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Abstract: Threats from landfill leachate leakage to groundwater quality in remote areas is a major
concern globally. Buffering distance (BFD) maintained between landfill site and groundwater supply
wells is important to prevent drinking water from contamination of hazardous pollutant. Ignoring
the leakage increase in the end of landfill life leads to an underestimate of BFD demand, posing
potential threat to drinking safety. This paper constructs a framework for BFD prediction with the
consideration of landfill performance degradation by coupling landfill performance evaluation model
with the aging and defect evolution model of landfill engineering materials, and carries out model
application and verification in a coastal hazardous waste landfill. The results show that during
the life cycle of a landfill, its BFD experienced a 1.5-time increase from the start of its operation
to its life end and reached 3000 m. Under the condition of landfill performance degradation, the
BFDs required to attenuate heavy metals experience more increase than those of organic pollutants;
BFD required for zinc (Zn), for example, increases 720 m over the no-degradation condition, while
2,4-dichlorophenol(2,4-D) increases by only 288 m. Considering the uncertainty sourced from model
parameter and structure, the BFD should be more than 4050 m to ensure long-term safe drinking
under unfavorable conditions such as large amount of leachate, weak degradation and fast diffusion
of pollutant in vadose and aquifer. If the BFD cannot meet the demand at the end of the landfill life,
the leaching behavior of solid waste can be controlled to reduce it depending on BFD. For example,
when the leaching concentration of Cd in the waste is reduced from 0.6 mg/L to 0.17 mg/L, the
buffering distance is be reduced from 3000 m to 500 m.

Keywords: degradation; buffer distance; hazardous waste; sensitive water sources

1. Introduction

Landfill is the main destination of solid waste management meanwhile the secondary
pollution such as groundwater contamination caused by it has attracted global attention
in recent years [1,2]. Leachate produced in landfill contains a variety of constituents with
high toxicity, e.g., persistent organic pollutants (POPs), heavy metals and ammonia [3,4].
Groundwater once contaminated by leachate will not only cause a series of ecological
and environmental problems such as water eutrophication and soil salinization, but also
may produce a variety of adverse effects on body health. For example, heavy metals in
the leachate increase the risk of cancer and infant death, and induce children’s motor and
cognitive dysfunction [5,6]. Nitrates commonly detected in landfills may increase the risk of
“blue babies” [7,8], spontaneous abortion in pregnant women, and other diseases. Indeed,
modern engineering landfills are designed and constructed to minimize leachate emission.
However, leachate leakage accidents always occur due to the primary or secondary damage
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of engineering barrier during landfill construction and operation. It is estimated that the
defect of HDPE geomembrane in China’s landfills is approximately 17 per hectare [9], and
that of the United States and Italy has reached 34 and 15, respectively [10,11].

Leachate’s high toxicity and its possible emission highlight the significance of BFD.
BFD refers to a zone with a certain width reserved between the landfill site and the water
supplying source [12]. Porous mediums in vadose zone and aquifer are natural filter and
adsorbent materials [13]. Therefore, with BFD, if reasonably determined and maintained,
the toxic substances entering groundwater will be effectively removed in the case of leachate
leakage, through the filtering, adsorption, and dilution of the vadose zone and aquifer
media [14,15]. As a result, the adverse impacts of unpredicted leachate leakage on sensitive
water sources around the landfill will be effectively reduced.

The BFD required between the landfill and the surrounding water supply source has
been extensively studied. In some countries and regions, BFD requirements are set out
in the form of laws and regulations. For example, China’s mandatory standard states
that the BFD should be reasonably determined based on the actual environmental impact
(GB18598-2019). Standards and regulations in British Columbia, Canada are more explicit,
requiring that landfills should be located at least 300 m from the nearest residential areas
and other public facilities [16].

To support the scientific setting of BFD, Xu et al. [17] analysed the scientific context of
BFD setting between hazardous waste landfills (HWL) and downstream sensitive water
sources, presenting for the first time a framework for BFD calculations and accompanying
models for contextual analysis, and demonstrating and validating them. On this basis, the
BFD of landfills has been widely and thoroughly discussed. For example, Xiang et al. [18]
predicted BFD for the purpose of protection against microorganisms and harmful bacteria
by considering the differences between municipal solid waste landfill (MSWL) landfills and
HWL characteristic pollutants; JI and Zhang Luyu et al. [19] studied the BFD requirements
for waterfront and arid zone landfills, respectively, by considering the differences in climatic
and hydrological address conditions in different regions. In addition to considering the
effects of different factors on BFD, some scholars have combined optimization algorithms such
as multi-objective genetic algorithms or GIS techniques to design landfill buffers [20–22]. In
addition, the above methods have been used for BFDs in waste treatment facilities similar
to landfills (small wastewater treatment plants) [23].

Previous studies on BFD calculation always assume that leachate leakage is stable dur-
ing the whole life cycle of landfill. However, recent studies revealed that under the complex
stress and strain environment, landfill engineering materials gradually age, leading to the
significant increase in leachate leakage and its impact on groundwater in the end of landfill
life. For example, ultraviolet radiation, abnormally high or low temperatures, chemical
corrosion and creep, and antioxidant depletion cause the decline in the mechanical and
hydraulic properties of HDPE GM [24]. Pipe failure or drainage medium clogging cause
the decline in the landfill drainage performance, leading to the accumulation of leachate
and induce a high leachate saturated level [25]. Therefore, with the long-term aging of
engineering materials, a greater BFD may be required to ensure the safety of surrounding
water sources. Obviously, the BFD calculated without considering the change in leachate
release is optimistic and may not implement effective buffer in the whole life cycle of
the landfill. Considering the large number and worldwide distribution of landfills, this
misestimation will lead to groundwater pollution by a large range of landfills, especially
for some scattered groundwater sources in underdeveloped areas and remote villages in
developing countries [26].

In order to make up for the above deficiencies, this study plans to construct an
improved BFD calculation framework, which is coupled with the prediction model of the
performance degradation of the main functional units of the landfill, the water balance
model of the landfill and the migration and transformation model after leachate leakage, in
order to effectively predict the BFD demand under the conditions of the aging of the landfill
engineering materials and the increase of long-term leakage. In addition, considering
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that the hydraulic gradient of the aquifer in the coastal area is relatively large, and the
adsorption capacity of the vadose zone is relatively weak, which may be a site type with
higher BFD requirements, a coastal hazardous waste landfill site is selected to carry out
model application and validation research, with the purpose of revealing the differences
in the BFD demand at different stages of the landfill under representative conditions
and analyzing the uncertainty of the BFD demand under long-term aging conditions. In
addition, this study also attempts to propose response strategies to deal with the unrealistic
situation that the BFD demand of some end-of-life landfills is too large.

2. Models and Methods

As mentioned above, BFD refers to the distance that the landfill site needs to maintain
to the nearest sensitive water source in the direction of the regional water flow gradient
to guarantee the safety of the water source under the conditions of leachate leakage [27].
Therefore, the key to the prediction of BFD is to determine the safe water use limit for
different pollutants and to measure the attenuation of pollutant concentrations along the
gradient direction of groundwater with distance [28]. In view of the latter, Xu et al. [17]
developed a prediction method for groundwater pollution and distribution under the
condition of steady seepage of leachates, without considering the aging and defect evolution
of engineering materials. The key questions to be solved in this study include the following:
How to predict the aging and defect evolution of engineering materials under the use
environment of landfills, and then what dynamic changes will occur in the leachate? How
to couple the dynamic change source term with the groundwater migration and diffusion
differential equation to obtain the attenuation and dilution process of pollutants?

2.1. Water Quality Criteria for Safe Drinking

A number of countries have formulated drinking water quality standards and have
proposed different control requirements for the concentrations of various pollutants that
may exist in water, primarily for organic and inorganic substances and heavy metals [29].
However, with the development of urbanization, landfill leachates contain diverse types
of pollutants, and the existing standards may not cover all pollutants [30]. Therefore,
the method of determining the limit value of pollutants in safe water based on risks
recommended by the World Health Organization has been promoted (WHO, 2011). This
method combines the habits, physical characteristics of the exposed population and the
toxicity of the target pollutants [31], and it can be used to determine the limits of safe water
use indicators for new pollutants or other water quality standards that do not cover toxic
and harmful pollutants.

To summarize, the limit concentration of safe water quality in this study was based on
the following two points: for toxic and harmful pollutants in leachates, if they belonged to
the control index specified in the Groundwater Quality Standard (GB/T 14848-2017) [32],
the limit value specified in the standard was used; if the pollutant did not belong to the
control indicators specified in this standard, the risk assessment method recommended by
World Health Organization (WHO, 2011) was used to determine the safe water limit. The
risk assessment considers the carcinogenic and noncarcinogenic risk of drinking groundwa-
ter polluted by leachates. Some pollutants pose only one of the risks, and some pose both
risks. For specific pollutants, the noncarcinogenic risk (HQcgw) of drinking groundwater
containing noncarcinogenic hazardous pollutants can be calculated as follows [17]:

HQcgw =
CGWERnc × Cgw

RfD0 × WAF
. (1)

The definitions of the parameters in Formula (1) are presented in Table 1. CGWERnc
can be calculated as follows:

CGWERnc =
GWCRa × EFa × EDa

BWa × ATnc
. (2)
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Table 1. Parameters involved in concentration limit calculation and aging module.

Symbol Parameter Definition Unit

Parameters involved
in concentration
limit calculation

Cgw the contaminant concentration in groundwater mg/L
RfD0 the reference oral intake dose mg/(kg·d)

WAF the reference dose distribution proportion
exposed to groundwater -

CGWERnc
groundwater exposure corresponding to drinking

the affected groundwater (non-carcinogenic effects) L/(kg·d)

GWCRa the daily drinking volume of adults L/d
EFa the adult exposure frequency d/a
EDa the adult exposure period a
BWa the adult human body mass kg
ATnc the average time of non-carcinogenic effect d
CR the carcinogenic risk of drinking groundwater -
SF the cancer slope factor of the target pollutant mg/(kg·d)

CGWERca
groundwater exposure corresponding to drinking

the affected groundwater (carcinogenic effects) L/(kg·d)

Parameters involved
in aging module

Kgm(t) the permeability coefficient of HDPE
membrane at moment t cm/s

N(t) the number of defects per hectare in year t Defects/Hectare
N0 the number of defects per hectare in the first year Defects/Hectare

Kd(t) the hydraulic conductivity of the drainage
layer at the moment t cm/s

Kd0
the hydraulic conductivity of the drainage layer at

the initial moment cm/s

wastes the hydraulic conductivity of waste cm/s

The definitions of the parameters in Formula (2) are presented in Table 1.
The carcinogenic risk of pollutants can be calculated as follows [17]:{

CR = CGWERca × Cgw × SF, CR ≤ 0.01
CR = 1 − exp

(
−CGWERca × Cgw × SF

)
, CR > 0.01

. (3)

The definitions of the parameters in Formula (3) are presented in Table 1.
In general, when HQcgw < 1 or CR < 10−6, the health risk is acceptable. Therefore, let

HQcgw = 1 (or CR = 10−6) and apply this to Formulas (1) and (2) or Formulas (1) and (3) to
obtain the limit concentration (CL) of specific pollutants in the water body.

2.2. Leachate Emission and Mitigation in Subsurface Media under Landfill Performance Degradation

To explain the long-term characteristics of leachate generation and leakage and their
effects on groundwater and human health, three models were employed [33]: (i) the
HELP model for portraying the amount of leachate generation and leakage from landfills,
(ii) the EPACMTP model for simulating the migration and diffusion of contaminants in
unsaturated zones and saturated groundwater, and (iii) an aging and defect evolution
model for describing the aging process of HWLs, including the leachate collection and
drainage system (LCDS), the capping system (CS), and the liner system (LS) [12].

2.2.1. HELP Model

The landfill leachate generation and leakage processes were simulated using the HELP
model, a landfill hydrologic characterization model developed by the USGS for the US
Environmental Protection Agency. The model integrates several sub-models to characterize
the surface and subsurface hydrologic processes at the landfill, including the conversion of
rainfall from the surface to runoff, the subsurface lateral drainage, and leakage through clay,
geomembranes, and composite liners [34]. These submodule calculations fully consider the
landfill structure, climatic and meteorological conditions, and material characteristics of the
landfill cover soil, waste units, the lateral drainage layer, clay barrier layers, and artificial
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geomembrane liners [35]. In addition, the model integrates a meteorological data generator
that automatically predicts landfill infiltration based on temperature, solar radiation, and
rainfall data from more than 3000 sites worldwide [34].

The main input parameters of the HELP model include geographic coordinates of
the study area (representative meteorological stations are selected according to the coordi-
nates), surface parameters (e.g., slope, slope length, and vegetation type), and structural
and material parameters of the capping and liner system (drainage blanket conductivity
and drainage volume, the HDPE membrane infiltration coefficient, and the number of
defects) [34]. The model outputs include time series values of precipitation, evapotranspi-
ration, cap infiltration, drainage, and leakage. In this study, the HELP model was used to
calculate and obtain the amount of leachate generation and leakage as the input data of the
EPACMTP model.

2.2.2. Aging and Defect Evolution Model for HWL Engineering Materials

The HELP model for landfill hydrological characterization fails to consider the effect
of aging of the main functional units on leachate generation and leakage. Therefore, this
study introduced a series of models to describe the aging processes of the landfill liner,
capping, and leachate collection and diversion system units. Then, the values of the
HDPE geomembrane permeability coefficient, the number of defects, and permeability
coefficient due to drainage layer blockage calculated by the aging model were taken
as the input parameters of the HELP model to predict the long-term source intensity
changes of leachate generation and seepage affected by aging of engineering materials [36].
Geomembrane materials used in landfill leachate generation and leakage control are subject
to chemical oxidation via the leachate, solar radiation, and stress, and the physicochemical
properties may degrade, resulting in increased permeability coefficients or mechanical
property degradation and breakage. In addition, the drainage media in leachate drainage
systems are susceptible to various biological, physical, and chemical effects that can easily
produce various substances that block the pores in the drainage media, thereby degrading
the drainage performance. For HDPE membranes and drainage media with potential
performance degradation, the following models were used to express the changes in
performance parameters due to their degradation [37].

The change in permeability coefficient due to aging of HDPE geomembranes in sealed
field cover and leachate conductive drainage system can be expressed as follows:

Kgm(t) = 1.33 × 10−10 × (t − 250). (4)

The definitions of the parameters in Formula (4) are presented in Table 1.
The number of defects caused by aging of HDPE with time is provided by

N(t) = N(logN0 2+1)0.004(t−100)

0 . (5)

The definitions of the parameters in Formula (5) are presented in Table 1.
The variation of the permeability coefficient with time due to the blockage of the

drainage medium in the leachate drainage system can be expressed as follows:

Kd(t) =


e−0.0375t × Kd0 (Kd ≥ Kwaste)

Kwaste (Kd = Kwaste)
. (6)

The definitions of the parameters in Formula (6) are presented in Table 1.

2.2.3. Simulation of the Leachate Migration Transformation Process

The migration dispersion of leachate and its contaminant components in the vadose
and groundwater after seepage was simulated using the EPACMTP model. EPACMTP
is a contamination transport model developed and recommended by the US EPA for the
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release of waste components in landfills and the ongoing effects of these components on
the subsurface environment [33].

EPACMTP consists of a source strength model, a vadose zone, and a saturated zone
submodel to simulate the release and concentration dispersion processes of contaminant
components of leachates in the vadose zone and aquifer. The source intensity model is
used to predict the changes in pollutant concentrations in leachates under the effect of
rainfall [38]. The seepage zone and groundwater model are used to calculate the migration
and dispersion of leachates and contaminants in the seepage zone and groundwater for a
given level of leakage (calculated by the HELP model) and contaminant concentration in
the leachate (calculated by the source intensity module of EPACMTP based on the leachate
generation intensity calculated by the HELP model).

The input parameters of EPACMTP include source strength parameters (initial leachate
concentration, pile infiltration intensity, waste solid–liquid ratio, and leaching time), seep-
age zone parameters (seepage zone thickness and permeability coefficient, seepage dura-
tion, vertical dynamic dispersion coefficient, pore water flow rate), and aquifer parameters
(aquifer thickness and permeability coefficient, lateral distance, monitoring time, dispersion
coefficient, groundwater flow rate, and contamination (initial concentration of contaminant
components)). Based on the above parameters, the EPACMTP can calculate the groundwa-
ter contamination concentration at any location and time of interest by analytical solution
or via finite difference numerical solution [39]. Moreover, by integrating a Monte Carlo
uncertainty analysis module, the effect of uncertainty in the model input parameters on the
simulation results can be investigated.

2.2.4. Articulation and Parameter Transfer of the Aging-HELP-EPACMTP Model

The interface and parameter transfer between HELP, the material aging model, and
the EPACMTP model are shown in Figure 1, Part A. First, the time series values of the
number of defects and the permeability coefficient of conductive drainage media used for
the HDPE geomembrane were predicted by the material aging model [40]. Then, these
parameter values were input to the HELP model, and the amount of leachate generation
and leakage was calculated by combining the meteorological data, surface parameters, and
parameters of cover and liner materials in the study area. Then, the leachate concentration
was calculated: the solid-to-liquid ratio of the waste, the initial concentration of leachate,
and the leaching time were input to the attenuation source model of EPACMTP, which was
used to calculate the variation of pollutant concentrations in the source intensity over time.
Finally, the pollutant concentration and leachate leakage in the source intensity were input
to the subsurface media model of EPACMTP that was then used to simulate the migration
transformation of pollutants in the vadose and groundwater and to obtain the pollutant
concentration in groundwater at any location and time of interest [12].

2.3. Calculation of BFD under Long-Term Aging Conditions

The complete framework and detailed process of BFD calculation are shown in Figure 1,
Parts A and B: 1© Part B: Calculation of the limit concentrations of contaminant compo-
nents for safe water use; this combines the dose effect equation (Equations (1) and (2), or
Equations (1) and (3)) and acceptable groundwater risk values for human health to derive
the limiting concentrations of specific contaminants in the aquifer. 2© Part A: Model cou-
pling: The aging module calculation results are input to the HELP model, and follow the
procedure described in Section 2.2.4. The aging-HELP-EPACMTP model coupling is per-
formed to calculate the concentrations of contaminants in groundwater at any location and
time of concern. 3© Ratio calculation: the concentrations of contaminants in groundwater
at the location and time of concern are compared with the water quality index limits of
contaminants in groundwater obtained in Step 1© to determine the BFD under the influence
of the aging of engineering materials.
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aging conditions.

In addition, a Monte Carlo framework was used to quantify the uncertainties of the
model parameters and their effects on the BFD simulation results. The main uncertain
parameters are the thickness and permeability coefficient of the seepage zone, the thickness
and permeability coefficient of the aquifer, and the infiltration volume during the operation
period. The EPACMTP model was solved by extracting random input variables from the
distribution function. Each simulation was iterated 2200 times according to the Monte
Carlo framework.

3. Case Studies
3.1. Site Description

A hazardous waste landfill site was selected in one of the eastern coastal provinces of
China (see Figure 2). The landfill site is adjacent to the Yellow Sea, the largest marginal sea
in the western Pacific Ocean, which has a close hydraulic connection with groundwater
and whose recharge–runoff relationship varies according to tidal conditions. The landfill
site covers an area of 3.0 × 104 m2 and consists of two 150 m × 100 m areas. Due to the
close hydraulic connection between groundwater and seawater, and the fact that some local
villagers use groundwater for irrigation purposes, the landfill site has a high water quality.
The groundwater is used by some villagers as a source of water for irrigation and animal
husbandry. Marine ecological risks and human health risks if groundwater is contaminated
by leachate. Therefore, it is necessary to calculate the BFD and determine whether the
actual distance between the water source and the landfill meets the requirements.
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3.2. Model Application and Parameter Setting

A total of 13 toxic pollutants were identified in the leachate sampling from the landfill.
Contaminants with concentrations exceeding the Class III standard of the Groundwater
Quality Standard (General Administration of Quality Supervision, 2017) by 0.1 times were
considered as target contaminants. The focus was placed on pollutants with carcinogenic
and non-carcinogenic effects. The carcinogenic and non-carcinogenic effects of ammonia,
phenols, COD and nitrates are not known and are not included in the US EPA IRIS Toxics
Inventory, and therefore were not considered. The study finally identified the heavy metals
Ni, Zn and Cd and the semi-volatile organic compounds 2,4-D as the pollutants of concern
for the buffer distance determination.

Substituting the toxicity parameters and population exposure parameters (see Table 2)
of the above pollutants into Formulas (1)–(3) leads to obtaining the concentration limits of
Ni, 2,4-D, Zn and Cd are 5.92 × 10−2, 8.89 × 10−3, 8.89 × 10−1 and 2.96 × 10−3 mg/L.

Table 2. Main parameters and values of BFD simulation [17].

Parameter Unit Value Data Sources

Required
parameters for
the derivation

of water quality
indicator limits

Daily drinking volume of adults (GWCRa) L/d 1

[17]

Adult Exposure Frequency (EFa) d/a 350
Adult Exposure Date (EDa) a 24
Adult Body Weight (BWa) kg 56.8

Average Time of Non-Carcinogenic Effect (ATnc) d 2190
Reference dose distribution ratio for exposure to

groundwater (WAF) 0.2

Oral Reference Dose (RfD (Ni)) mg/(kg·d) 2 × 10−2

Oral Reference Dose (RfD (Zn)) mg/(kg·d) 3 × 10−1

Oral Reference Dose (RfD (2,4-D)) mg/(kg·d) 3 × 10−3

Oral Reference Dose (RfD (Cd)) mg/(kg·d) 1 × 10−3
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Table 2. Cont.

Parameter Unit Value Data Sources

Parameters
required by the
HELP module

SCS curve number 65

Measured Data

Hole number in
geomembrane

0.1–5 mm2 ha 110
5–100 mm2 ha 5

100–10,000 mm2 ha 10
Surface slope - 4%

Thickness of geomembrane in capping system mm 1
Design infiltration mm 43.2

Infiltration under cap failure mm 321.8
Conductivity of geomembrane cm/s 1 × 10−12

Thickness of soil under geomembrane of capping system mm 600
Conductivity of soil under geomembrane of capping system cm/s 1 × 10−5

Final waste thickness m 4.5
Drainage layer thickness mm 300

The initial conductivity of the drainage layer cm/s 1 × 10−2

Landfill bottom slope - 1.15%
Drainage pipe spacing - 10

Geomembrane thickness of liner system mm 2
Thickness of compacted soil under geomembrane mm 600

Conductivity of compacted soil under geomembrane cm/s 1 × 10−5

Parameters
required by the
aging module

Start of geomembrane degradation since fillingcommenced years 6
Measured DataTime for number of holes in geomembrane to double years 8

Probability of failure for a single pipe - 0.2

Parameters
required by the

EPACMTP
module

Vadose zone thickness m 4

Measured Data

Conductivity of vadose zone cm/s 1 × 10−5

longitudinal
dispersity of vadose

zone

2,4-D m 0.6
Cd/Zn/Ni m 0.042

Thickness of aquifer m 20
Conductivity of aquifer cm/s 1 × 10−3

Hydraulic gradient - 0.01

Longitudinal dispersity of aquifer 2,4-D m 20.9
Cd/Zn/Ni m 0.17

The initial concentration (C0(Ni)) mg/L 2
The initial concentration (C0(Zn)) mg/L 120

The initial concentration (C0(2,4-D)) mg/L 20
The initial concentration (C0(Cd)) mg/L 0.6

4. Results and Discussion
4.1. Different BFD of Dilution and Attenuation of Pollutants

The dilution and attenuation multiples of different contaminants in groundwater at
different buffer distances under leachate seepage conditions are shown in Figure 3. As
can be seen in Figure 3, the concentrations of heavy metal contaminants (e.g., Zn, Ni and
Cd) undergo essentially the same or similar attenuation process. For example, at buffer
distances of 1000, 1500, 2000 and 2500 m, the DAF were 37.6, 49.1, 62.3 and 96.8 for Zn, 38.4,
50.0, 69.8 and 102.0 for Ni, and 39.5, 50.9, 67.9 and 108.0 for Cd. The maximum difference in
DAF between these three pollutants was 11.2. In contrast, the degradation characteristics
of heavy metals and organic pollutants were significantly different. For Zn and 2,4-D, for
example, the DAF of Zn was 26.7, 29.9, 32.9 and 37.6 at buffer distances of 400, 600, 800
and 1000 m, respectively, while the DAF of 2,4-D was 2.86 × 103, 2.26 × 104, 1.74 × 105 and
1.74 × 105, respectively. Their DAF values were significantly different, and this difference
became more and more significant as the buffer distance increased.
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Figure 3. Dilution and attenuation of different contaminants at varying distances.

Overall, the dilution and attenuation effects of subsurface media on contaminants in
leachate increased with increasing buffer distance, However, the dilution and attenuation
processes of different pollutants are sensitive to buffer distances to varying degrees. The
dilution and degradation of heavy metal contaminants are relatively insensitive to buffer
distance, while organic contaminants are more sensitive on buffer distance, and their
dilution capacity increases with increasing buffer distance.

4.2. BFD Required under Long-Term Aging Conditions

Based on the framework of BFD prediction under landfill performance degradation
conditions, the BFD under long-term aging conditions in this case was quantified consider-
ing the effect of aging of the HDPE geomembrane. The ratios of contaminant concentrations
to the concentration limits (Cg/CL) of various substances in groundwater were calculated
for monitoring wells at different distances from the landfill using a leachate leakage time of
1000 years (Figure 4). At a distance of Cg/CL < 1, the hazardous constituents in ground-
water have been reduced to acceptable concentrations, and therefore this distance was
considered as the BFD. As shown in Figure 3, at a distance of 3000 m between the monitor-
ing wells and the landfill, the Cg/CL of Cd was reduced to 1; so, the corresponding BFD of
Cd should be set to 3000 m. Similarly, the BFD of 2,4-D, Ni and Zn were 380 m, 810 and
2800 m. Therefore, in the case of continuous aging of the HDPE geomembrane of the landfill
and long-term leachate leakage, a BFD of 3000 m should be set to guarantee that all three
pollutants in groundwater decay to the limit concentrations. Compared with the sensitive
water sources around the actual landfill in all directions (see Figure 2), the well on the
southwest side is the closest to the landfill at 2400 m, 2300 m in the northwest, and 3700 m
in the southeast. Clearly, the actual distance between the landfill and the nearby wells is
less than the required 3000 m distance. This indicates that increased leachate leakage and
deterioration of groundwater quality caused by long-term aging of engineering materials
such as HDPE geomembranes in landfills are likely to pose a threat to human health and
long-term development in the vicinity of the landfill.
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Figure 4. Ratio of predicted contaminant concentrations (Cg) to concentration limits (CL) at
different distances.

The abovementioned BFD (3000 m) considering the aging of the HDPE geomembrane
in the landfill and the long-term leakage of leachate compared with the previous BFD
(2070 m) study on the same site without considering the aging [17] are sig-nificantly
different. The above result is due to the qualitative changes and deterioration of the
properties of the HDPE geomembrane in the capping system and liner system of the landfill
from transportation, construction, and long-term operation. After landfill closure, HDPE
geomembranes are subject to long-term attack and corrosion by rainwater and leachate, and
their physical and chemical properties are altered, resulting in a decline in impermeability,
i.e., aging. As a result, leachate can continuously flow into soil and groundwater from
the bottom of the landfill through the HDPE geomembrane. At the same time, pollutants
carried by the leachate are continuously injected into the groundwater. Therefore, the BFD
after considering the aging factor of HDPE geomembrane is significantly higher than the
BFD set without considering aging.

4.3. Uncertainty of BFD under Aging Conditions

In this study, the vadose zone thickness and its hydraulic conductivity coefficient, the
aquifer thickness and its hydraulic conductivity coefficient, and the infiltration amount
during the operation period were selected as the parameters with uncertainty (Table 3)
that were incorporated in the model in Section 2 to calculate the BFD under the condition
of long-term aging. The probability distribution of the parameter values was determined
according to the actual site value. Considering the uncertainty of the parameters, the study
calculated the BFD of different contaminants at different confidence intervals (Figure 5).
The 95% confidence interval can be regarded as the BFD needed under adverse conditions.
Figure 5 shows that under unfavorable conditions, the BFD of Cd increases from 3000 m
to 4050 m and that of 2,4-D increases from 380 m to 600 m. Therefore, a BFD of 4050 m
should be set to reduce the levels of all pollutants to acceptable risk levels under stochastic
adverse conditions.
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Table 3. Uncertain parameters and their values in the model.

Unit Value Range Data Sources

Design infiltration mm NORMAL (43.2, 2.1)

Site-measured value
Infiltration under cap failure mm NORMAL (321.8, 130.7)

Vadose zone thickness m NORMAL (4, 1)
Thickness of aquifer m NORMAL (30, 5)
Regional Gradient - NORMAL (0.01, 0.003)
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4.4. Management Strategies for BFD under Aging Conditions

For different pollutants, simulation of the initial leachate concentration to be controlled
when the actual distance is less than the BFD is shown in Figure 6. If the actual distance
between the sensitive water source and the landfill is 2500, 2000, 1500, 1000, and 500 m, the
initial concentration of Cd needs to be reduced by 0.07, 0.21, 0.3, 0.37, and 0.43 mg/L, re-
spectively, in order to reach 0.53, 0.39, 0.3, 0.23, and 0.17 mg/L, through waste pretreatment
to ensure water safety. To ensure that the concentration of 2,4-D in groundwater reaches
the standard for safe water use, if the actual distance is 200, 150, 100, and 50 m, the initial
concentration needs to be reduced by 5.18, 12.48, 14.74 and 17.31 mg/L, respectively, in
order to reach 14.82, 7.52, 5.26, and 2.69 mg/L.
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Figure 6. Initial concentration of leachate required to be controlled for various pollutants at different
distances between a sensitive water source and a landfill.

Compared to previous studies [17] and other studies that did not consider the effect
of HDPE geomembrane aging on BFD, Cd and 2,4-D needed to be reduced more by
pretreatment initial concentrations in this study. The reason for this difference is that as
the life cycle of a landfill increases, the impermeable membranes covering the top and
bottom of the landfill gradually deteriorate due to rainfall and leachate erosion, resulting in
a decrease in their performance in blocking leachate leakage, leading to an increase in the
amount of leachate leakage through the HDPE geomembrane into the soil and groundwater
and an increase in the concentration of contaminants. The buffer distance requirement is
reduced by pre-treatment to reduce a greater proportion of the initial concentration.

5. Conclusions

Different types of pollutants require different dilution attenuation factors (RDAF),
with more dilution attenuation required for high initial concentrations and high toxicity
in leachate. For example, 2,4-D in this case requires a dilution attenuation of 2249.7 times,
which is 66.6, 16.7 and 11.1 times higher than that for the heavy metals Ni, Zn and
Cd, respectively.

The sensitivity of the dilution attenuation fraction (DAF) to buffer distance is not
uniform for different pollutants, with the dilution and attenuation fractions for organic
pollutants being more sensitive to buffer distance. For example, for 2,4-D, although the
RDAF was the largest, the buffer distance was only 13.6% and 12.6% for the heavy metals
Zn and Cd.

A safety BFD of 3000 m is required to consider the impact of long-term aging of the
geomembranes on groundwater quality for each pollutant and hazardous waste landfill,
and BFD of 4050 m is required to further consider parameter uncertainty and to ensure safe
water use at the 95th percentile, which is 1.5 and 2 times the previous BFD (2070 m) that
did not emphasize the impact of aging geomembranes.

In the case that the actual BFD cannot meet the demand with the degradation of the
landfill performance, the demand for BFD can be reduced by reducing the concentrations
of pollutants in the waste through pretreatment methods such as solidification and stabi-
lization. Taking Cd as an example, when the concentration of Cd in waste is reduced from
0.6 mg/L to 0.53, 0.39, 0.3, 0.23 and 0.17 mg/L by pretreatment, the BFD will be adjusted
from 3000 m to 2500, 2000, 1500, 1000, and 500 m.
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