concentration of
the current groundwater monitoring is the initial value; the
initial time is December 2020.

4.2.1. Model Parameter Identification. To verify the reason-
ableness and validity of the model, it is necessary to identify
the parameters of the numerical model for ensuring that the
model can accurately reflect the hydrogeological conditions
in the evaluation area. Each hydrological parameter obtained
from the field test is used as the initial value of the model
parameters (Table 1). The model parameters are repeatedly
adjusted by comparing the calculated and measured water
levels in 10 observation boreholes to obtain the best fitting
results. The final values of each calculated parameter of the
model are listed in Table 3, and the results of groundwater
level fitting are illustrated in Figure 8; except for certain
differences in GW6, the calculated water levels are in good
agreement with the measured water levels, suggesting that
the model parameters are reasonable and the identified
numerical model can be used for the simulation and predic-

tion of groundwater flow movement and contaminant
migration in the site.

4.3. Prediction and Simulation of Contaminant Migration

4.3.1. Analysis of Potential Pollution Sources for Groundwater.
According to the engineering analysis and construction
characteristics of the project, the risk sources of groundwa-
ter pollution are mainly leachate collection pools of the old
landfill and the new landfill. The waste water generated by
the project is mainly ground flushing water, vacuum system
waste water, and domestic sewage with a volume of
33,320m3/a. The old landfill used to have no antiseepage
measures, but now a vertical antiseepage wall, has been
installed. During the period of its operation, waste water
mainly comes from landfill leachate, ground flushing water,
and domestic sewage. Due to the incomplete drainage sys-
tem, the disorderly and scattered discharge of waste water
may seep into the ground and then pollute the groundwater.
After closure of the site, the main source of risk of ground-
water pollution is landfill leachate. The main contaminants
are ammonia nitrogen and mercury. When the vertical anti-
seepage walls are in place and the sewage pipeline operates
normally, the possibility of sewage leakage is very small,
and the surrounding of the landfill will not be contami-
nated. The leachate will seep into the ground below to the
water barrier. Under abnormal working conditions, includ-
ing failure of sewage equipment, rupture of sewers, or

Leachate pool

Old waste landfill

Figure 7: Mesh map of the study area.

Table 3: Inversion values of the hydraulic conductivity for the aquifer.

Layer number Geotechnical type Thickness (m)
Hydraulic conductivity (m/d)

Kx Ky Kz

② Clay with pebbles and gravel 3.4-16.5 0.98 0.86 0.088

③1 Strongly weathered breccia 0.6-1.5 0.56 0.48 0.045

③2 Moderately weathered breccia 5.3-24.7 0.082 0.078 0.0075
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cracking and leakage of the antiseepage wall, the sewage
pool (station) will cause point or surface source pollution
to the groundwater: contaminants may seep down to
the vadose zone and then be transported through the
phreatic aquifer. Therefore, this study mainly considers
the migration pattern of contaminants in the aquifer
under abnormal working conditions (failure of sewage
equipment, rupture of sewers, or cracking of treatment
ponds, leakage, failure of antiseepage measures, etc.). The
standard index method is used to evaluate the impact of
groundwater quality of the project, in which ammonia

nitrogen and mercury are referred to Groundwater Quality
Standard GB/T14848-2017.

4.3.2. Simulation of Contaminant Migration in the Old
Waste Landfill. The main contaminant of the old landfill is
landfill leachate, which is distributed at the bottom of the
whole landfill due to the absence of horizontal antiseepage
measures. The calculation results show that, considering ver-
tical antiseepage measures, the maximum migration distance
of contaminants is 4.92m at 20 years postclosure (Table 4),
and the extent of the pollution is very small. If abnormal
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Figure 8: Comparison of measured and fitted water levels.

Table 4: Characteristics of contaminant migration in the old landfill.

Transport time (d) Contaminants Conditions of seepage control Maximum migration distance (m) Contamination range (m2)

100

Ammonia nitrogen
Normal conditions 0.88 54773.18

Seepage control failure 15.64 66814.36

Mercury
Normal conditions 0.43 54424.00

Seepage control failure 1.47 52469.45

1000

Ammonia nitrogen
Normal conditions 1.95 55679.97

Seepage control failure 40.88 97528.26

Mercury
Normal conditions 0.84 54754.56

Seepage control failure 4.06 58843.31

1825

Ammonia nitrogen
Normal conditions 2.82 56476.89

Seepage control failure 74.94 114932.76

Mercury
Normal conditions 1.08 54949.44

Seepage control failure 8.85 59793.34

3650

Ammonia nitrogen
Normal conditions 3.67 57568.13

Seepage control failure 92.30 153047.67

Mercury
Normal conditions 1.50 55438.04

Seepage control failure 13.87 65495.72

7300

Ammonia nitrogen
Normal conditions 4.92 58631.53

Seepage control failure 113.89 185814.18

Mercury
Normal conditions 2.09 55830.36

Seepage control failure 35.43 85631.70
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conditions occur, such as cracked vertical antiseepage walls,
the waste water will leak. In the worst case, the waste water
will be discharged continuously with the influent concentra-
tion and then pollute the groundwater. The migration char-
acteristics of contaminants under abnormal conditions are
displayed in Table 4. The contaminated area refers to the
total area of groundwater contaminated (including the area
of contamination sources), which is determined by the class
III standard of groundwater. The water quality in the
contaminated area is poor and lower than the class III water
standard.

4.3.3. Ammonia Nitrogen. The initial concentration of
ammonia nitrogen in the leachate is 1000mg/L in the old
landfill. The calculation results imply that under normal
working conditions, the maximum migration distance of
the old landfill contaminant source is about 4.92m after
20 years. The total area contaminated on the plane is
58,631.53m2, and the range of diffusion of contaminants
is shown in Figure 9(a). The impact depth of contaminants
on the profile reaches the bottom of the aquifer after 20 years
(Figure 9(b)). This indicates that under normal conditions,
the impact of contaminants in the horizontal direction is
small, but the vertical influence is greater, because there is
no horizontal antiseepage system installed. If the vertical
antiseepage measures in the old landfill fail locally in the
study area, the maximum migration distances of the con-
taminant source are about 15.64m at 100 days, 53.88m
at 1000 days, and 113.89m at 20 years: the total areas con-
taminated on the plane are 66,814.36m2, 105,284.26m2,
and 85814.18m2. The range of contaminant diffusion is dem-
onstrated in Figure 9(c). Under the condition of antiseepage
measure failing, contaminants in groundwater diffuse widely
in a very short time; therefore, the integrity of the vertical
antiseepage wall should be checked regularly after the closure

of the study area. If the performance is found to be reduced,
the antiseepage system should be reinforced timeously.

4.3.4. Mercury. The initial concentration of mercury in the
leachate is 0.004mg/L in the landfill. From the plane, under
the normal working conditions, the maximum migration
distance of contaminants from the old landfill is about
2.09m after 20 years. The total area contaminated on the
plane is 55830.36m2, and the range of diffusion of contami-
nants is illustrated in Figure 10(a). The depth of influence of
contaminants on the profile is about 1.98m after 20 years
(Figure 10(b)). Due to the low initial concentration, the dis-
tance of contaminants migrating on both plane and profile is
small. Under the condition of low-permeability performance
of vertical antiseepage wall, the maximum migration dis-
tances of contaminants in the study area location are about
1.47m in 100 days, 4.06m in 1000 days, and 35.43m in
20 years; the total areas contaminated on the plane are
52,469.45m2, 58,843.31m2, and 85631.70m2. The scope of
contaminant diffusion is shown in Figure 10(c); when the
permeability of the antiseepage wall increases, the contami-
nant diffusion in groundwater increases rapidly, and the anti-
seepage treatment of the landfill should be strengthened.

4.3.5. Simulation of Contaminant Migration in the New
Waste Landfill. The main contaminant of the new landfill
is landfill leachate. There is a leachate collection pond next
to the landfill, and this is horizontally impermeable. The cal-
culated results show that the maximum migration distance
of contaminants is 10.85m after 20 years of project opera-
tion (Table 5), and the migration distance of contaminants
is small. In case of abnormal working conditions, such as
cracking of the antiseepage system of the treatment tank,
the waste water will leak. The worst case is that the waste
water will maintain the influent concentration and discharge
continuously and then pollute the groundwater. Under
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Figure 9: Ammonia nitrogen migration maps of the old waste landfill: (a) under normal conditions of seepage control, (b) under conditions
of seepage control failure, and (c) 20 years of profile migration under normal conditions.
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abnormal conditions, the migration characteristics of con-
taminants are listed in Table 5.

4.3.6. Ammonia Nitrogen. The initial concentration of
ammonia nitrogen in the leachate is 1000mg/L in the new
landfill. Under normal working conditions, the maximum
migration distance of the pollution source in the new landfill

is about 10.85m after 20 years, and the total area contami-
nated on the plane is 4762.93m2. The range of diffusion of
contaminants is shown in Figure 11(a). The impact depth
of contaminants on the profile after 20 years is about
2.94m (Figure 11(b)), and the migration distance of contam-
inants in the vertical direction is smaller. In case of an emer-
gency, the horizontal antiseepage of the new landfill is
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Figure 10: Mercury migration maps of the old waste landfill: (a) under normal conditions of seepage control, (b) under conditions of
seepage control failure, and (c) 20 years of profile migration under normal conditions.

Table 5: Characteristics of contaminant migration in the new landfill leachate pool.

Transport time (d) Contaminants Conditions of seepage control Maximum migration distance (m) Contamination range (m2)

100

Ammonia nitrogen
Normal conditions 0.98 2679.08

Seepage control failure 7.66 2494.59

Mercury
Normal conditions 0.26 2469.29

Seepage control failure 3.5 2433.40

1000

Ammonia nitrogen
Normal conditions 4.64 3330.36

Seepage control failure 79.4 3388.45

Mercury
Normal conditions 0.94 2632.68

Seepage control failure 5.8 2490.51

1825

Ammonia nitrogen
Normal conditions 5.49 3624.70

Seepage control failure 104.8 4162.88

Mercury
Normal conditions 1.02 2680.14

Seepage control failure 8.5 2562.82

3650

Ammonia nitrogen
Normal conditions 8.31 4158.72

Seepage control failure 161.7 5016.18

Mercury
Normal conditions 1.31 2712.98

Seepage control failure 12.1 2662.27

7300

Ammonia nitrogen
Normal conditions 10.85 4762.93

Seepage control failure 192.5 6216.45

Mercury
Normal conditions 1.45 2736.74

Seepage control failure 15.0 2758.13
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reduced. The maximum migration distances of the contam-
inant source at the project site are about 7.66m at 100 days,
79.4m at 1000 days, and 192.5m at 20 years; the total areas
polluted on the plane are 2494.59m2, 3388.45m2, and
6216.45m2. The scope of contaminant diffusion is displayed
in Figure 11(c). The depth of influence in the vertical direc-
tion after 100 days is about 2.95m. Under the condition of a

sudden accident, contaminants in groundwater diffuse over
a large range in a very short time, so regular monitoring of
groundwater should be strengthened.

4.3.7. Mercury. The initial concentration of mercury in the
leachate is 0.004mg/L in the new landfill. Under normal
working conditions, the maximum migration distance of
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Figure 11: Ammonia nitrogen migration maps of the new waste landfill: (a) under normal conditions of seepage control, (b) under
conditions of seepage control failure, and (c) 20 years of profile migration under normal conditions.
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Figure 12: Mercury migration maps of the new waste landfill: (a) under normal conditions of seepage control, (b) under conditions of
seepage control failure, and (c) 20 years of profile migration under normal conditions.
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the pollution source in the new landfill is about 1.45m after
20 years, and the total area contaminated on the plane is
2736.74m2. The range of diffusion of contaminants is shown
in Figure 12(a). After 20 years, the impact depth of contam-
inants on the profile is about 0.85m (Figure 12(b)). There-
fore, both on the plane and profile, the migration of
mercury is minimal. In case of an emergency, the maximum
migration distances of the contaminant source in the project
site are about 3.5m at 100 days, 5.8m at 1000 days, and
15.0m at 20 years. And the total areas contaminated on
the plane are 2433.40m2, 2490.51m2, and 2758.13m2

(Figure 12(c)).
The above analysis shows that the vertical seepage

interception measures around the landfill can control the
horizontal diffusion of harmful substances in the landfill
leachate; however, the retardation effect on the vertical diffu-
sion of contaminants is small. Under the condition of
reduced antiseepage performance, contaminants migrate
far in the horizontal direction and migrate to the bottom
of the aquifer in the vertical direction. The closure of the site
has improved the site conditions of the landfill during the
operation period and alleviated the problem of the migration
and diffusion of contaminants that may occur in the later
stage of the landfill.

5. Conclusion

Based on the investigation of the hydrogeological conditions
and the current situation of groundwater environment
around a municipal solid waste landfill in Lishui (Nanjing),
the hydrogeological parameters of the study area are deter-
mined by means of in situ borehole water injection tests,
permeability tests, and the inversion method. Combined
with the characteristics of landfill leachate, ammonia nitro-
gen and mercury are selected as simulation factors to predict
the spatiotemporal distribution characteristics of groundwa-
ter pollution, in the case of leakage from new and old landfill
sites after their closure. According to the predicted results, a
reasonable pollution prevention and control scheme is
proposed to protect regional groundwater resources. The
predictions suggest that under normal conditions, after
20 years, the maximum horizontal migration distances of
contaminants from the old landfill and the new landfill are
4.92m and 10.85m. The maximum vertical migration dis-
tance is about 10m. This result indicates that under normal
conditions, the contaminants from the old landfill have little
impact on the surrounding area, and the contaminants
mainly migrate vertically downwards. Under abnormal con-
ditions, when the vertical antiseepage wall of the old landfill
and the impermeable leachate pond of the new landfill fail,
the maximum migration distance of contaminants in the
horizontal direction of the old landfill is about 15.64m after
100 days, and the maximum migration distance is 113.89m
after 20 years. The maximum migration distance of contam-
inants in the horizontal direction of the new landfill is about
7.66m after 100 days, and the maximum migration distance
is 192.5m after 20 years. This shows that under abnormal
conditions, the migration of contaminants exerts a certain
influence on groundwater. Therefore, the unexpected condi-

tions should be managed timeously to avoid the expansion of
the range of impact of the contaminants.
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