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Rock cave land�ll has the characteristics of superior geological conditions and strong risk controllability. In this study, taking the
�rst rock cave type nontraditional solid waste land�ll in a uranium mine in China as an example, combined with the
hydrogeological conditions and engineering characteristics of the mining area, the solute transport model of underground water
in a rock cave type nontraditional solid waste land�ll was constructed, and the characteristic pollutants were identi�ed, and the
pollution migration law of total chromium in the impervious barrier with damaged holes was simulated and characterized. �e
results show that the leakage of pollutants will a�ect the groundwater environment when the impervious barrier of the land�ll is
damaged. �e pollution plume exceeding the standard is mainly concentrated in the groundwater aquifer within the land�ll area,
which is less likely to spread to the o�-site environment. �e vertical high concentration pollution plume is primarily distributed
in the land�ll layer. According to the characteristics of rock cave land�lls, it is suggested that hazardous solid waste should be
separated from surrounding rock. �e research results can provide technical guidance for groundwater environment prediction
and prevention measures for the same type of project.

1. Introduction

With the continuous advancement of urbanization and
industrialization, hazardous waste (HW) production in
China continues to overgrow. Industrial nontraditional solid
waste is the main source of HW formost cities and regions of
China [1, 2]. According to the annual report of environ-
mental statistics 2016–2019, the production and compre-
hensive utilization and disposal of industrial nontraditional
solid waste increased year by year, from 52.195 million tons
and 43.172 million tons in 2016 to 81.26 million tons and
75.393 million tons in 2019, up 55.7% and 74.6%, respec-
tively (National Statistical Bulletin on Ecological Environ-
ment of 2016–2019, 2020). Industrial nontraditional solid
waste has the characteristics of corrosivity, toxicity, �am-
mability, reactivity, and infectivity. It has a wide range of
sources and complex components [3–5]. HW has become a

critical environmental issue throughout the world [6–8].
Improper disposal of nontraditional solid waste will pose a
potential hazard to the atmospheric environment, soil en-
vironment, and water resources [9]. �e disposal technique
for nontraditional solid waste includes comprehensive uti-
lization, incineration, and safe land�ll, among which the safe
land�ll of nontraditional solid waste is the �nal disposal
method of hazardous waste [10].

At present, nontraditional solid waste land�lls in China
are generally disposed of with surface land�lls, and rock cave
nontraditional solid waste land�lls are the �rst in China.�e
rock cave type nontraditional solid waste land�ll site has
complete and hard surrounding rock as the external natural
barrier for nontraditional solid waste disposal. �e waste
disposal will be less a�ected by rainfall, temperature, and
humidity changes, which reduces the possibility of leachate
generation and is convenient for all-round monitoring and
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maintenance of the landfill chamber.*e environmental risk
of nontraditional solid waste landfills was mainly reflected in
the leakage of the impervious layer [11]. *e groundwater
pollution caused by the leakage of leachate caused by the
damage to the impermeable layer has become the primary
problem of environmental risk of nontraditional solid waste
landfills and its surrounding areas [12–14]. However, risk
assessment and characterization of groundwater contami-
nation due to rock cave landfills with the seepage of the
impervious layer in China have not been studied.

Numerical models are effective means to solve many
environmental problems. Models that predict groundwater
dynamics can calculate the migration path and concentra-
tion trend of pollutants in the environment by generalizing
hydrogeological and boundary conditions. Sathe and
Mahanta [15] applied MODFLOW to reveal the distribution
of arsenic in the aquifer. Tomiyama and others [16] used a
numerical model to elucidate the groundwater flow patterns
in the abandonedmine area. Huan and others [17] calculated
the groundwater nitrate pollution risk based on the mod-
eling method.

*e objective of this study was to characterize the
spatiotemporal trend of groundwater pollution arising from
the condition of damage and continuous leakage of the
impervious layer of the first rock cave type nontraditional
solid waste landfill of a uranium mine in China. *is study
provides a basis for the implementation of groundwater
environmental protection engineering measures in the
landfill site.

2. Research Areas

2.1. Nontraditional Solid Waste. *e rock cave type non-
traditional solid waste landfill of a uranium mine is filled
with HW18 (fly ash and incineration residue) according to
the National Catalogue of Hazardous Wastes (NCHWs,
hazardous waste list in China). *e landfill scale of the
underground landfill is 20000 tons per year of fly ash so-
lidified body and 20775 tons per year of incineration residue
solidified body. *e production service life is 11 years, of
which the first year is the capital construction period.

2.2. Physical Geography. *e research areas were located in
the low mountains and hills in Quzhou City, Zhejiang
Province. *e central location of the site is 28°50′40″ N and
118°58′36″ E. *e altitude of the research areas is 160m ∼
600m, and the terrain of this area is high in the south and low
in the north. *e terrain of this area fluctuates wildly and is
covered with well-developed plants. *is area belongs to a
subtropical monsoon climate with a humid climate and
abundant rainfall. *e annual average rainfall is 1763.7mm,
the annual evaporation is 986.5mm, the yearly average
temperature is 17.3°C, the maximum temperature is 40.5°C,
and the minimum temperature is -10.4°C.

2.3. e Landscape of Research Areas. To establish the
hydrogeological conceptual model for the research areas,
field investigation and exploratory drilling were used to

obtain the structural information about the aquifer. *e
hydrogeological information for the site is shown in
Figure 1.

*e strata in the site area are mainly Quaternary strata
and volcanic rocks and pyroclastic rocks of the Upper Ju-
rassic Moshanshi Formation. Quaternary strata are mainly
artificial fill and residual slope deposits with small thick-
nesses. Volcanic rocks and pyroclastic rocks are mainly
rhyolite and have a small amount of green layer. *e geo-
structure of the site is located at the junction of the Yangtze
Huaihe platform and the South China fold system. *e
regional structure is mainly NE trending faults, including
Jiangshan-Shaoxing deep fault and Datangdi fault. *e site
mainly develops NNE formation and NWW formation
faults (Figure 2), with a fault extension length of
280m∼ 2200m and a width of 1m∼ 20m. Breccia and
fracture zones are mostly developed in the fault and filled
with siliceous, fault gouge, or kaolin.

2.4. Hydrogeology. *e east and west boundary of the re-
search areas are Tongzikeng and Xiaoqiuyuan Rivers, re-
spectively, and the surface water flows from south to north.
Groundwater in the site can be divided into Quaternary pore
phreatic water, bedrock weathering fissure phreatic water,
bedrock fissure water, and structural fissure water. *e
Quaternary pore phreatic water is the pore water of alluvium
and eluvium and the pore water of diluvium.*e pore water
of alluvium and eluvium is mainly distributed in bands along
the Xiaoqiuyuan River. *e pore water of diluvium is widely
distributed in and around the site, and the thickness of
diluvium is 0.5m–5.0m.

Bedrock weathered fissure phreatic water mainly occurs
in strongly weathered bedrock, exposed at the foot of the
mountain, low-lying places, and scarps. It is often mixed
with pore phreatic water of Quaternary eluvium and dilu-
vium to form a phreatic aquifer with a unified groundwater
level. *e slightly (non)weathered bedrock is a good im-
permeable layer.

Bedrock fissure water is mainly distributed in the
structural fracture zone or joint fissure dense zone of rock
mass caused by multiple tectonic movements, with uneven
water distribution and flow of 0.05 L/s ∼ 0.62 L/s. Structural
fissure water occurs in the structural fissure water-bearing
zone. *e main structural fissure water-bearing zones in the
site are F1, F4, F6, Bailey, and Dachayuan fault-bearing
zones, mostly water-blocking faults.

Atmospheric precipitation is the main recharge source of
phreatic water in the site area.*e phreatic water runoff path
is short and has the characteristics of local recharge and
discharge. *e groundwater flows follow the nature of the
terrain to the bottom of the valley and are mainly exposed to
the surface in descending springs.

3. Methodology

3.1.HydrogeologicalConceptualModel. Based on the regional
hydrogeological conditions in the landfill site and the distri-
bution of sensitive areas, the simulation range is determined as
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follows: the west is bounded by Xiaoqiuyuan River, the east is
bounded by Tongzikeng stream, and the north and south are
arti�cially delineated. �e north range is about 300m away
from the center of the F1 fault, and the south range is about
310m away from the Shuiduikeng fault. �e total area of the
simulation area is about 2.4 km2, which constitutes a relatively
complete hydrogeological unit (Figure 2).

According to the information collected from exploratory
boreholes and �eld investigation, the Quaternary eluvium
and diluvium are mainly distributed on the two wings of
ridge and hillside, with small thickness. Volcanic rocks and
pyroclastic rocks are mostly strongly weathered, moderately
weathered, and slightly (non)weathered rhyolites. As the
rock cave land�ll is underground, the design elevation of the
land�ll area is 170m ∼ 185m, and the design elevation is
mainly slightly (non)weathered rhyolite. �erefore, to better
study the vertical variation of leachate concentration of
nontraditional solid waste, the structure stratum can be
vertically divided into three layers. �e �rst layer is from the
quaternary system to the top plate of the land�ll area (185m
elevation), the second layer is the location of the land�ll
layer, 170m∼ 185m, and the third layer is from the bottom
plate of the land�ll layer to 110m elevations.

�e groundwater in the aquifers is conceptualized to be
unsteady three dimensional. �e aquifers are considered
heterogeneous and anisotropic.

�e study area is hilly, and the terrain is generally high in
the south and low in the north. �e groundwater �ow di-
rection is consistent with the terrain.�erefore, the southern
boundary of the study area is generalized as the second type
of constant �ow supply boundary, the northern boundary is
generalized as the second type of constant �ow discharge
boundary, and the east and west sides are generalized as the
common head boundary. Moreover, the upper boundary is
the precipitation supply and evaporation discharge
boundary of water, and the lower boundary takes the
bedrock as the bottom relative water barrier boundary.

3.2. Boundary Conditions and Pollution Source Settings.
Boundary conditions re�ect the water and material exchange
process and intensity between the model and external system,
and reasonable boundary conditions ensure a true re�ection
of the physical model [18]. �e boundary of the model is
characterized by local topography and adjacent water bodies.
�erefore, the boundary settings were as follows. As the
terrain is generally high in the south and low in the north, the
south side of the simulation area was set as the second type of
constant �ow supply boundary. �e north side was the
discharge boundary of the simulation area. �e east and west
river are generalized as the common head boundary. �e
precipitation supply and evaporation discharge boundary is
the upper boundary, and the lower boundary takes the
bedrock as the bottom relative water barrier boundary. �e
model domain (including the boundary conditions and po-
sitions of the observation wells) is shown in Figure 2.

�e land�ll site comprises a land�ll chamber, land�ll
roadway, development and transportation roadway, leachate
collection tank, groundwater, and an excavation water in�ow
storage tank, which are successively divided into zone
1∼ zone 5 (Figure 2). According to the “Standard for pol-
lution control on the hazardous waste land�ll” [19], the
land�ll adopts a rigid antiseepage structure composed of
reinforced concrete shell and �exible arti�cial lining. From
bottom to top, it is rock base, antiseepage reinforced concrete,
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concrete slope making layer, observation layer, composite
geonet, protective layer geotextile, HDPE antiseepage layer,
protective layer geotextile, leachate diversion layer pebble, etc.
*e intact impervious membrane can play a good role in
preventing the pollutants in the leachate. However, in the
process of nontraditional solid waste disposal and the op-
eration conditions of the landfill, the impervious layer will
inevitably be damaged by puncture, tension crack, and aging,
resulting in round hole type and crack type damage. *e
waterproof effect of the damaged impervious structure on the
pollutants will be significantly weakened, which is prone to
groundwater pollution risk [20].

According to the investigation results of landfill vul-
nerability density in China and relevant cases [21], it is
determined that the vulnerability density of the impervious
layer is 30 holes per 4047 m2, and each hole is a circular hole
with a diameter of 10 cm. *e leachate flows into the
groundwater through the damaged hole is calculated with

Q � K∗ J∗A, (1)

where Q is the seepage flow at the damaged hole in unit time
(m3/d); K represents the values of hydraulic conductivity of
geotextile (m/d); A is the leakage area of the hole(m2); J is the
vertical upward hydraulic gradient.

*e hydraulic conductivity of geotextile is
1× 10−4∼10−3 cm/s. To estimate the extreme conditions, the
hydraulic conductivity is defined as 1×10−3 cm/s, J� 1.0. *e
leakage area is calculated according to the hole with a

diameter of 10 cm, and the single hole leachate flow is Q
single hole� 0.0067m3/d. According to the area of the
landfill chamber and landfill roadway in each landfill area,
the area where the impervious layer may be damaged is
estimated. *e leachate flow in each area is as follows: Q
Zone 1� 0.16m3/d, Q Zone 2� 0.62m3/d, zone Q Zone
3�1.53m3/d,Q Zone 4� 3.21m3/d, andQ Zone 5�1.37m3/
d, which are added into the model in the form of the point
source.

*e solid waste in the landfill site is enriched with Cr6+,
Total Cr, Hg, Cd, As, Pb, Ni, and other heavymetal elements.
*e identification of prediction factors is shown in Table 1.
Control limits for entering landfill areas are taken from
“Standard for pollution control on the hazardous waste
landfill”

3.3. Mathematical Model of Flow and Mass Transport. A
commercial professional software developed by Canadian
Waterloo Hydrogeologic Inc—Visual MODFLOW—was
used in this study to estimate groundwater pollution
transportation. *e software establishes the groundwater
flow model by using the application module for three-di-
mensional finite-difference numerical simulation [23, 24].
According to the above hydrogeological conceptual model,
the groundwater seepage mathematical model in the study
area is established in
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where H0 is the initial head (m); H is the underground water
level elevation (m); K represents the values of hydraulic
conductivity (m/d); µ is specific yield;M is the aquifer thickness
(m); x, y, and z are the coordinate variables (m); W is vertical
water exchange intensity (m3/d·m2); q is the unit width seepage
flow on the second type of boundary (m2/d); n is normal
direction outside the second type of boundary; Γ2 is the second
type of boundary; and O is the range of calculation area.

Based on the MT3DMS solute transport module, the
pollutant transport law of the characteristic pollutant was
simulated and predicted under the condition of continuous
leakage. In this study, the adsorption and chemical reaction
terms are not considered. Only the convection dispersion
effect is considered, and the pollutant transport simulation is
carried out based on the groundwater flow numerical model.
*e solute transport equation used in this simulation is
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where n is the medium porosity; C is the mass fraction of
component (mg·L−1); t is the time; Dij is the hydrodynamic
dispersion coeªcient tensor (m2·d−1); Vi is the groundwater
seepage velocity tensor (m·d−1); O is the calculation area; C0
is the initial mass fraction distribution (mg·L−1); qs is the
volume �ow of source and sink of unit volume aquifer; Cs is
the mass fraction of components in source and sink water
(mg·L−1).

3.4. Model Construction and Calibration. Rectangular grids
of 5m× 5m were used to subdivide the modelled area. �e
whole simulation area is divided into 324 rows along the
north-south direction and 364 columns along the east-west
direction. �ere are 97455 e�ective cells, representing the
actual area of 2.4 km2. Vertically, the whole simulation area
is divided into three layers, and the calculation area is di-
vided into 292365 active units in space. Figure 3 shows the
vertical section of the grid. �e 1 : 2000 topographic map in
the study area is digitised to form elevation data. After el-
evation points are extracted, and abnormal points are
eliminated, the original elevation data of the simulation area
are obtained. On this basis, the Kriging spatial interpolation
method is further used to generate the digital elevation
model [25], which meets the accuracy requirements of
establishing the groundwater �ow numerical model
(Figure 4).

�e main factors controlling the accuracy of the model
predictions were hydrogeological parameters and solute
transport parameters, which were obtained by in situ
hydrogeological experiments and similar lithology investi-
gation data. �e values of various parameters for the rea-
sonable-�t model are shown in Table 2, including the values
of hydraulic conductivities (K) and the water yield of each
layer.

�e model was calibrated to enhance simulation reli-
ability. A manual trial-and-error calibration method was
used to achieve the calibration. �e predicted output �ow
�eld was compared with the measured water level data to

verify the rationality of the model [26–28]. �e smaller the
value of the standard error of the estimate, the closer the
model predictions were to the actual observation values, and
the higher the model accuracy. Seven hydrogeological
boreholes in the area are used for identi�cation and cor-
rection. �e results are shown in Figure 5. Figure 6 shows
that the correlation coeªcient of water level �tting is 0.998,
proving that the �tting e�ect is good. After the model
identi�cation, the initial groundwater �ow �eld in the study
area is obtained, as shown in Figure 7.

4. Results and Discussion

According to the design life of the land�ll, the characteristic
pollutant transport of the land�ll in 20 years is simulated.
Figure 8 and Figure 9 show the migration and di�usion of
total chromium in the land�ll’s groundwater after the �rst,
�fth, tenth, and twentieth years. Table 3 lists the simulation
results of pollution plume migration distance and pollution
area of total chromium at the above time points.

After the �rst year, �ve years, ten years, and twenty years,
the predicted maximum concentration of total chromium
was 0.2mg/l, 0.45mg/l, 0.6mg/l, and 0.8mg/l, respectively,
under the condition of continuous leakage of pollutants, and
no prevention measures were taken, exceeding the re-
quirements of class III standard limit in groundwater quality
standard. �e maximum concentration was mainly dis-
tributed in the land�ll site. On the plane, the pollution plume
moves along the �ow direction of groundwater as a whole.
After the �rst year, the pollution plume in each land�ll area
is basically centered on the point source, and the di�usion
area is small. From the 5th year to the 20th year, the pol-
lution plume takes the point source as the center, the
horizontal migration distance increases, and the area of the
pollution plume increases. After 20 years, the pollution
plume of the land�lls in zone 3, zone 4, and zone 5 passes
through the Dachayuan fault and Xishansi fault in the site,
and other faults are less a�ected by pollution. After 20 years

Table 1: Predictor identi�cation.

Item Cr6+ Total Cr Hg Cd As Pb Ni
Control limit for entering land�ll area (mg/L) 6 15 0.12 0.6 2 1.2 2
Class III standard 0.05 0.05 0.001 0.005 0.01 0.01 0.02
Standard index 120 300 120 120 200 120 100

5+5730
110

180

240

300

360

420

480

577
540

5+6000 5+6300 5+6600 5+6900 5+7200 5+7550

Figure 3: Vertical section of the grid.
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of continuous leakage, the areas of groundwater quality
exceeding the standard in each land�ll area are 0.03m2,
0.07m2, 0.16m2, 0.27m2, and 0.18m2, respectively, and the
maximum migration distances from the pollution plume
center are 158.48m, 180.82m, 253.57m, 396.20m, and
419.97m. During the simulation period, the excessive range
of total chromium pollution plume ismainly concentrated in
the underground aquifer within the land�ll area, the ex-
cessive range does not migrate to the surface water, and the
leachate has little impact on the groundwater environment
around the site.

Vertically, no top waterproof layer is set for nontradi-
tional solid waste in the model, and the leachate is in direct
contact with the top and sidewalls of the surrounding rock.
Due to convection and dispersion, the damage to the

impervious layer will cause pollutants to have a speci�c
impact on the upper and lower aquifers of the land�ll layer.
Due to the small permeability coeªcient of the surrounding
rock, the pollutant concentration in the upper and lower
aquifers of the land�ll layer is low, and the high concen-
tration pollution plume is still mainly distributed in the
land�ll layer.
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Table 2: Hydrogeological parameters of the validated groundwater �ow model.

Number Lithology Kxx/(m/d） Kyy/(m/d） Kzz/(m/d） μ
1 Quaternary 0.2∼1 0.2∼1 0.2∼1 0.2
2 Strongly weathered bedrock 0.1∼0.2 0.1∼0.2 0.1∼0.2 0.1
3 Moderate weathered bedrock 0.02 0.02 0.02 0.05
4 Slightly nonweathered bedrock 0.002∼0.02 0.002∼0.02 0.002∼0.02 0.05
5 Fault 0.0055∼0.012 0.0055∼0.012 0.0055∼0.012 0.05
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5. Conclusions and Recommendations

*is paper establishes a hydrogeological numerical model
for the first cave type nontraditional solid waste landfill in a
uranium mine in China, revealing the risk of groundwater
pollution under continuous leachate leakage. *e results
justify the following conclusions.

In the case of continuous leakage of hole pollutant
leachate in the impervious layer and no prevention measures
are taken, the diffusion range of total chromium pollution
gradually expands with time in the simulation period. Due to
the slight leakage of pollutants and the small permeability
coefficient of the aquifer, combined with the project layout
scheme, the excessive range of pollution plume is mainly
concentrated in the underground aquifer within the landfill
area, the migration distance is short, and the possibility of
diffusion to the off-site environment is slight. *erefore, it
has little impact on the groundwater environment around
the site. Vertically, the high concentration pollution plume is
mainly distributed in the landfill layer and has little effect on
the upper and lower aquifers of the landfill layer.

During the construction and landfill of the nontradi-
tional solid waste landfill, the construction and landfill shall

be carried out in strict accordance with relevant standards
and guidelines to ensure the integrity of the impervious layer
and reduce the risk of groundwater pollution caused by the
damage of the impermeable layer. *e rock cave type
nontraditional solid waste landfill is still the first case in
China. *is study proves that it is feasible to use the rock
cave type to safely landfill industrial hazardous waste, which
has a particular reference significance for the implementa-
tion of similar projects in the future.

According to the characteristics of the rock cave type
nontraditional solid waste landfill, to reduce the possibility
of the impact of pollutants on the groundwater environ-
ment, it is recommended to set up space isolation between
the solid waste and the chamber wall, such as HDPE wa-
terproof layer on the top and a particular gap between the
protective pool and the chamber wall. *e patrol inspection
and leachate monitoring of the landfill site are strengthened
during the landfill and operation period. [29].

Data Availability

Data are available from the corresponding author upon
request.

(a) (b)

(c) (d)

Figure 9: Total chromium pollution plume profile in the study area.

Table 3: Prediction results of total chromium pollution plume in groundwater.

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Maximum
horizontal
migration

distance (m)

Polluted
area (m2)

Maximum
horizontal
migration

distance (m)

Polluted
area (m2)

Maximum
horizontal
migration

distance (m)

Polluted
area (m2)

Maximum
horizontal
migration

distance (m)

Polluted
area (m2)

Maximum
horizontal
migration

distance (m)

Polluted
area (m2)

1 year 0.00 0.00 158.33 0.01 200.00 0.07 366.67 0.10 166.67 0.04
5 year 95.42 0.02 130.17 0.04 213.33 0.12 395.00 0.22 387.50 0.13
10 year 120.50 0.03 137.67 0.065 222.50 0.13 404.17 0.22 416.67 0.14
20 year 158.48 0.03 180.82 0.07 253.57 0.16 396.20 0.27 419.97 0.18
Note. *e maximum horizontal migration distance is the maximum horizontal distance from the center of the pollution plume [19]. Taking the maximum
value of the standard index, the prediction factor of this simulation is total Cr. According to the landfill scheme, the aquifer with an elevation of 170m ∼ 185m
is set as the polluted layer. *e concentration of leakage pollutants is 15mg/L. *e final migration boundary concentration of pollutants refers to the class III
standard limit in the “Standard for groundwater quality” [22].
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