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Foreword

The US Environmental Protection Agency (US EPA) is charged by Congress with protecting
the Nation’s land, air, and water resources. Under the mandate of national environmental
laws, the Agency strives to formulate and implement actions leading to a compatible
balance between human activities and the ability of natural systems to support and nurture
life. To meet this mandate, US EPA’s research program is providing data and technical
support for solving environmental problems today and building the scientific knowledge base
necessary to manage our ecological resources wisely, understand how pollutants affect our

health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center for
investigating technological and management approaches for preventing and reducing risks
from pollution that threaten human health and the environment. The focus of the
Laboratory’s research program is on methods and their cost-effectiveness for preventing
and controlling pollution of air, land, water, and subsurface resources; protecting water
quality in public water systems; remediating contaminated sites, sediments, and ground
water; preventing and controlling indoor air pollution; and restoring ecosystems. NRMRL
collaborates with public and private sector partners to foster technologies that reduce the
cost of compliance and anticipate emerging problems. NRMRL’s research provides solutions
to environmental problems by developing and promoting technologies that protect and
improve the environment; advancing scientific and engineering information to support
regulatory and policy decisions; and providing the technical support and information
transfer to ensure implementation of environmental regulations and strategies at the

national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research
plan. It is published and made available by US EPA’s Office of Research and Development to

assist the user community and to link researchers with their clients.

Cynthia Sonich-Mullin, Director
National Risk Management Research Laboratory
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Executive Summary

Generation, transportation, treatment, storage, and disposal of hazardous waste are
regulated under the Resource Conservation and Recovery Act of 1976 (RCRA), an act of
Congress that gives the U.S. Environmental Protection Agency (EPA) authority to control
hazardous waste from the “cradle-to-grave.” Specifically, Subtitle C of RCRA pertains to
management of hazardous waste.OF! This document is specifically focused on the long-term
performance of landfill containment facilities (the “grave” in the above analogy) at RCRA
Subtitle C facilities. Landfills are used for the environmentally protective disposal of
hazardous waste, regulation of which is codified at 40 CFR Part 264, “Standards for Owners
and Operators of Hazardous Waste Treatment, Storage, and Disposal Facilities,” as
published in various editions of the Federal Register since 1980. Sections of the regulation
of relevance to this document are provided under Subpart N - Landfills (40 CFR §264.300
through .317) and Subpart G - Closure and Post-Closure (40 CFR 8264.110 through .120).

Post-closure care (PCC) requirements for Subtitle C landfills involve monitoring and
maintaining the waste containment systems for a presumptive period of 30 years (per 40
CFR 8264.117), or an extended or reduced period based on the demonstration that such
adjustment is necessary or sufficient, respectively, for the protection of human health and
the environment. Hazardous waste landfills have been permitted under RCRA Subtitle C
since 1984, over 30 years ago, thus an increasing number of facilities around the country
are approaching the end of their presumptive 30-year PCC period. Stakeholders requested
the EPA to provide guidance on how and when it may be appropriate to make such
certifications or other decisions regarding the ongoing status of their site. For its part, in
2016 EPA issued “Guidelines for Evaluating the Post-Closure Care Period for Hazardous
Waste Disposal Facilities under Subtitle C of RCRA.”

The aim of the study is to facilitate the discussion and decision-making processes by
illustrating what data are needed, highlighting categories of useful data that are typically
lacking, and recommending techniques and tools to complement the EPA’s “Guidelines for
Evaluating the Post-Closure Care Period for Hazardous Waste Disposal Facilities under
Subtitle C of RCRA”. The study investigates the field performance of engineered double-liner
systems based on data from 9 Subtitle C landfills sites that have completed several years of

PCC. It is noted that the document is not intended to address policy issues (such as how

1 Subtitle D of RCRA sets forth a framework for the management of non-hazardous solid wastes;
however, management of non-hazardous solid waste is only of passing interest in this document.
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landfills may be managed, controlled, or regulated after PCC has ended) or to provide

generic answers to defining conditions for ending PCC.

Furthermore, also provides a follow-up for a broader EPA study published in 2002 entitled
“Assessment and Recommendations for Improving the Performance of Waste Containment
Systems.” The 2002 study reported on the performance of active and closed hazardous and
non-hazardous waste landfill units around the country using data collected in the 1980s and
1990s. In updating that study, EPA is specifically interested in supplementing the previous

dataset with a further 10-15 years of performance data from closed Subtitle C landfill units.

Overall, the nine landfills yielded 45 individual double-lined closed units ranging in size from
1.4 to 11 acres, although most units were less than 5 acres in area. The oldest units in the
study have been closed for over 29 years, while the newest are only 6 years into a PCC
program. The thickness of waste in place above the liner ranged from 40 feet to 110 feet
(average 70 to 80 feet). Amongst the 45 case study units, 11 different liner system designs
and a further 11 different cover system designs are represented. These are combined into
13 unique containment system design configurations featuring commonality through the
entire thickness of the unit from the top of the cover to the bottom of the liner. The
discussion is interested in addressing the five broad research questions presented next.

1. How much leachate is generated in closed Subtitle C landfills and what are the effects of

site location (climatic region), cover system design, or waste type on leachate
generation rates?

In general, field data showed a decline in leachate flow from the LCRS and LDS. In all cases,
placement of cover led to a reduction in the LCRS flow rate, including where only 12 inches
of intermediate cover soil had been placed. Rainfall has an effect on leachate generation,
with higher LCRS flows recorded at the four wet sites and very low or negligible flows
recorded at three dry sites. The incidence of precipitation as rainfall versus snowfall does

not appear to affect leachate generation at the wet sites.

An increasing trend in leachate generation was observed at some sites for a duration of time
and was attributable to known operation and maintenance (O&M) issues affecting cover
system performance. Erosion damage to cover systems was identified as a key issue
affecting landfill performance in the post-closure period, with higher costs and effort
associated with repairs needed during initial years of PCC before cover vegetation is fully
established and the cover stabilized. Breaches in the cover system, particularly in the early
years of PCC, could result in relatively long-term setbacks in terms of returning LCRS flow

rates to expected levels once the cover is repaired. Routine cover inspection is essential for

Vi
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identifying issues related to erosion damage, water ponding on the cover system, or other

issues, as this facilitates timely maintenance and repair to reduce leachate flow volumes.

Data from this study suggest the rate at which LCRS flow rate declines post-closure may be
three to five times slower than reported in 2002 study or approximately an order of
magnitude decrease in flow every 15-20 years. However, more field studies, preferably
under a random selection procedure, are needed to validate this finding before
recommendations for adjusting current industry projections and accruals for leachate
management can be made. Furthermore, the rate of decrease in the leachate generation
correlates with the maximum leachate generation at closure. In another word, cells that
were wetter and had higher leachate flow at the time of closure continued to have relatively
high flow well into their PCC period. This emphasizes the importance of good storm water
control during the period of landfill operation and competent cover design and construction
performed under strict CQA procedures so as to minimize peak leachate generation
immediately after closure.
2. What conclusions can be drawn regarding the hydraulic efficiencies of double-liner
systems (i.e., leakage rates through primary liners) at Subtitle C landfills based on

available leachate collection and removal system (LCRS) and leakage detection system
(LDS) data?

The “apparent” hydraulic efficiency (Ea) of the primary liner can be calculated as the flow in
the LDS relative to the flow in the LCRS. If the only source of flow into the LDS sump is
primary liner leakage, then Ea provides the true measure of the effectiveness of a particular
liner in limiting or preventing advective transport across the liner. Overall, calculated Ea
values from this study generally fall significantly short of the one suggested by the 2002
study (99%). Furthermore, as would be expected, the apparent liner efficiencies are

significantly higher at dry sites than at wet sites.

A significant number of calculated Ea values in this study fall below zero (i.e., have negative
Ea values). Negative values are interesting in that they indicate that flow in the LDS
exceeded that in the LCRS. This may be the result of major defects in the primary liner
system (which should have been identified during the construction of the liner system, or
that the volume of liquids in the LDS cannot be attributed to liner leakage alone and may be
caused by groundwater intrusion. It is possible that by distinguishing liquids with similar
chemical signatures, leachate chemistry data can be used to quantify the portion of liquids
comprising total LDS flow that could be attributable to primary liner leakage as opposed to
other sources, thereby correcting the extent to which the LCRS and LDS are hydraulically

connected. Using chlorides for chemical signature, the liner efficiencies increased drastically.

Vii
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It is noted that this correction may grossly overestimate the collection efficiency as it does

not take into account chemical attenuation of the liner system.

An interesting observation is that the thickness of material specified does not appear to
affect the hydraulic performance of the barrier GM in either the cover or liner system for the
units included in this study when compared across a common material type, although high-
density polyethylene (HDPE) appeared to outperform polyvinyl chloride (PVC). Four sites
featured a GM-only barrier in the primary liner, while all other designs feature a composite
GM/CCL barrier. However, the primary liner design also does not appear to affect LDS flows;
therefore it appears that construction of a composite primary liner may not be necessary as
long as a composite secondary liner is constructed if one was only considering the limited
number of units included in this study. More data are needed to evaluate this observation.
3. How do predictions of leachate generation using the EPA’s Hydrologic Evaluation of
Landfill Performance (HELP) Model compare to observed generation rates at these sites?
Based on the landfill cover designs and leachate flow rates from the sites evaluated in this
study, the HELP Model appeared to be better suited to predicting long-term LCRS flow at
wet rather than dry sites, which is consistent with published findings. The model predicts
zero or near-zero LCRS flows at dry sites, whereas higher LCRS flow was observed at all
four dry case study landfills. Based on our findings, it appears that it may be unreasonable
to achieve a leachate flow rate of zero or near zero for a landfill site within the 30 years PCC
period. Therefore, it is prudent to demonstrate that the absence of care for the leachate
collection system would not pose a threat to water quality and human health and the
environment. Such demonstrations may be made if enough data is available on leachate
flow and chemical concentrations having reached quasi-steady state, predictable, and non-
impacting conditions, albeit at a non-zero flow rate.
4. What is the leachate chemistry at these sites, and does it exhibit asymptotic behavioral
trends over the long term?
Thirty chemical parameters were selected to represent leachate constituents of interest,
based on those investigated in the 2002 study. These included water quality indicator
parameters, macro indicators of dissolved organic matter, major inorganic cations and
anions, trace metals, and trace volatile organic compounds (VOCs) frequently observed to
be present in landfill leachate. Concentration trends in these data were examined to assess
whether the asymptotic behavior was evident or could be predicted. Where available,
leachate concentrations were compared to published data as well as EPA water quality
standards. However, rather than directly comparing source leachate concentrations to a

limit value (which defeats the performance-based intention of the regulation), a universal

Viii
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dilution/attenuation factor (DAF) of 20 was applied to represent a concentration decrease
that would be expected prior to detection at a point of compliance (POC) monitoring well.
This DAF value is equal to the default specified in the EPA’s Soil Screening Guidance (EPA,
1996); however, use of a DAF of 20 for illustrative purposes in this study should not be
misconstrued as a suggestion that this value has universal applicability nor that EPA has
endorsed use of this value in lieu of site-specific analysis. In any evaluation of leachate

chemistry and threat potential, a site-specific DAF should be calculated.

Significant variability was evident in the data for many constituents, particularly in the LCRS
where differences between maximum and minimum observed values often span six or more
orders of magnitude for cations/anions, trace metals, and VOCs. The general water quality
characteristics of liquids from the LCRS and LDS drainage layers are also significantly
different, again by multiple orders of magnitude in many cases. Although, contaminant
transport through a liner can occur due to advective or diffusive flux, or both, given the
order of magnitude differences in concentration of the chemical constituents in LCRS and

LDS, advective flux may be considered as a primary driving mechanism for this variability.

The long-term outlook for leachate management based on observations of behavioral trends
amongst selected leachate data from this study is mixed. Water quality indicators and major
cations/anions suggest that the materials contained in Subtitle C landfills may not degrade
under landfill conditions, or only degrade very slowly, such that observations based on
similar behavioral trends from non-hazardous Subtitle D landfills cannot be extrapolated to
characterize the expected performance of Subtitle C landfills.
5. How could current monitoring, reporting, and recordkeeping requirements be improved
to better ensure that the data necessary for performance demonstrations are collected?
The unavailability of some critical site information and monitoring data limited the extent to
which evaluations of leachate flow and chemistry could be completed or even performed in
this study. Obvious data gaps and their effects are identified throughout this document.
Fuller LCRS and LDS datasets, for example, would have expanded the level of detail to
which cover and liner system performance could be evaluated, while a longer data record
would have enabled a clearer picture of long-term stable leachate generation to be
gathered. The focus and goal of this discussion is to reiterate some key data limitations and
discuss their effect on limiting the study, in so doing providing some guidance to site
operators and regulators as to what data that are not routinely collected would be valuable
in demonstrating that one or more components of PCC at Subtitle C landfills could be
modified over the long term. This is intended to provide motivation, rather than an

obligation, for additional data collection.
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Overall, significant variability existed between the case study units, which is beneficial to a
study of this nature. In terms of variability in construction details, 11 different liner system
designs and a further 11 different cover system designs were featured amongst the study
units featured, combining to provide 13 unique containment system design configurations.
Major variables in cover system design were represented. However, primary liner designs
essentially comprised only two variables: GM/CCL and GM only. No case study units were
constructed having a GM/GCL composite primary liner, although one site has a GCL
secondary liner. As such, the efficacy of a GM/GCL primary liner design cannot be
evaluated, an important limitation given the widespread use of GCLs in liner systems. In
terms of facility operations, seven of the nine landfills are commercial facilities accepting
hazardous waste from a wide range of generators. As such, an original research question
from this study (does waste type affect leachate concentrations?) could not be addressed,
as the commercial facilities accepted waste from multiple sources thereby making it difficult
to compare waste chemistry for these sites, while there were insufficient data from non-
commercial facilities against which to gauge variability between commercial and non-
commercial sites. Further, waste manifests were not available, which meant that although
some findings appeared to support the hypothesis that facility/waste type would affect

leaching behavior and leachate characteristics, this could not be confirmed.

With regard to leachate chemistry data, many targeted leachate constituents are poorly
represented in the LCRS dataset, while LDS chemistry is not monitored at all at many sites.
Leachate chemistry data are most commonly collected semi-annually or annually, thereby
limiting the overall size of the dataset available for analysis. An issue of importance
identified in the process of collecting leachate chemistry data for this study is that site
operators are reportedly only required to keep records for 3 years; as such, many older
data are no longer available. If this is broadly representative of Subtitle C facilities, it
represents an important limitation on assessing the long-term performance of containment
systems and potential modifications to existing PCC programs. Given the focus on
containment and leachate minimization at Subtitle C landfills, data availability may be
reflective of the low level of concern operators have on managing leachate treatment and
disposal costs (low leachate flows attract little interest because disposal costs are modest
for small volumes). Many of the data used to support the performance demonstrations
made in this study rely on non-compliance data collected only to meet influent limits
imposed by a receiving facility for leachate treatment and are not routinely submitted to the
state. This has implications in terms of being able to independently assess site performance,

which would be important if an operator was unable to continue providing care.
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1. INTRODUCTION

1.1 Overview and Terms of Reference

A research field of significant interest to the U.S. Environmental Protection Agency (EPA) is
the long-term behavior of hazardous waste disposal facilities regulated under Subtitle C of
the Resource Conservation and Recovery Act of 1976 (RCRA). The regulation is codified
under 40 CFR Part 264, as published in various editions of the Federal Register since 1980
(EPA, 2014a). Sections of the regulation of relevance to this research field are provided
under Subpart N - Landfills (40 CFR 8264.300 through .317) and Subpart G - Closure and
Post-Closure (40 CFR 8264.110 through .120). Post-closure care (PCC) requirements for
Subtitle C landfills involve monitoring and maintaining the waste containment systems for a
default period of 30 years (per 40 CFR 8264.117), or an extended or reduced period based
on demonstration that such adjustment is necessary or sufficient, respectively, for
protection of human health and the environment (HHE). Adjusting the PCC period, or
certifying that PCC is completed such that HHE remains protected in the absence of PCC, is
at the discretion of the permitting authority (EPA Regional Administrator or Director of an

authorized state program).

Hazardous waste landfills have been permitted under RCRA Subtitle C since 1984, over 30
years ago, which means that an increasing number of facilities around the country may
soon have completed 30 years of PCC. Both the regulated and regulatory communities are
faced with addressing the situation in which a decision is needed regarding the ongoing
status of the site. A 2015 study by the EPA Office of Inspector General (OIG) estimated that
over 1,500 hazardous waste disposal units across the nation had been “closed with waste in
place” as of October 2014, although not all are under a permitted PCC program (EPA,
2015). The number of units for which a decision regarding the end of PCC will be needed
was estimated at between 15 and 45 annually through 2030, with over half of these
decisions falling in the next 10 years. The need for technical and procedural guidance has
been identified by the regulated and regulatory communities alike. Notably, the Association
of State and Territorial Solid Waste Management Officials (ASTSWMO) issued a position
paper calling for guidance from EPA on evaluating PCC criteria and modifying the PCC period
(ASTSWMO, 2013). In response to these and other calls for increased clarity on the subject,
EPA recently issued “Guidelines for Evaluating the Post-Closure Care Period for Hazardous
Waste Disposal Facilities under Subtitle C of RCRA” (EPA, 2016). While the guidance does
not provide specific details on how to conduct an evaluation, it does provide a framework

that recommends the use of monitoring, modeling, and/or statistical analysis to determine if
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landfill contaminants (primarily leachate) would pose a threat to HHE at compliance or

exposure points outside of the waste mass. This study provides updated information on the
post-closure performance of Subtitle C landfill liner systems and, therefore, supports EPA’s
guidance on using performance-based demonstrations as the basis for extending, reducing,

or ending PCC.

1.2 Purpose, Scope, and Limitations of the Study

The primary objective of this study is to investigate the field performance of engineered
double-liner systems based on data from Subtitle C landfills that have completed several
years of PCC and to quantify actual leachate generation rates, liner performance (i.e.,
leakage), and leachate chemistry during PCC in relation to current industry “norms” and
expectations. It is anticipated that this study will help the EPA assess and update
expectations for field performance of Subtitle C landfills in the PCC period, specifically as
reported and discussed in Chapter 5 and Appendix E of the previous study prepared for EPA
titled “"Assessment and Recommendations for Improving the Performance of Waste
Containment Systems” (EPA, 2002). This should be beneficial to both the regulatory and
regulated communities in terms of making decisions regarding the long-term data collection
and performance demonstrations necessary to evaluate, and ultimately adjust, PCC at
Subtitle C landfills. As such, the intended audience of this document is state and EPA
regional regulators, private industry, commercial facility owners/operators, landfill design

engineers, and other hazardous waste professionals.

EPA (2002) reported on the performance of active and closed hazardous and non-hazardous
waste landfill units around the country using data collected in the 1980s and 1990s. In
updating that study with respect to hazardous waste landfills, EPA is specifically interested
in supplementing the previous dataset with a further 10-15 years of performance data from
closed Subtitle C landfill units in the interests of addressing the following four broad
research questions:
1. What conclusions can be drawn regarding the hydraulic efficiencies of double-liner
systems (i.e., leakage rates through primary liners) at Subtitle C landfills based on

available leachate collection and removal system (LCRS) and leakage detection system
(LDS) data?

2. How much leachate is generated in closed Subtitle C landfills and what are the effects of
site location (climatic region), cover system design, or waste type on leachate
generation rates?

3. How do predictions of leachate generation using the EPA’s Hydrologic Evaluation of
Landfill Performance (HELP) Model compare to observed generation rates at these sites?
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4. What is the leachate chemistry at these sites, and do certain constituents exhibit
asymptotic or other notable behavioral trends over the long-term?

This study aims to provide answers to these questions. However, it is important to clarify
that the focus is on understanding the performance of liner systems rather than cover
systems. This is because Subtitle C landfills routinely install double liners such that the
performance (leakage) of the primary liner can be directly measured, while the performance
of the cover system can only be indirectly estimated based on overall leachate generation.
Similarly, it should be clarified that it is not the intent of this study to directly address PCC
policy issues (such as how landfills may be managed, controlled, or regulated after PCC has
ended) or to provide generic answers to defining conditions for ending PCC. These should be
agreed via a site-specific discussion between the regulator and owner/operator, based on
the application of the guidance issued by EPA (2016). This study aims to facilitate the
discussion and decision-making processes by illustrating what data are needed, highlighting
categories of useful data that are typically lacking, and recommending techniques and tools

for evaluation of data.

Other important questions extend beyond the main study goals but can help further the

understanding of long-term landfill performance and development of guidance to both

evaluate and improve performance. These include:

1. How does leachate chemistry at Subtitle C landfills compare with water quality
standards?

2. What models are routinely used to analyze leachate data and predict leachate
generation and potential transport of hazardous waste constituents?

3. What are the expected or observed effects of extreme weather or seismic induced
events (e.g., flood, excessive rainfall, or tsunami) on the performance of waste
containment systems, particularly the cover?

4. Can performance data from studies such as this be used to assign risk-based evaluation
criteria and procedures for demonstrating long-term protection of HHE?

5. How could current monitoring, reporting, and recordkeeping requirements be improved
to better ensure that the data necessary for performance demonstrations are collected?

Although these additional questions were considered during this research study, they serve

primarily to establish longer-term research goals for EPA.

Important limitations pertain to this study, mainly with regard to the relatively small
number of contributory datasets available to evaluate the long-term performance of
composite liner systems comprising both geosynthetic and clay barrier layers (liner system
components are described in detail in Section 1.4.2). For inclusion in the study, therefore, a
Subtitle C landfill disposal unit (i.e., discrete set of one or more cells, phases, modules, or

areas) needed to be final capped (or have been inactive at final grade for an extended
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period under intermediate cover) and have a double-liner system with separate unit-specific
measurement of liquid flow rate in the LCRS and LDS. The total number of Subtitle C
landfills in the country with at least one doubled-lined closed unit is limited to a few dozen
sites, such that the pool of candidate sites was small. Furthermore, to promote the free
exchange of site performance data and operational experiences, participation in the study
was fully voluntary on the part of site operators. As a result, the selected case studies

cannot be assumed to be representative of a random subset of Subtitle C facilities.

1.3 Overview of Waste Regulations and Guidance

The Resource Conservation and Recovery Act (RCRA) is the public law that creates the
framework for the proper management of hazardous and non-hazardous solid waste to
protect communities and natural resources in the country. Specifically, the law describes the
mandate and authority given to EPA by Congress to develop the RCRA program, which
comprises regulations, guidance, and policies to ensure the safe management and cleanup
of solid and hazardous waste as well as encourage source reduction and beneficial reuse.
The term RCRA is often used interchangeably to refer to the law, regulations, and EPA policy
and guidance. However, in the context of this study, the term refers specifically to EPA’s
regulation of hazardous and non-hazardous solid waste management under RCRA Subtitle C

and D, respectively.

Hazardous waste is defined under RCRA as a solid waste that is not excluded from
regulation as a hazardous waste under 40 CFR 8261.4(b) and meets the criteria listed in 40
CFR 8261.3. Hazardous waste management requires treatment, storage, and disposal as
appropriate under 40 CFR Part 264, with specific restrictions on landfill disposal of
hazardous waste controlled under 40 CFR Part 268. These intersecting regulations are
complex, with detailed discussion beyond the scope of this document. However, for the
purposes of this study, it is important to emphasize that waste in liquid form cannot be
directly landfilled but must be encapsulated, solidified, and/or stabilized before disposal.
This general restriction extends to hazardous waste containerized in drums. As such,
disposal of free-draining liquids in the landfill waste stream should not be an appreciable

source of leachate at Subtitle C landfills.

This study is not specifically concerned with non-hazardous solid waste landfills regulated
under RCRA Subtitle D as codified under 40 CFR Parts 257 and 258. Subtitle D establishes
minimum technical standards and guidelines for state solid waste plans (EPA, 1993). Non-
hazardous waste materials regulated under Subtitle D include (1) household refuse, also

known as municipal solid waste (MSW); (2) sludges from wastewater treatment plants or
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pollution control facilities; (3) non-hazardous industrial wastes (e.g., manufacturing process
wastewaters and non-wastewater sludges and solids); and (4) other discarded materials
resulting from industrial and commercial activities, (e.g., mining waste, oil and gas waste,
construction and demolition debris, medical waste, agricultural waste, household hazardous

waste, and conditionally exempt small quantity generator waste).

1.3.1 Regulation of Hazardous Waste Landfills

EPA has developed a comprehensive program to provide safe management of hazardous
waste from the moment it is generated to its final disposal (a “cradle-to-grave” approach).
RCRA Subtitle C regulations set criteria for hazardous waste generators and transporters,
and for treatment, storage, and disposal facilities. This includes permitting requirements,
enforcement, and corrective action or cleanup. The regulations governing hazardous waste
identification, classification, generation, management, and disposal are found in 40 CFR 260
through 273 (EPA, 2014a). EPA typically authorizes states to implement and regulate
hazardous waste programs in lieu of the federal government. If a state program does not
exist, EPA has the authority to directly implement hazardous waste requirements in that

state.

This study is most concerned with 40 CFR Part 264: Standards for Owners and Operators of
Hazardous Waste Treatment, Storage, and Disposal Facilities. Sections of the regulation of
particular relevance are provided under Subpart N — Landfills (40 CFR 8264.300 through
.317) and Subpart G - Closure and Post-Closure (40 CFR §264.110 through .120). Most of
the hazardous disposal facilities regulated under RCRA Subtitle C that were included in this
study are commercial waste treatment, storage, and disposal facilities (TSDFs); however,
two industrial TSDFs are also included in the study. TSDFs are used for treatment, storage,
and disposal of hazardous waste produced by general industrial and manufacturing
activities. Commercial facilities are owned and operated by waste management companies
and accept waste from multiple industries whereas industrial facilities are owned by and
contain waste from the industrial process run by the owner. Corrective action management
units (CAMUSs) are special units created under RCRA to facilitate treatment, storage, and
disposal of hazardous wastes managed for implementing site cleanups, and to remove
disincentives to cleanup that the application of RCRA can sometimes impose. Requirements
for CAMUs are provided under Subpart S — Special Provisions for Cleanup (40 CFR §264.550
through .555).
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1.3.2 Post-Closure Monitoring and Maintenance

The guidelines for post-closure monitoring and maintenance systems required at a
hazardous waste landfill are listed in 8264.310(b) and require the owner and operator to
comply with all post-closure requirements contained in §264.117 through .120, including
maintenance and monitoring throughout the post-closure care period (as specified in the
permit under §264.117). Financial assurance requirements for post-closure care are
specified under 8264.145(i). The owner or operator of a hazardous waste disposal unit must
have a written post-closure plan providing a description of the planned monitoring and
maintenance activities, the function of the monitoring equipment, and frequencies at which
monitoring and maintenance activities will be performed. Specifically, the owner or operator
must:

1. Maintain the integrity and effectiveness of the final cover, including making repairs to

the cap as necessary to correct the effects of settling, subsidence, erosion, or other
events;

2. Continue to operate the leachate collection and removal system until leachate is no
longer detected;

3. Maintain and monitor the leak detection system in accordance with 264.301(c)(3)(iv)
and (4) and 264.303(c), and comply with all other applicable leak detection system
requirements of this part;

4. Maintain and monitor the groundwater monitoring system and comply with all other
applicable requirements of Subpart F (8264.90 through .101);

Prevent run-on and run-off from eroding or otherwise damaging the final cover; and

Protect and maintain surveyed benchmarks used in complying with §264.309 (Surveying
and Recordkeeping).

Monitoring and inspection requirements for closed Subtitle C landfills specified under
8264.303(c) include recording the volume of liquids removed from each leak detection
system sump at least weekly during the closure period. After installation of the final cover
has been certified, the volume of liquids removed from each leak detection system sump
must initially be recorded at least monthly. If the liquid level in the sump stays below the
pump operating level for two consecutive months, the amount of liquids in the sumps must
be recorded at least quarterly. If the liquid level in the sump stays below the pump
operating level for two consecutive quarters, the amount of liquids in the sumps must be
recorded at least semi-annually. If at any time during the post-closure care period, the
pump operating level is exceeded at units on quarterly or semi-annual recording schedules,
the owner/operator must revert to monthly recording of the amounts of liquids removed
from each sump until the liquid level again stays below the pump operating level for two

Ill

consecutive months. In this regard, “pump operating level” refers to a liquid level based on
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pump activation level, sump dimensions, and other considerations that will avoid backup
into the drainage layer and minimize buildup of hydraulic head. Pump operating levels must
be proposed by owner/operators and approved by the EPA Regional Administrator or

Director of an authorized state program.

1.4 Landfills as Waste Containment Systems

1.4.1 Waste Containment Goals

Landfills are land-based waste management units that contain solid waste as well as
byproducts of waste decomposition (conversion of solids to more mobile liquid and gaseous
phases). Gaseous phase byproducts are primarily associated with biological degradation
processes that form landfill gas (LFG) and are less important in RCRA Subtitle C landfills
than in Subtitle D landfills regulated under 40 CFR Part 258, as the latter generally contains
significantly more organic materials disposed of as part of an MSW stream. Although some
Subtitle C landfills feature LFG control systems, the performance of containment systems in
controlling gaseous phase byproducts is not considered in this study. This study is
concerned with the control of liquid phase byproducts (leachate), which are primarily
comprised of liquid that has percolated through or emerged from the solid waste and

contains soluble or suspended materials removed from the waste (Pohland & Harper, 1985).

Waste containment systems for landfills consist of liner systems that underlay the wastes
placed on them and final cover systems constructed over the wastes. The primary function
of the liner system is to minimize, to the extent achievable, the subsurface migration of
waste constituents and degradation byproducts (i.e., leachate and gases) out of the landfill.
The primary functions of the final cover system are threefold: contain and isolate the waste
from the surrounding environment; minimize, to the extent achievable, the percolation of
water into the waste body; and control the atmospheric emission of gases, if any, from the
landfill. To achieve their performance objective of protecting the environment, multiple
systems acting together are employed throughout the landfill’s life (i.e., operation, closure,
and post-closure). The performance objective for these systems is the protection of

potential environmental receptors (groundwater, surface water, unsaturated soil, and air).

1.4.2 Containment System Components
Typical components of containment systems at Subtitle C landfills (Figure 1-1) and their role
in meeting performance standards can be briefly described as follows:

= Liner system, typically a double-liner system with a composite clay/geosynthetic system,
which provides containment of waste and waste byproducts (Rowe, 2005);
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= |Leachate management system, which collects leachate to minimize buildup of
hydrostatic head above the liner and removes it for treatment and disposal (Rowe,
1998); and

= Final cover system (installed after closure), which provides long-term containment
(Bonaparte et al., 2004), controls the rate of water entering the landfill from rainfall or
snowmelt, provides storm water management, protects surface water quality, and can
also provide a suitable platform for beneficial reuse options (Crest et al., 2010).

Active monitoring of landfill containment and control systems and potential receiving media
is required (EPA, 2014a). Such monitoring is not only an important compliance tool to
evaluate whether component systems are functioning as designed but also measures

system performance over time.

Daouble-Liner GM Barrier
System

GM Barrier

Figure 1-1. Schematic of typical cover and double-liner system for a Subtitle C
landfill?

Liner and Leachate Management Systems
A liner system is a low-permeability barrier used to contain the waste and impede

subsurface liquid or gas flow, primarily leachate. Liner systems are typically installed in
accordance with an independent construction quality assurance (CQA) program, which

provides third-party inspection, testing, documentation, and certification that liner

2 Redrawn from Figure 5-1 of EPA (2002). Note that not all components will be present as shown in all
Subtitle C containment system designs; in particular, a gas collection layer may not be specified and
materials used in drainage layers may vary between granular soils and geosynthetic products.
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components were installed in accordance with design specifications and regulatory
requirements. Nevertheless, no liner material can be manufactured or installed to be
perfectly impermeable (Giroud and Bonaparte, 1989; Giroud et al. 1997; EPA, 2002; Rowe,
2005). Therefore, the competent leachate containment design provides for a combination of
barrier and drainage layers performing complementary functions. Barrier layers impede
leachate percolation out of the landfill and improve the performance of overlying drainage
layers, which serve to rapidly remove leachate and limit the buildup of hydraulic head on
underlying barrier layers. Drainage layers collect and convey leachate from above the
uppermost liner material towards controlled low-point collection points (sumps) on the liner
where the liquids can be removed, thereby minimizing the hydraulic head on the liner and
advective flux through the liner. Combinations of liners and drainage layers are collectively

referred to as liner systems.

A double-liner system consists of a primary liner and a secondary liner, each overlain with a
dedicated drainage layer. The drainage layer above the primary liner serves to remove
leachate before it can develop a significant hydraulic head on the primary liner; as such,

this drainage layer is referred to as the leachate collection and removal system (LCRS). The
drainage layer between the primary and secondary liners serves to collect leachate that may
leak through the primary liner; this drainage layer is thus referred to as the leak detection
system (LDS). A schematic showing various components of a typical double-liner system is

shown in Figure 1-1.

All double-liner systems being constructed at Subtitle C landfill facilities today have primary
and secondary liners that include geomembranes (GMs). Due to its resistance to
degradation by a wide range of chemicals, among other factors, high-density polyethylene
(HDPE) is the most common type of GM barrier used in landfill liners. However, other GM
materials include polyvinyl chloride (PVC), butyl rubber, polypropylene (PP), and Hypalon.
Primary and/or secondary liners can consist of a GM alone, although this is rare, or a GM on
top of a compacted clay liner (CCL) or geosynthetic clay liner (GCL). The latter two cases,
which are referred to in this study as GM/CCL and GM/GCL liners, respectively, are known
as “composite” liners and significantly outperform single liners because the properties of the
two different barrier materials work synergistically to maximize the performance
characteristics of the other (Rowe, 2011). Only double-lined landfills with GM, GM/CCL
composite, or GM/GCL composite primary and secondary liners were included in this study.
Sites with liner systems constructed with single CCL primary liners were not considered. The
specific double-liner system types in service at the various landfill units included in this

study are discussed in Chapter 3.
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The LCRS and LDS drainage layers overlying the low permeability primary and secondary
liners, respectively, which traditionally comprise a 12- to 24-inch layer of granular soil (sand
or gravel), the main purpose of which is to collect and remove liquids to prevent buildup of
hydraulic head on the liner, although the granular soil layer also serves to protect the liner
system from damage during initial waste placement. Increasingly common, a specifically
designed open-weave plastic mesh product termed a geonet (GN) or geocomposite (GC) is
installed above the liner in conjunction with, or instead of, the granular soil layer to improve
LCRS and/or LDS drainage performance and/or economics. Granular soil drainage layers are
usually overlain by a geotextile (GT) fabric or similar permeable barrier to minimize
intermixing of overlying waste and protective soil/gravel layers. A protective soil layer is
installed above the LCRS, and/or the first two to four feet of waste is carefully selected and
placed to form a protective “fluff layer” above the LCRS. A schematic illustration showing
the locations of LCRS and LDS drainage layers in a double-liner system is shown in Figure 1-
1. The specific LCRS and LDS designs and material types in service at the various landfill

units included in this study are discussed in Chapter 3.

Cover System
Landfills require daily covers, intermediate covers, and final cover systems, depending on

their stage of development. At most landfills, a daily cover (soil, select waste, or other
material such as foam or fabric) is applied to waste at the end of each working day to
provide temporary control of vectors and erosion of waste by wind and surface water runoff.
The daily cover was not a primary focus of this study. The intermediate cover is often placed
on open portions of landfill areas on which waste placement has ceased, either permanently
or for an extended period. The intermediate cover serves the same purposes as daily cover,
but at a higher performance level, and often comprises the subgrade foundation upon which
a final cover is constructed. Intermediate cover usually consists of a thicker layer of soil or
select waste than the daily cover and may include a temporary GM. As the active period of
operation progresses, the landfill is filled with waste, and waste placement ceases.
Depending on the method of operation, landfill units may be under intermediate cover for
up to several years before a final cover system is constructed over the waste. The
intermediate cover is of interest in this context because one of the case study landfills
includes a unit in which waste has been placed to final grades but the final cover system has

not yet been constructed.

The final cover system at a Subtitle C landfill typically consists of a barrier layer (GM,

GM/GCL, or GM/ CCL) overlain by drainage and soil protection/vegetation layers. The barrier

10
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layer is constructed on a subgrade foundation layer above the waste. A gas
distribution/collection layer is included beneath the barrier layer at landfills with wastes that
generate gases during decomposition (EPA, 1989, 1991; Bonaparte et al., 2004). Final
covers are engineered systems constructed over the entire aboveground surface of the
landfill (i.e., a top area and side slopes). Final covers are designed to minimize water
infiltration into the waste (i.e., leachate generation), control the migration of gases
produced by waste decomposition, prevent against inadvertent intrusion, and be
aesthetically acceptable (Koerner and Daniel, 1997). Similar to liner systems, final cover
systems are typically installed in accordance with an independent CQA program, which
provides third-party inspection, testing, documentation, and certification that cover system
components were installed in accordance with design specifications, although (again similar
to liners) no cover material can be manufactured or installed perfectly (EPA, 2002; Rowe,
2005). A schematic illustration of the various components of a typical cover system is
shown in Figure 1-1. In some jurisdictions, the final cover system is often considered to
replace the liner system as the primary means of environmental protection once it is
installed at a site during closure construction. The specific cover system types in service at

the various landfill units included in this study are discussed in Chapter 3.

1.5 Long-Term Performance of Landfill Containment Systems

1.5.1 Liner-System Performance

A number of textbooks and guidance documents have been developed to provide
recommendations for design, permitting, operation, performance, and monitoring of
hazardous waste landfills. However, most active research on design and performance of
landfill containment systems predates the publication of the seminal study by EPA (2002)
and was captured in the extensive literature review provided therein. That discussion is not

reiterated here.

A report published by the National Academic Press (2007) on the performance of engineered
barriers for containment of MSW, hazardous and toxic waste, and low-level radioactive
waste (LLRW) focused on answering two primary questions: How well are engineered barrier
systems working? How long are they likely to work effectively? Based on 20 years of data,
the report concluded that "most engineered waste containment barrier systems that have
been designed, constructed, operated, and maintained in accordance with current statutory
regulations and requirements have thus far provided environmental protection at or above
specified levels. Extrapolations of long-term performance can be made from existing data

and models, but they will have high uncertainties until field data are accumulated for longer
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periods, perhaps 100 years or more. We will never have all the long-term observations and
data that we would like.” The report concluded that significant failures have been rare and,

in general, repair or limited reconstruction has been possible when needed.

Since the late 1990s, a number of on-site disposal facilities (OSDFs), which are doubled-
lined landfills for containment of mixed LLRW and RCRA wastes, have been constructed as
part of the decommissioning and remediation of the U.S. Department of Energy (DOE)
facilities such as the Feed Material Production Center in Fernald, Ohio and Idaho CERCLA
Disposal Facility in Idaho Falls, Idaho (Koslow, 2015). Liquids management data (i.e.,
leachate collection system and leakage detection system flow rate and liquid chemical
constituent data) from the operational and post-closure periods have been reported for a
number of these facilities (e.g., Benson et al., 2007; Bonaparte et al., 2011; Bonaparte et
al., 2016). In the latter study, performance data from three facilities were analyzed to
calculate hydraulic containment efficiencies of the liner systems and to draw conclusions as
to whether the liner systems are performing as expected. Based on the data presented, all
facilities were found to be “performing very well in providing containment and collection of
leachate.” Performance metrics for the facilities were consistent with those presented in EPA
(2002). However, the authors noted that the public availability of data for several of the
facilities was limited and recommended more intensive liner system monitoring and

information dissemination by DOE.

Although some recent research has focused on the design and hydraulic performance of
CCLs exposed to high strength leachate (Safari et al., 2012), most geotechnical research on
landfill containment systems since 2002 has focused on long-term material integrity and
aging and their expected effect on the service life of HDPE geomembranes and other
geosynthetics used in liner applications (e.g., Sangam and Rowe, 2002; Hsuan et al., 2005;
Rowe and Rimal, 2008; Rowe et al., 2009; Rowe and Hoor, 2009; Rowe et al., 2010),
including in applications at landfills for containment of mixed LLRW and RCRA wastes (Jo et
al., 2005; Tian, 2015). The most significant aging mechanism in HDPE geomembranes used
in landfill liners is chemical aging, with the extraction of antioxidants and then oxidation
being the main degradation mechanisms. Eventually, the geomembrane will likely become
brittle to the extent that it is considered to have reached the end of its service life. In
addition to the in-service stresses imposed on a GM, Rowe, and Sangam (2002) highlighted
that the real service life of a GM depends on its mechanical, hydraulic, and diffusive
properties. Thus, a GM may lose strength while still performing satisfactorily as a barrier.

Accordingly, the true hydraulic and diffusive service life of a GM may significantly exceed
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the service life determined based on the degradation of the physical and mechanical

properties, especially if the tensile stresses are minimal.

Many researchers (cit. in Rowe, 2007 and 2011) have focused on the importance of
manufacturing and construction practices in minimizing long-term field leakage through
composite liners. Rowe (2011) concluded that “composite liners have performed extremely
well in field applications for a couple of decades and that recent research both helps
understand why they have worked so well, but also provides new insight into issues that
need to be considered to ensure excellent long-term liner performance of composite liners.”
Factors potentially affecting the field performance of barrier materials in liners include
avoiding excessive wrinkles in GMs, moisture loss and shrinkage of GCL panels (particularly
overlaps), and desiccation of CCLs. These can be mitigated by imposing strict quality control
(QC) protocols on manufacturers and CQA procedures on installation, particularly

minimizing exposure to the sun and the wind (Rowe and Hosney, 2010).

The potential for LCRS clogging and malfunction has also been considered by several
researchers (e.g., Fleming and Rowe, 2004; VanGulck and Rowe, 2004; Cooke et al., 2005;
Rowe, 2005). Rowe (2005) reported that clog material forms by biologically induced
processes that involve the removal of some of the organic leachate constituents and
precipitation of some inorganic leachate constituents followed by an accumulation of
inorganic particles originally suspended in leachate. Research suggests that the potential for
clogging depends on the amount and composition of leachate and on the details of the
design of the LCRS. However, most of the research has been performed on MSW landfills;
as hazardous waste landfills generally contain significantly lower quantities of organic waste,
which should reduce their clog potential. The lower the leachate generation rate, the lower
the potential for clogging (other factors being equal). Given the significant decrease in
leachate generation rates after landfill closure, the potential for biological clogging of the

LCRS decreases after the landfill is closed with a final cover system.

1.5.2 Leachate Generation Modeling

Leachate generation can be estimated using water balance models, which are based on the
principle of conservation of mass, in which water mass is conserved through the process.
Typically, water in a landfill exists as an input, output, or in storage. The most important
factor in the water balance equation is the storage in the cover soil and evapotranspiration.
These two factors greatly affect surface runoff and the amount of precipitation that is
allowed to infiltrate the cover system barrier layers (Kaushik et al., 2014). There are many

variations in the assumptions and algorithms these models use. Generally, site-specific

13



Section 1 — Introduction

geometry (e.g., waste thickness, base liner, side slope inclination) as well as climatic and
soil data are input to predict flow over a period of time. A water balance may be performed
for various periods, ranging from one month to several decades, depending on the amount
of data necessary. All models are limited by availability and accuracy of site-specific data
(Peyton and Schroeder, 1993; EPA, 2004).

Although many public and commercial water balance models are available, the HELP Model
developed by the U.S. Army Corps of Engineers for the EPA (Schroeder et al., 1994a and b)
is the most widely used hydrologic model in the landfill industry, both in the United States
and internationally (Berger, 2003). The model can be used to evaluate percolation through
cover and liner systems, hydraulic head on liners, and, by association, leakage of leachate
to the subsurface (Yalcin and Demirer, 2002; Alslaibi et al., 2013). Three versions of the
model are currently available: HELP 3.07, Visual HELP 2.2, and HELP 3.95 D. Plans for
improving the model and developing a future version (HELP 4 D) based on ongoing

validation results and requests from the practice are described by Berger (2015).

HELP is a quasi-2D model because it considers either vertical or horizontal flow in each
layer, but not both simultaneously. The model is popular for its ease of use in comparing
different cover and liner types; a broad database of climatic and material property default
values; ability to provide daily, monthly, or annual output; consideration of lateral drainage;
and ability to evaluate up to 20 layers. The HELP Model has widespread regulatory
acceptance both in the United States and internationally. There have been several criticisms
levied about the model; for example, that it overestimates leachate generation and
percolation through covers (particularly in arid and semi-arid conditions) by underestimating
evapotranspiration (Vorster, 2001). However, many findings from validation studies are
contradictory: for example, the model is reported to either under-predict or over-predict
surface runoff (Paige et al., 1996) and assign too high or too low default values for field
capacity and hydraulic conductivity depending on geographic region (Uguccioni and Zeiss,
1997). Some limitations are due to the maximum 1-day time resolution of the model and its
input data. Any model using daily precipitation data can give only a rough estimate of
surface runoff, especially in poorly vegetated regions experiencing large precipitation
events. The empirically derived Soil Conservation Service (SCS) curve number method
underlying the runoff sub-model should, strictly speaking, be calibrated for different regions
and time periods of application. Similarly, using daily precipitation data cannot reproduce

short-term peaks in lateral drainage from drainage layers in final covers (Berger, 2015).
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Conventional soil mechanics theory used to describe hydraulic properties of solid waste such
as field capacity assumes Darcian flow through a homogeneous porous matrix. However,
the landfill waste body is, by its nature, highly heterogeneous. Observations (e.g., Bendz et
al., 1997; Rosqvist, 1999; Fourie et al, 2001; Rosqvist et al., 2005) have shown significant
channeling, or preferential flow, through waste layers, albeit generally measured at MSW
landfills under high infiltration rates (open conditions). This results in lower practical field
capacities, faster breakthrough times, and higher and non-uniform leachate discharge rates
than obtained from the HELP Model, which assumes homogenous Darcian flow (Fellner and
Brunner, 2010). Low infiltration rates (such as occur after application of landfill covers),
however, are less likely to lead to pronounced channeling than high rates, because more
time is allowed for absorption of water into waste particles, and capillary action in smaller
pores redistributes moisture so that uniform flow through the waste layer may contribute
more to overall moisture movement. As a result, channeling may only occur significantly in
the initial phase of landfilling, or where high rates of liquids injection are attempted at
bioreactor facilities (Bengtsson et al., 1994). This suggests that the HELP Model should be

better at predicting leachate generation during PCC than during the operational period.

1.5.3 Potential Sources of Liquids Contributing to LCRS and LDS Flow
Leachate is produced when the field moisture-holding capacity of the landfill contents is
exceeded. This occurs when the waste moisture deficit (the difference between the waste
moisture content at placement and field capacity) is exceeded. Four principal factors govern

leachate production at a landfill (Rees, 1980):

®* The water content of the waste when placed;

=  The volume of infiltrating rainfall;

® The volume and water content of sludges co-disposed with the waste; and

= Waste compaction and density.

Prior to closure, precipitation levels would be expected to be directly correlated to leachate
generation (i.e., liquids volume recovered in the LCRS), and thus also have an indirect
impact on LDS flow rates, since higher LCRS flow rates mean greater potential for primary
liner leakage. However, leachate generation during the post-closure period is primarily
controlled by the cover system, which limits infiltration. As such, LCRS and LDS flow rates
would be expected to decrease significantly following completion of closure construction.
Thereafter, any residual post-closure LDS flow is expected to be more dependent on

imperfections in the liner and cover system construction (e.g., anchor trench tie-in and

15



Section 1 — Introduction

welding of cover and liner system geosynthetics), cover erosion issues, and groundwater

conditions than on precipitation.

The performance of primary liners at double-lined landfills in limiting leakage of leachate is
generally inferred by comparing LCRS and LDS flow rate and chemical constituent data.
Pioneering studies by Bonaparte and Gross (1990) and Gross et al. (1990) identified four
main potential sources of liquids contributing to LDS flow (Figure 1-2). The potential sources

of LDS liquids identified in the figure include:

=  Primary liner leakage (Source A);

= Construction water and compression water (Source B), comprising water (mostly
rainwater) that infiltrates the LDS during construction and continues to drain to the LDS
sump after the start of facility operation;

=  Consolidation water expelled into the LDS from the CCL/GCL components of a composite
primary liner as a result of clay consolidation under the weight of the waste (Source C);
and

=  Groundwater that percolates vertically or laterally through the secondary liner from
outside the landfill or other external sources of water (e.g., condensation of water vapor
in any gases encapsulated within the landfill), which condenses and infiltrates the LDS
(Source D).

Figure 1-2. Potential sources of liquids contributing to LDS flow?

The contribution of Sources B and C is not insignificant, particularly at sites having granular
drainage layers and thick CCL barrier layers (Bonaparte et al., 2011). However, such
sources are expected to have less relevance when only post-closure performance of the

liner is considered.

3 Based on Figure 3 of Bonaparte and Gross (1990), used with permission of the authors.
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Gross et al. (1990) presented the following five-step approach for evaluating the sources of
LDS liquid at a specific waste management unit:
1. Identify the potential sources of flow based on double-liner system design, climatic and
hydrogeologic setting, and landfill operating history;
Calculate flow rates from each potential source;
Calculate the time frame for flow from each potential source;

Evaluate the potential sources of flow by comparing measured flow rates to calculated
flow rates at specific points in time; and

5. Compare LCRS and LDS flow chemistry data to further establish the likely sources of
liquid.
The approach outlined above was used to evaluate the performance of the primary liner
systems in this study as discussed in Chapter 4. In addition to mechanisms identified above,
the operators of participating case study sites were asked about other possible reasons for
higher-than-expected flows in LDS sumps; where this occurred, it was mainly attributed to
issues with the anchor trench tie-in design or cover erosion and repair. Selection of
secondary liner system and LDS drainage layer materials on a side slope and base liners
may also be important where groundwater is shallow and potentially in contact with the

liner.

1.5.4 Leachate Chemistry

Leaching, which is the release of compounds from a solid to a solution, typically involves a
number of interrelated physical, chemical, and biological processes (e.g., degradation,
dissolution, desorption, complexation, or mineralization) and transport mechanisms, which
can be grouped into those predominantly controlled by diffusion and those predominantly
controlled by percolation and kinetics. Diffusion occurs where percolating liquids move
mainly over the surface of a block of material rather than around individual particles or
grains. Therefore, apart from initial wash-off effects, contaminant release is by diffusion
through the interstitial spaces inside the block to the exposed surface. Contaminant release
is thus related to the extent of this exposed surface. Percolation and kinetics refer to the
situation where the liquid passes through a material, which comprises a mass of particles or
granules and comes in direct contact with the surface of each particle. Contaminants
transfer into solution by diffusion or dissolution and then migrate with the leachate. The
factors controlling leaching also affect the composition of the resulting leachate, which in
turn affect long-term management and treatment options (Renou et al., 2008). These
factors include (Rees, 1980; Heasman, 1997; Morris, 2001):

= The source, nature, and physical properties of the waste material;
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® The leaching mechanism;
= The chemistry of the contaminants concerned;
= The pH and redox potential of the leaching environment; and

= The nature and rate of movement of percolating liquids.

With regard to the last factor, hazardous waste materials may not degrade or only degrade
very slowly, under landfill conditions. Reliable data on landfill leachate constituents collected
over multiple years can support analyses of landfill processes and are needed to predict
long-term trends in leachate chemistry with statistical confidence (Kylefors, 2003).
However, while considerable research into the long-term composition of leachate has been
conducted (e.g., Kjeldsen et al, 2002; Statom et al., 2004; Oman and Junestedt, 2008;
Gibbons et al., 2014) this has tended to focus on non-hazardous waste landfills. In light of
this, Tian (2015) analyzed leachate composition from four landfills constructed for
containment of LLRW and hazardous wastes in the United States and compared
concentrations of dissolved organic matter (measured as total organic carbon [TOC]),
inorganic macro-components (including major cations and anions), and trace metals to
values reported in the literature for MSW leachate. The study concluded that:
= Dissolved organic matter concentrations were insignificant when compared with MSW
leachate;

=  Concentrations of inorganic macro-components were broadly similar to MSW leachate;
and

®* Trace metal concentrations were relatively lower than in MSW leachate.

For major cations, the concentrations of Ca and Mg were found to be similar to those in
MSW leachate, while K and Na concentrations were higher in MSW leachate. For major
anions, sulfate concentrations were much lower in MSW leachate. Interestingly, the
concentrations of trace metals were found to be relatively constant over time at the four
sites studied. Overall, if current expectations are that the time taken for concentrations of
constituents of concern in leachate to decrease to asymptotic levels will be similar for

hazardous and non-hazardous landfills, this may not be appropriate.

Most recent research into the properties of hazardous waste and its byproducts of
degradation and decay has focused on landfill diversion of materials in support of zero
waste principles or the “circular economy” (e.g., Lépez- Delgado and Tayibi, 2012). An
exception is municipal solid waste incineration (MSWI) bottom ash and fly ash, which
contains a considerable amount of heavy metals, salts, organic pollutants, and other

potentially toxic components. Investigation into recovery of metals with resale value (e.g.,

18



Section 1 — Introduction

copper, zinc, lead, and cadmium) from MSWI by controlled leaching using different solutions
(nitric acid, hydrochloric acid, and sulfuric acid) and optimized parameters (temperature,
controlled pH value, leaching time, and liquid/solid ratio) was reported by Tang and Steenari
(2016) with recovery rates varying from 68 to 92%, although it is doubtful such conditions
for leaching could exist in situ. At many hazardous waste landfills, incoming waste is mixed
with a bulk solidifier/stabilizer (cement kiln dust, fly ash, Portland cement, or activated
carbon), which can make up as much as 40% of the volume in a given landfill unit, or
stabilized by encapsulation using polymers (Kim et al., 2009; Loépez et al., 2015). The
stabilization process can immobilize hazardous organic materials such as phenol and reduce
the potential for heavy metals to leach out of the waste (Rho et al., 2001; Reich et al.,
2002).

Despite the shortfall in leachate characterization studies and need to establish a basis for
expectations regarding trend behavior, hazardous waste landfill leachate data can help
determine liner performance and identify groundwater contamination sources, depending on
the signature relationship to landfill sections, waste type, and waste age. Of particular
interest to this study, comparison of the concentrations of key chemical constituents in
temporal LCRS and LDS chemistry datasets can be used to establish the extent of the
hydraulic connection between these drainage layers (i.e., whether primary liner leakage had
contributed significantly to observed LDS flows). Several factors need to be considered in
identifying the constituents of interest, including common occurrence in leachate, high

solubility in water and low octanol-water coefficient, and high resistance to hydrolyzation.

The parameters analyzed from sites used in this study included pH, specific conductance,
total dissolved solids (TDS), chemical oxygen demand (COD), major cations and anions,
trace metals, and volatile organic compounds (VOCs). The chemical signatures for these
parameters in LDS vs. LCRS liquids serve as justification for proceeding with correcting liner
efficiency calculations; this is discussed in Chapter 5. If sufficient data on major cations and
anions are available, Stiff and Piper diagrams can be used to subjectively describe ionic
solutions and distinguish leachates with similar chemistry into clusters (Tonjes, 2013).
Further, with respect to the major ions, chloride is of particular interest since it serves as a
conservative parameter that does not take part in biochemical reactions and is not
physically altered during the processes of leaching (Rowe, 1991). Therefore, despite
differences in volumes between LCRS and LDS flow rates, chloride concentrations should be
approximately constant between these two drainage layers if the primary source of liquids

in the LDS is leakage through the primary liner.
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1.5.5 Liner and Cover Stability

Problems affecting liner stability generally occur as a result of short-term unstable
conditions developing during operations (Blight, 2008; Mitchell, 2009). Potential causes of
liner instability include inadequate design (e.g., inappropriate selection of smooth GM
materials in contact with slick clay resulting in lower-than-expected interface friction), poor
construction inspection and quality assurance, and/or inadequate control of liquid waste and
moisture conditions. For the most part, such problems are avoidable. Liner issues not
addressed during construction would be difficult to repair during operation and almost
impossible to repair after the closure of the landfill. However, liner failures after closure

have not been reported at modern RCRA landfills.

Most cover stability issues are identified based on visual observations during routine
inspections. These are generally less likely to increase the potential for environmental
impacts due to compromised waste containment system integrity than liner system failures.
Cover issues related to erosion or storm water ponding may result in increased infiltration
and leachate generation; however, most cover issues can be remedied in a relatively

straightforward manner if detected and repairs are made in a timely fashion.

1.6 Assessment and Termination of Post-Closure Care

1.6.1 Number of Closed Hazardous Waste Units

The EPA Office of Inspector General recently issued a report (EPA, 2015) to evaluate
whether the EPA and authorized states and territories have sufficient safeguards to control
and mitigate long-term public health, environmental, and fiscal risks at hazardous waste
disposal sites beyond the 30-year PCC period. The report identified over 1,500 hazardous
waste disposal units that had been assigned an operating code of “closed with waste in
place” as of 9 October 2014 (Figure 1-3), although not all are reported to have entered into

a permitted PCC program.

1.6.2 Process for Assessing Completion of Post-Closure Care

PCC for each hazardous waste management unit must begin after completion of closure and
continue for 30 years thereafter according to 40 CFR §264.117(a), although discretion is
provided to the permitting authority (EPA Regional Administrator or Director of an
authorized state program) to adjust the post-closure period as necessary to protect HHE.
Therefore, the presumption of a 30-year PCC period does not reflect a determination by EPA
that 30 years is necessarily sufficient to eliminate potential threats to HHE in all cases. The

regulations provide authority to conduct a case-by-case review of the PCC period and to
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establish arrangements to adjust the length of the post-closure care period on a facility-
specific basis, where the records support a determination that the revised post-closure
period will protect human health and the environment (EPA, 2016). In other words, the

duration of PCC is a performance standard rather than a prescriptive standard.

Figure 1-3. Distribution of closed hazardous waste disposal units in the United
States*
In terms of the current state of the industry, EPA (2015) concluded that some important
safeguards are in place, such as corrective action and other enforcement authorities that
the EPA and authorized states can use to address cleanup needs at facilities undergoing
PCC. States have exercised their authority, extending PCC and associated financial
assurance when unacceptable risks remain. One state (Virginia) has also ended post-closure
care at one facility and established other long-term care arrangements under an
environmental covenant (see Section 1.6.3). If long-term problems arise after PCC, the
implementing authority may be able to address these problems using its RCRA enforcement
authority. Nevertheless, a number of challenges remain:
= |In the absence of the finalized additional guidance from EPA, states have to make
decisions on adjusting the PCC period;

= 18 states do not have environmental covenant statutes that strengthen controls for
long-term protection of land use; and

= EPA and state hazardous waste programs will have an increased workload as more units
reach the end of their expected 30-year PCC periods (the number of units for which a
decision regarding the end of permitted PCC will be needed was estimated at between

4 Modified from the cover map of EPA (2015). Red dots show the locations of hazardous waste disposal
units. Numbers and color shading groups indicate EPA regions.
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15 and 45 annually through 2030, with over 50% of these decisions falling in the next
10 years).

Post-closure activities must be continued until the permitting authority (generally, the state)
determines that the facility is performing acceptably and that the post-closure permit can be
terminated. If the permittee (i.e., site owner/operator) is unable to continue providing PCC
under these conditions, in accordance with applicable terms of the financial mechanism used
to provide the financial assurances the state may provide PCC using an independent third
party contractor. To cover the costs of such post-closure care under these circumstances,
the state would exercise the financial assurances provided for PCC. For this reason, many
states require routine assessments of the adequacy of funding and financial assurances for
PCC at all facilities within their jurisdiction. Utah Senate Bill 24 of 2005, for example,

requires an assessment every 5 years (Baird and Seiger-Webster, 2011).

A few states have used their authority under RCRA to extend PCC. For example, Maryland
evaluated information on a disposal unit approaching the end of its 30-year PCC care period
in 2012. Maryland identified continuing risk and required the owner to renew its PCC permit
for another 10 years. Further, Maryland required the owner to maintain financial assurance
to cover this extended care. The amount of financial assurance is to remain great enough to

cover 10 years of care throughout the extended permit period (EPA, 2015).

1.6.3 Case Study Example of Post-Closure Permit Termination

This study found evidence of only one Subtitle C landfill facility at which PCC has been
demonstrated complete and the PCC permit terminated (Romanchik, 2013; EPA, 2015). This
is the Wheelabrator Corporation Landfill, a 2.7-acre landfill located on 13 acres of land near
Bedford, Virginia. The landfill was used for disposal of furnace dust and furnace slag
generated from secondary steel (scrap) smelting operations conducted at the adjacent
Wheelabrator Abrasives foundry. The landfill was operated for 16 years through 1985 and
then closed with waste in place on 21 December 1988. At the time of closure, the waste

inventory was estimated as 122,900 cubic yards.

On 29 September 1992 Virginia Department of Environmental Quality issued Wheelabrator a
Hazardous Waste Management Post-Closure Permit (Permit) that required monitoring of
upgradient and downgradient groundwater at the closed landfill as well as maintenance of
the landfill cap. On 17 July 2003, the Permit was renewed for a 10-year period through 16
August 2013 with groundwater monitoring requirements reduced from quarterly to semi-
annual sampling. On 29 September 2008, the compliance period (16 years) for the

regulated unit ended and the groundwater monitoring constituent list was significantly
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reduced. Finally, on 9 August 2013, the department approved Class 3 Permit Modification to
reduce the PCC period from 30 years to the time served to date. To comply with long-term
stewardship goals, an environmental covenant was executed under Virginia’s Uniform
Environmental Covenants Act that allowed the site out of PCC in exchange for an annual
certification by a certified professional engineer that required cap monitoring, maintenance,

and site security obligations covered under the covenant are being met.

Based on a review of available documentation, it appears that termination of PCC at this site
was approved based on demonstration of no unacceptable threat to HHE as a result of
potential long-term leakage of leachate to groundwater. As such, the approval invokes the
department’s authority under the performance standard implicit in §264.117(a) rather than
strict invocation of the prescriptive requirement under 8264.310(b)(2) to continue to

operate the leachate collection and removal system until leachate is no longer detected.

1.7 Long-Term Landfill Performance and Resilience

Some hazardous waste management units in place today may be under-designed for the
future if conditions change significantly relative to recent historical patterns. This could have
serious consequences for the integrity of hazardous waste disposal facilities, such as a cover
system breach causing either subsidence or leaching of contaminants into the subsurface
(Kelly and Winchester, 2005). Therefore, the vulnerability of existing and proposed
hazardous waste disposal facilities should be evaluated with regard to long-term climatic
hazards (e.g., inundation due to sea level rise, elevated temperatures, and/or groundwater
elevation rise) as well as short-term hazards (e.g., possible increase in precipitation and
associated flooding, increases in storm flooding/surges, potential changes in wave action
and currents, king tides, seismic events such as earthquakes or tsunamis, and/or El Nifio
effects). Little research has been published on the long-term vulnerability of closed landfills
to these events; as such, this represents a research need in terms of assessing the long-

term performance of landfill containment systems.

Although very long-term design considerations and the effects of extreme climatic or other
natural events are not routinely considered for RCRA Subtitle C landfills, very long-term
performance requirements are considered for waste encapsulation designs (Reith and
Caldwell, 1993) used for containment of extremely hazardous or radioactive wastes. For
example, functional requirements for the design of an on-site disposal facility (OSDF) for
mixed LLRW and RCRA waste containment based on 40 CFR 8192.02(a) with a 1,000-year
design life are described by Bonaparte et al. (2011 and 2016). These included potential

mechanisms for performance failure such as long recurrence interval earthquake and storm
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events. Changes in erosional stability over time were also considered. For design, the
performance period was divided into three operating timeframes: initial period, which
extends from construction until the end of the 30-year post-closure monitoring period;
intermediate period, which begins 30 years after final closure and lasts for at least 200
years and up to 1,000 years; and final period, which does not occur for at least 200 years
and possibly up to 1,000 years after final closure of the facility. During the final period, it is
assumed that liner and final cover system geosynthetics are non-functional along with

synthetic components of LCRS and LDS drainage systems and pipes.

According to the National Academic Press (2007), long-term containment designs that allow
for lifetimes of thousands of years are likely infeasible and prohibitively expensive;
therefore, designs that allow for recovery, repair, or replacement of the barrier system
components for the landfill cover system should be encouraged. The potential effects of
changes in temperature and precipitation, sea level rise, and related flooding, as well as
other extreme events such as earthquakes, could be minimized by building resiliency in
design for repair and replacement of the barrier system components. The appropriate
continuing management strategy would include ending maintenance, continuing

maintenance, repair, and rehabilitation.
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2. DATA COLLECTION AND ANALYSIS

2.1 Data Collection

The EPA, in partnership with the States, biennially collects information regarding the
generation, management, and final disposition of hazardous wastes regulated under RCRA
and publishes a National Biennial Report to communicate the findings (EPA, 2011). This
includes a list of reported RCRA sites in the United States, which helped in initial

identification of candidate sites for this study.

Efforts were made to obtain data from a variety of facilities to represent the different waste
generator and operator types regulated under Subtitle C, including commercial facilities and
landfills dedicated to a specific industrial waste stream. Variability in geographic/climatic
conditions was also sought, as discussed below. The cooperative participation of site
managers and other operator personnel was also seen as key to success, in particular in
understanding the nuances in the data (for example, many apparent anomalies can be
readily explained from operational records: a 5-day spike in leachate flow may simply be
the effect of a malfunctioning flowmeter that took a few days to notice, isolate, and
replace). However, it is recognized that non-random selection of sites is likely to have
biased the data set. Therefore, to gain some understanding of the extent of data that may
be available without direct contact with the operator, site records and analytical data for one

site (denoted Landfill F in the study) were obtained directly from the state.

2.1.1 Criteria for Case Study Site Selection
Landfill disposal units (i.e., cells, phases, modules, or areas) sought for inclusion in this

study offered the following four main characteristics:

= Regulated under RCRA Subtitle C;

= Closed (i.e., final capped) or at final grade for an extended period under intermediate
cover;

= Have a double-liner system with separate (unit-specific) measurement of liquid flow rate
in the LCRS and LDS; and

=  Collect leachate chemistry data independent of any active units in operation at the same
facility.

2.1.2 Geographic and Climatic Distribution

For the purposes of this study, the continental United States was divided into four

geographic regions: Northeast (NE), Southeast (SE), Northwest (NW), and Southwest (SW).

These regions were constructed to broadly reflect climatic differences, as represented by
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average annual rainfall and temperature (Figure 2-1). Regional representation was

established as a goal in selecting case study landfills for inclusion in the study.

Generally, facilities in the SE experience higher rainfall and evapotranspiration, and fewer
days below freezing annually than other regions. Compared to the SE, facilities in the NE
receive slightly lower rainfall, have lower evapotranspiration, and experience a significant
number of days below freezing annually. Both the SW and NW are relatively dry (ignoring
the coastal Pacific Northwest), with relatively low precipitation and relatively high
evapotranspiration. Facilities in the SW may not experience any days below freezing

annually while facilities in the NW should expect a significant number of days below freezing
annually.

The climatic differences between regions would be expected to have a direct impact on
leachate generation (LCRS flow rates) as well as an indirect impact on LDS flow rates since
higher LCRS flow rates mean greater potential for primary liner leakage. However, LDS flow
rates may be more dependent on liner system construction, cover system construction (in
particular, tie-in of to the liner system anchor trench by welding cover and liner
geomembranes (GM) together), and groundwater conditions than on precipitation. Climatic

and other influences on LDS flow are examined as part of this study.
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Figure 2-1. Geographical regions established for the study

2.1.3 Site Data Collection Protocol

The dataset available from closed landfill facilities reported in EPA (2002) included only 9

years of post-closure data from both MSW and hazardous waste units. A primary objective
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of this research was to extend the dataset for hazardous waste units by 20+ years. Thus, in
developing a data collection protocol, care was taken to review material used in the
preparation of that study and interview a number of professionals that were involved in data
collection and analysis for that study. A review of other relevant publications and guidance
related to liner, cover, and LCRS design at Subtitle C landfills was conducted to develop a
Data Requirements Checklist (Appendix I). Checklist data were broadly categorized in terms
of (1) design and construction of the liner, LCRS, LDS, and cover; (2) waste placement
schedule, characteristics, and in-place volume; (3) LCRS and LDS flow quantities; and (4)

leachate chemistry data.

To obtain the data identified on the checklist, owner/operators, EPA regions, and state
regulators of Subtitle C landfills were contacted to identify candidate sites with one or more
closed units that meet the minimum data requirements specified in the checklist. Efforts
were made to include facilities in a variety of regions and climatic conditions. Based on
feedback received, the data requirement checklist and/or candidate list was modified and a
shortlist of sites developed from the initial pool of candidates. Thereafter, the operators of
shortlisted sites were contacted with a formal request for participation in the study. After

reviewing responses, a final list of sites was selected.

Data for this study were collected by Geosyntec during 2015 and 2016. Initially, data were
requested in electronic format. After reviewing the data received for completeness in
relation to the checklist requirements, Geosyntec traveled to the site or regulators’ offices to
collect additional data needed for the completion of this task. During the data collection
process, Geosyntec interviewed site personnel with regard to the nature and frequency of
any issues encountered with the cover or LCRS and LDS operation (e.g., repair of cap

erosion or replacement of flowmeters).

2.2 Site Data

2.2.1 Site Information

The site information, design details, LCRS and LDS flow data, and chemistry data presented
in this study were obtained from engineering drawings, project specifications, as-built
records, and/or operation records, supplemented with interviews with facility
owner/operators, monitoring personnel, and/or regulatory agencies. Efforts were made to
obtain as complete a record of data as possible, from completion of liner construction
through the time of data collection. The presentation and structure of the information
provided in this study purposefully mirror that of Appendix E in EPA (2002). In this way, this

report is intended to serve as a limited extension of that study.
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2.2.2 Leachate Flow

The leachate flow data from the LCRS and LDS drainage layers were collected from site
records. For all landfills, the daily, weekly, monthly, or yearly data were normalized to
gallons per acre per day (gpad) to provide a common unit for comparison of leachate flow
for this study. Attempts were made to collect data from the date of unit closure (i.e., “time
zero” for PCC) to the current date in order to obtain as complete a timeline of post-closure

flow. Average and peak flow data are provided in full in Appendix II.

As described in Chapter 4, flow data were used to evaluate the trends between average
LCRS flow rates and average annual rainfall for a given site. Consistent with EPA (2002),
which this study seeks to complement, the data were first assessed using a methodology
presented by Gross et al. (1990) using LCRS and LDS flow data to evaluate the performance
of primary liner in terms of apparent leakage through the primary liner. The basic approach
involved the evaluation of relative LDS to LCRS flow rate to quantify the hydraulic

performance of primary liner system.

2.2.3 Leachate Chemistry

Leachate chemistry data for both the LCRS and LDS as reported in monthly, quarterly or
annual reports were assembled for sites, as available. Data from 30 parameters were
sought, where available. For consistency, these parameters mirrored those reported by EPA

(2002). Major categories of parameters analyzed in this study included:

L] pH;
= Specific conductance and total dissolved solids (TDS);

= Macro-indicators of leachate quality, including chemical oxygen demand (COD),
biochemical oxygen demand (BOD), and total organic carbon (TOC);

= Major cations (calcium, magnesium, sodium, and potassium);
= Major anions (chloride, sulfate, and alkalinity);
= Trace metals, including arsenic, cadmium, chromium, lead, nickel; and

= Volatile organic compounds, including benzene, toluene, ethylbenzene, and xylene
(BTEX).

The data were used to estimate the time that may be required for concentrations of
constituents of interest in leachate to decrease to asymptotic levels during PCC (Section
6.2). As discussed in Section 5.3, leachate chemistry data were also used to quantify the
portion of liquids comprising total LDS flow that should be attributable to primary liner
leakage as opposed to other sources (i.e., by demonstrating a lack of hydraulic connection
between the LCRS and LDS). In some cases, this allowed the apparent liner efficiency to be

corrected based on relative concentrations of seven key cations and anions (particularly

28



Section 2 — Data Collection and Analysis

chloride) as well as selected VOCs in the LCRS and LDS. Similar to the approach in EPA
(2002), the presence of chemical constituents in the LDS was evaluated empirically (i.e.,
the concentrations of chemicals collected in the LDS were directly compared to
concentrations of the same chemicals collected in LCRS). No fate and transport analysis
were performed to account for attenuation of the LCRS chemicals migrating through the
primary liner CCL. However, to minimize the effects of attenuation, the key chemical
constituents were selected based on their high solubility in water, low octanol-water
coefficient, high resistance to hydrolyzation, and high resistance to anaerobic

biodegradation in soil.

The leachate chemistry database is too large and complex to meaningfully summarize here
but is presented in full in Appendix Ill. It is noted that the database is limited in terms of its
completeness and the duration of monitoring. Many key leachate constituents are poorly
represented in the LCRS dataset (e.g., TDS, COD, and BOD), while LDS chemistry is not
monitored at many sites. Further, site operators are only required to keep records for 3
years; as such, many older records are no longer available. If this lack of data exists across
all other Subtitle C facilities (i.e., is not unique to the case studies), this represents an
important limitation on assessing the long-term performance of Subtitle C containment

systems.

2.2.4 Quality Assurance Project Plan

Collection and review of data for this study were performed in accordance with the quality
assurance project plan (QAPP) developed for the Work Assignment. The QAPP was
developed in accordance with guidance provided in the EPA’s National Risk Management
Research Laboratory (NRMRL) quality assurance requirements for secondary data projects
(EPA, 2008). The QAPP was approved by EPA prior to the initiation of data gathering. The
primary focus of the QAPP was to verify that the environmental and related data compiled
for reference or use on this project are complete, accurate, and of the type, quantity, and

quality required for their intended use.

In compiling information from secondary data sources for this report, every effort was made
to identify and select data sources that have undergone peer and public review to varying
degrees. Specific elements addressed by the QAPP include identifying the sources of
secondary data and rationale for selecting the data sources used, presenting the hierarchy
for data sources (Table 2-1), describing the review process and data quality criteria/metrics,
discussing quality checks and procedures should errors be identified, and explaining how

data will be managed, analyzed, and interpreted.
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Table 2-1. Data quality assessment guide for source

Quality Ranking Source

Highest Federal, state and local government agencies

Second Consultant reports for state and local government agencies

Third Non-governmental organization (NGO) studies, peer-reviewed
journal articles, and peer-reviewed conference proceedings

Fourth Conference proceedings and other trade literature that are not peer-
reviewed

Fifth Individual estimates

With regard to data from the individual case studies presented in Chapter 3 and discussed in
Chapters 4 to 6, a key focus of the QAPP was to ensure that the environmental and related
data were complete, accurate, and of the type and quality required for their intended use.
Potential data sources available for each site were reviewed to identify the level of quality
assurance (QA) and quality control (QC) applied during collection and analysis of samples.
Significant limitations on the use of data were documented prior to inclusion in this report in
an effort to ensure that the data are appropriate for their intended use and representative
of site conditions. Although it important to note that specific vetting of individual site data
was not possible, data that were officially submitted to federal or state agencies were
assumed to represent sources equivalent to the second tier in Table 2-1 (i.e., consultants
reports for submission to state agencies or the relevant regulatory authority, for which data
have undergone QA and QC procedures consistent with such submissions). These data were
prioritized. Where data are included in the report that were received directly from the site
operator or their consultants but that had not been officially submitted to the regulator,
these sources are considered to represent fifth tier sources in the table. Examples of this
category of data include operators’ anecdotal recollections regarding the locations and
timing of localized cap repairs. Use of such information is limited but included, where useful,
to the case study discussions; in all cases, data limitations are clearly identified in the report
text. The age of secondary data sources was also considered as a quality criterion per the

scheme listed in Table 2-2.

Table 2-2. Data quality assessment guide for timeliness

Quality Ranking Source
Highest Data from sources dated 2010-2016
Second Data from sources dated 2005-2009
Third Data from sources dated 2000-2004
Fourth Data from sources dated 1999 or prior
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3. REVIEW OF CASE STUDY LANDFILLS

3.1 Overview

Nine doubled-lined Subtitle C landfills featuring one or more closed unit were selected as
case studies. All data are blinded, with a single-letter alphabetic designation randomly
assigned to each site. There are at least two case study sites from each of the four U.S.
geographic regions (Figure 3-1). However, this study presents only a very small fraction of
the total of over 1,500 hazardous waste sites closed Subtitle C sites nationwide. The nine
sites do not represent a statistically significant number of sites to represent Subtitle C sites

or to predict performance across different landfill design characteristics or climatic regions.

Figure 3-1. Distribution of landfill sites in U.S. geographical regions established for
this study

The majority (7 of 9) of sites are commercial facilities that accepted hazardous waste from
multiple sources. Two are industrial facilities that accepted waste from a single generator.
One site (Landfill M) has a unit that is not formally closed but has been dormant under
intermediate soil cover for several years. Facility information, including average annual
rainfall, subsurface soil types, and nominal depth to groundwater below ground surface is
summarized in Table 3-1. The nominal depth to groundwater affords an understanding of
the separation distance between the base of the landfill and the water table, and thus the

potential for the direct intersection between the landfill liner system and groundwater.
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Table 3-1. General site information

_ _ Average Average Nominal depth
d L‘f’mdf'l.l Geogr_aphlc annual rainfall e to Subsurface soil type(s)
esignation region (inches)® _snowfall groundwater
(inches) ® (feet)®
B SE 47 -- <5 Claystone
T SE 70 -- <5 Sandy silt and clay
J SW 11 -- 300 Clays and sandstone
R SW 6.5 -- 250 Sands and clays
P SwW 28 - 40 Clay
Y NW 10 - 120 Gravelly sands to silty clays
M NW 9.5 - 200 Clays
D NE 42 17 10 Clay and gravelly sands
F NE 40 60 90 Sands to silty loam
Notes:

1). The average annual rainfall and snowfall were computed based on nearest weather station data to the site.
2). The nominal depth to groundwater was based on design and/or groundwater monitoring reports made available by
the operator.

Overall, the nine landfills yielded 45 individual double-lined closed units for investigation in
this study. A database was developed based on reports made available by the operators
that include design information and monitoring data collected at each individual unit. The

data collected are summarized in Appendix II:

= General landfill construction information (Table 11-1);
= Landfill liner system design details (Table 11-2);
= Final cover system design details (Table 11-3);

= LCRS and LDS annual average (Tables 11-4A-C) and annual peak (Tables I11-5A-C) flow,
normalized as gallons per acre per day (gpad); and

= LCRS and LDS chemistry data (Table 11-6).

Available LCRS and LDS flow and chemistry data are presented in full in Appendices 11l and

IV, respectively.

3.2 General Description of Case Study Facilities

3.2.1 Landfill Construction and Operation

Overall, 45 individual double-lined units at nine separate landfill facilities are included in this
study. Individual units at case study landfills ranged in size over an order of magnitude from
1.4 acres to 11.3 acres, although most units were less than 5 acres in area. The oldest units
in the study have been closed for over 29 years, while the newest are only 6 years into a
PCC program (the study unit at Landfill M is not closed with a final cover, but has been
inactive with waste at final grade for 4 years). Individual units featured various LCRS and
LDS flow measuring devices (Table 11-1). In most cases, liquids in the LCRS and LDS were

each drained to a single sump serving the entire unit; however, a few units featured
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multiple sumps each equipped with individual flow measuring devices. The thickness of
waste in place above a liner ranged from 40 feet to 110 feet, although the thickness of
waste in most units was in the range of 70 to 80 feet. All liner and cover construction at the

study units was performed under a construction quality assurance (CQA) program.

3.2.2 Liner System and Cover System Design

Amongst the 45 case study units, 11 different liner system designs and a further 11
different cover system designs are represented. For discussion in this report, these are
combined into 13 unique containment system design configurations featuring commonality
through the entire thickness of the unit from cover to liner (Table 3-2).

Table 3-2. Commonality of liner system, LCRS and LDS drainage system, and cover
system for different case study design configurations

g Plr_l_mary LCRS LDS Cover system
o =~ iner
<Q - 5
= (@) ® ® ®
— c o — oD - = ® = — (@) - — — D
g |3 a e 98| 5 | 38 |83 8 |28 |8S8 (98|88 3
2 | 2 = o <3 c @ c © |23 |3 |03 %
o E o =R P =] @ O o < ) o < =o =0T o D 9
e = c c Qo 3 = = = = ~2|Qo | @0 | 5o 3 =
S ke S On o ) o R=2 ) O | On Own %) o E
2 Z |[C5| 8 | 2 |22 2 |22 |5 |5 (25| 8
=, » ® e = =g = =2 ® ® @ o
<) o E & s @ o
=
1 5 B-1to B-6 6 v v v v
2 B-7 and B-8 2 v v 4 v
3 T T-1to T-18 18 v v v v
4 J-1to J-3 3 v v 4 v v
5 R-1 1 v v v v
R
6 R-2 to R-5 4 4 v v v
7 P-1 1 v v v v
P
8 P-2 to P-4 3 v v v v
9 Y-1 1 v v v v
Y
10 Y-2 and Y-3 2 v v 4 v 4
11 M M-1 1 v v v v v
12 D D-1 and D-2 2 v v v v
13 F F-1 1 v v v v
TOTAL 45 35 10 32 13 27 18 27 8 6 3 1

Note 1). The granular soil is either coarse sand or gravel, Soil is general fill.

Inspection of Table 3-2 reveals the following commonalities and differences in containment
system design traits amongst the case study units:

= Liner system: Most of the study units had a GM/CCL composite primary liner system

(80%), with seven design configurations (1-6 plus 11) featuring this liner design. A
single geomembrane primary liner was featured in 20% of study units (configurations 7-
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10 and 12-13). No case study units were constructed having a GM/GCL composite
primary liner, although one site (Landfill D) utilizes a GCL in the secondary liner.

®= LCRS: Six design configurations (1-4 and 9-10), comprising 80% of the study units, had
12 inches of sand as the LCRS drainage layer while the other seven configurations
(comprising 20% of study units) had a geocomposite (GC) or geonet (GN) drainage
layer.

= LDS: A 12-inch sand drainage layer was in 60% of the study units (four design
configurations, 1-3 and 9), while the remaining 40% (representing nine configurations)
had a GC or GN drainage layer.

=  Cover system: A GM/CCL composite cover design was used for 59% of the study units
(six design configurations), while 18% (four configurations) were constructed having a
GM/GCL composite cover system. Six study units (14% of the total, all design
configuration 1 at Landfill B) were constructed in reverse with a CCL/GM cap. Two
special-case cover design types exist:

o Landfill J had an MSW overfill landfill constructed above it and thus its cover
system acts as the liner system for the overlying landfill (design type 4), and

o Landfill M currently has intermediate cover soil in place (design type 11) although
the approved final cover design is an all-soil evapotranspiration cover system.

Landfill B
The site is located in the SE region and is fully closed with no active receipt of waste for

treatment, storage, or disposal. The mean annual precipitation at the site is 47 inches with
minimal depth to groundwater. The subsurface soil mainly consists of claystone with a few
sand lenses. The eight study units at this landfill (B-1 to B-8) vary in size from 3.7 to 8.8

acres. Waste thicknesses above the liner range from about 45 feet to 110 feet (average 75

feet).

The liner and cover system details are as follows:

= Primary Liner (all): 80-mil HDPE GM overlying a 60-in CCL

» LCRS Drainage Layer (all): GT overlying a 12-in thick sand layer

= Secondary Liner (all): 80-mil HDPE GM overlying a 36-in CCL

= LDS Drainage Layer (all): GT overlying a 12-in thick sand layer

= Cover (B-1 to B-6): 24-in CCL overlying a 30-mil HDPE GM

= Cover (B-7 and B-8): 60-mil HDPE GM overlying a 24-in CCL

= Cover Drainage/Protective Layers (all): 18-in sand layer underlying 6-in protective soil
Note that the typical composite barrier configuration (geomembrane overlying soil layer) is
reversed in the cover system for units B-1 to B-6, where the GM is placed under the CCL.
This has important ramifications on cover system performance and leachate flow as
discussed in Chapter 4. The configurations of the liner and cover systems for units at

Landfill B are shown in Figure 3-2.
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This cross-section corresponds with Configuration Nos. 1 and 2 in Table 3-2.
Notice the two different cover designs used at the site: variations are highlighted in red.

Figure 3-2. Liner and cover system cross-sections for Landfill B

Landfill T
The site is located in the SE region and is currently operational (i.e., some active units are

accepting waste). The mean annual precipitation at the site is 70 inches with minimal depth
to groundwater below ground level, which implies that groundwater is in contact with the
liner system. The subsurface soil mainly consists of sandy silt and clay. Eighteen closed

units (T-1 to T-18) are part of this study.

The closed units at Landfill T range in size from 1.4 to 4.2 acres with a waste thickness of
70 to 80 feet. All units have the same liner and cover system design, details of which are as

follows (Figure 3-3):

* Primary Liner: 60-mil HDPE GM overlying a 36-in CCL

» LCRS Drainage Layer: 12-in thick sand layer overlain by 12-in protective soil layer with
permeability greater than 1x<102 cm/s

» Secondary Liner: 60-mil HDPE GM overlying a 36-in CCL
= LDS Drainage Layer: 12-in thick sand layer
= Cover: 60-mil HDPE GM overlying a 24-in CCL

= Cover Drainage/Protective Layers: GN underlying 24-in protective soil
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This cross-section corresponds with Configuration No. 3 in Table 3-2.
Figure 3-3. Liner and cover system cross-sections for Landfill T

Landfill J
This site is located in the SW region and is currently operational. The region is arid, with

mean annual precipitation at the site only 11 inches. The depth to groundwater is 300 feet.
Subsurface soils mainly consist of clay and sandstone. Three conjoined landfill units (J-1 to
J-3) comprise a single closed landfill unit that is part of this study. These units have an MSW
overfill landfill constructed above them such that the liner system for the overlying MSW
landfill system is integrated with the cover system for Landfill J. The three units are all

about 10 acres in area with waste thickness above the liner of 90 feet.

All units have same liner and cover system design, details of which are as follows (Figure 3-
4):

* Primary Liner: 60-mil HDPE GM overlying an 18-in CCL

» LCRS Drainage Layer: 12-in thick sand layer overlain by 24-in soil layer with geotextile
= Secondary Liner: 60-mil HDPE GM overlying a 36-in CCL

» LDS Drainage Layer: 12-in thick gravel layer overlying a GN

= Cover: 60-mil HDPE GM overlying a 24-in foundation layer

= Cover Drainage/Protective Layers: GC underlying 24-in protective/drainage soil layer
which also acts as LCRS for an overlying MSW cell
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This cross-section corresponds with Configuration No. 4 in Table 3-2.
Figure 3-4. Liner and cover system cross-sections for Landfill J

Landfill R
The site is located in the SW region and is currently operational. The site is located in an

arid region with mean annual precipitation at the site of 6.5 inches and depth to
groundwater of 250 feet. The subsurface soils mainly consist of sand and clay. Five landfill
units (R-1 to R-5) are part of this study. The units vary in size from 5.0 to 7.6 acres with
the maximum thickness of waste in R-1 being about 70 feet and in R-2 to R-5 being about
100 feet. All units have a similar cover system; however, R-1 has a different liner system

design to the other units.

The liner and cover system details are as follows (Figure 3-5):

* Primary Liner (R-1): 40-mil PVC GM overlying a 36-in CCL

= Primary Liner (R-2 to R-5): 80-mil HDPE GM overlying a 36-in CCL

= LCRS Drainage Layer (R-1): GN overlay by 18-in thick protective soil layer
» LCRS Drainage Layer (R-2 to R-5): GC

= Secondary Liner (R-1): 40-mil PVC GM overlying a 36-in CCL

= Secondary Liner (R-2 to R-5): 80-mil HDPE GM overlying a 36-in CCL

» LDS Drainage Layer (R-1): GN

= LDS Drainage Layer (R-2 to R-5): GC

= Cover (all): 80-mil HDPE GM overlying a 24-in CCL

= Cover Drainage/Protective Layers (all): GT underlying 24-in protective soil
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This cross-section corresponds with Configuration Nos. 5 and 6 in Table 3-2.
Notice two different liner system designs used at the site: variations are highlighted in red.

Figure 3-5. Liner and cover system cross-sections for Landfill R

Landfill P
The site is located in the SW region and is currently operational. The mean annual

precipitation at the site is 28 inches and the average depth to groundwater is 40 feet below

ground level. The subsurface soil mainly consists of clay. Four landfill units (P-1 to P-4) are

part of this study, each with an area of 10 acres and a maximum thickness of waste above

the liner of 42 feet.

The liner and cover system details are as follows (Figure 3-6):

Primary Liner (all): 60-mil HDPE GM

LCRS Drainage Layer (all): GN overlain by 24-in protective cover layer

Secondary Liner (all): 80-mil HDPE GM overlying a 36-in CCL

Lower LDS Drainage Layer (all): GN overlain by intermediate liner (60-mil HDPE GM)

Upper LDS Drainage Layer (all): GN overlain by 24-in. the protective layer and underlain
by intermediate liner

Cover (P-1): 60-mil HDPE GM overlying a 24-in CCL
Cover (P-2 to P-4): 60-mil HDPE GM overlying a GCL

Cover Drainage/Protective Layers (all): GN underlying 36-in protective sail

This site is unique in that it has an intermediate liner system situated between the primary

and secondary liners with an overlying GN drainage layer providing separate recovery and
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recording of liquid flows. For ease of identification on the figure and throughout this report,
the upper LDS drainage layer is denoted “"LDS1” while the lower LDS drainage layer in
denoted “LDS2.” In terms of assessing the performance of the primary liner, the sum of

flows in LDS1 and LDS2 is used to compare to flow in the LCRS.

This cross-section corresponds with Configuration Nos. 7 and 8 in Table 3-2.
Notice two different cover system designs used at the site: variations are highlighted in red.

Figure 3-6. Liner and cover system cross-sections for Landfill P

Landfill Y
The site is located in the NW region and is currently operational. Mean annual precipitation

at the site is 10 inches and depth to groundwater is 120 feet below ground level. Subsurface
soils mainly consist of gravelly sand and silty clay. Three landfill units (Y-1 to Y-3) are part
of this study, all of which have similar dimensions with an average area of 1.75 acres and
maximum waste thickness of about 55 feet. All units have the same cover system; however,
Y-1 has a different liner system from the other two units. The liner and cover system details

are as follows (Figure 3-7):

= Primary Liner (Y-1): 60-mil HDPE GM
* Primary Liner (Y-2 and Y-3): 80-mil HDPE GM

= LCRS Drainage Layer (all): 12-in thick sand layer overlain by 6-in soil layer with
geotextile

= Secondary Liner (Y-1): 40-mil HDPE GM overlying a 36-in CCL
= Secondary Liner (Y-2 and Y-3): 60-mil HDPE GM overlying a 36-in CCL
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LDS Drainage Layer (Y-1): 12-in thick sand layer
LDS Drainage Layer (Y-2 and Y-3): 12-in thick sand layer overlying a GC
Cover (all): 40-mil HDPE GM overlying a GCL

Cover Drainage/Protective Layers (all): GC underlying 30-in protective soil

This cross-section corresponds with Configuration Nos. 9 and 10 in Table 3-2.
Notice two different liner system designs used at the site: variations are highlighted in red.

Figure 3-7. Liner and cover system cross-sections for Landfill Y

Landfill M
The site is located in the NW region and is currently operational. The mean annual

precipitation at the site is 9.5 inches and depth to groundwater is 100 feet below ground

level. The subsurface soil mainly consists of clay. A single landfill unit (M-1) is included in

this study. The unit has an area of 9 acres with a maximum thickness of waste of 110 feet.

The liner and cover system details for Landfill M are as follows (Figure 3-8):

Primary Liner: 60-mil HDPE GM overlying an 18-in CCL

LCRS Drainage Layer: 12-in thick sand layer with a GC overlain by 12-inch surface
course material as a protective layer

Secondary Liner: 60-mil HDPE GM overlying a 36-in CCL
LDS Drainage Layer: GN

Cover: Intermediate cover only, comprising 18-in select soil layer

The approved final cover design for the landfill consists of an evapotranspiration cover

comprising a 3-foot soil layer. The waste in M-1 has been at final grades with the

intermediate cover in place for 4 years.
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This cross-section corresponds with Configuration No. 11 in Table 3-2.

Figure 3-8. Liner and cover system cross-sections for Landfill M

Landfill D
Landfill D is located in the NE region and comprises an on-site disposal cell (OSDC) for

hazardous waste generated from the closure of an industrial facility. The mean annual

precipitation at the site is 40 inches (annual average snowfall is 17 inches) and groundwater

is shallow at only 10 feet below ground level. The subsurface soils mainly consist of sands to

silty loam. Two units (D-1 and D-2) are part of this study, D-1 having an area of 3.2 acres

and D-2 an area of 5.8 acres. The maximum thickness of waste is 50 feet.

The liner and cover system details are identical for both units (Figure 3-9):

Primary Liner: 60-mil HDPE GM

LCRS Drainage Layer: GC overlain by 12-in protective soil layer with permeability
greater than 110 cm/s

Secondary Liner: 60-mil HDPE GM overlying a GCL above a 12-in foundation layer
LDS Drainage Layer: GC
Cover: 40-mil LLDPE GM overlying a GCL

Cover Drainage/Protective Layers: GC underlying 24-in protective soil
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This cross-section corresponds with Configuration No. 12 in Table 3-2.
Figure 3-9. Liner and cover system cross-sections for Landfill D

Landfill F
The site is located in the NE region and is used for disposal of hazardous waste generated at

an operational industrial facility. The mean annual precipitation at the site is 40 inches
(annual average snowfall is 60 inches) and the average depth to groundwater is 90 feet
below the ground surface. Subsurface soils mainly consist of sands to silty loam. A single
landfill unit (F-1) is included in this study, with a liner area of 6 acres and a maximum

thickness of waste of 50 feet.
The liner and cover system details (Figure 3-10) for F-1 are as follows:

=  Primary Liner: 80-mil HDPE GM

» LCRS Drainage Layer: GN

= Secondary Liner: 80-mil HDPE GM overlying 36-in CCL
= LDS Drainage Layer: GN

= Cover: 40-mil LLDPE GM overlying a GCL

= Cover Drainage/Protective Layers: 12-in sand layer underlying 12-in protective soil
3.3 Post-Closure Monitoring and Maintenance

3.3.1 Leachate Management

The LCRS and LDS from each landfill unit drain to low points (i.e., sumps) on the primary
and secondary liners, respectively, from where liquids are removed using pumps and side
slope risers. Dedicated LCRS and LDS sumps are isolated from each other. The volume of
liquids collected in each sump is recorded using a variety of devices, including automated
accumulating flowmeters or periodic pumping based on liquid height exceeding an action

threshold. To be included in the study, liquid flows in the LCRS and LDS had to be measured
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This cross-section corresponds with Configuration No. 13 in Table 3-2.
Figure 3-10. Liner and cover system cross-sections for Landfill F

individually per landfill unit. In most cases, each landfill unit featured only one LCRS and
LDS sump. Where a landfill unit had more than one sump, data were combined to represent

total flow in the LCRS/LDS.

Leachate Flow
Leachate flow data from the LCRS and LDS drainage layers were collected from operators’

site records. These were provided in the same format in which they are submitted in reports
to regulators, and are assumed to have undergone QA and QC checks consistent with such

submissions. The leachate flow database is included as Appendix Ill.

For each landfill unit, the daily, weekly, monthly, or yearly data were normalized to annual
average and peak flow in terms of gallons per acre per day (gpad) to provide a common
unit for comparison of leachate flow for this study. Attempts were made to collect data from
the date of closure (i.e., time zero for PCC) through to the current time in order to obtain a
complete timeline of post-closure flow from each unit. Average and peak flow data along
with the sampling frequency and a total number of data points available from each unit are

summarized in Tables 11-4 and 11-5 in Appendix I1.

As described in Chapters 4 and 5, flow data were used to evaluate trends between average
LCRS flow rates and average annual rainfall for a given site. Consistent with EPA (2002),
which this study seeks to complement, the LCRS and LDS data were also comparatively
assessed to evaluate the hydraulic performance of the primary liner in terms of apparent

leakage.
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Leachate Chemistry
Leachate chemistry data for both the LCRS and LDS as reported in monthly, quarterly or

annual reports were assembled from operators’ site records, as available. Data from 30
parameters were sought, where available; these parameters mirrored those reported by

EPA (2002). Major categories of parameters targeted in this study included:

" pH;

= Specific conductance and TDS;

= Macro-indicators of leachate quality, including COD, BOD, and TOC;

» Major cations (calcium, magnesium, sodium, and potassium);

= Major anions (chloride, sulfate, and alkalinity);

= Trace metals, including arsenic, cadmium, chromium, lead, nickel; and

= Volatile organic compounds, including BTEX.

Leachate chemistry data from the LCRS and LDS drainage layers were collected from
operators’ site records. These were provided in the same format in which they are
submitted in reports to regulators or to meet influent monitoring requirements of
wastewater treatment facilities, and are assumed to have undergone QA and QC checks
consistent with such submissions. The leachate chemistry database is too large and complex
to meaningfully summarize in this report; however, the availability of leachate chemistry at
each of the nine case study landfills is provided as Table I11-7 in Appendix Il, with the full
database included as Appendix IV. Leachate data are discussed in Section 5.1 in the context
of correcting apparent liner efficiency calculations and in Section 6.2 in terms of temporal
trends observed in leachate quality parameters. Where possible, the latter serves to
estimate the time that may be required for concentrations of constituents of interest in

leachate to decrease to asymptotic levels during PCC.

It is noted that the leachate chemistry database is limited in terms of its completeness and
the duration of monitoring although it is important to acknowledge that “completeness” in
this context refers to the availability of the full suite of 30 parameters targeted in this study
and not to data requirements specified for compliance. Many targeted leachate constituents
are poorly represented in the LCRS dataset, while LDS chemistry is not monitored at all at
many sites. In the latter case, it is noted that three sites (Landfills R, Y, and M) have zero
flow in the LDS, which negates the ability to collect samples for analysis. In the context of
this data assessment, therefore, this should not be construed as a data gap. An issue of
importance identified in the process of collecting leachate chemistry data for this study is
that many site operators reported only being required to keep records for 3 years, so older

data are no longer available. As there are no specific requirements for monitoring and
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retaining records of leachate quality under 40 CFR 264, this may reflect state-specific rules
or site-specific agreements with receiving facilities for leachate treatment and disposal.
Whatever the reason, if this lack of data at the case study landfills is representative of the
majority of Subtitle C facilities, it will be an important limitation on assessing the long-term
performance of Subtitle C containment systems and potential modifications to existing PCC

programs.

Leachate Treatment and Disposal
The manner in which leachate from the case study landfills is treated and disposed of varies

between the sites. For example:
= At Landfills B and P, leachate collected from the closed units is processed at an on-site

leachate treatment plant that evaporates most of the effluent. The brine residuals from
the evaporation process are sent off-site for incineration or disposal.

= Landfill J uses one of three options to dispose of leachate depending on constituents
determined from chemical analysis of leachate, including evaporation in on-site ponds,
stabilization prior to being disposed of in the landfill, or off-site transfer for treatment
(VOC removal) and disposal.

= At Landfills R, T, and F, leachate is transported off-site for treatment and disposal.

= At Landfill D, leachate collected from D-1 is managed at an on-site water treatment
plant, while leachate from D-2 is shipped off-site for disposal.

= Landfills Y and M dispose of leachate on-site using evaporation ponds, although some
leachate is also sent to a wastewater treatment plant.

It is noted that only anecdotal information from site operators was provided with regard to
compiling the above list. Operators did not complain of any significant problems related to
leachate treatment and disposal. The strong focus on containment and reducing leachate
flow volumes is likely a contributing factor. Operators interviewed for this study indicated

that actual leachate disposal costs were generally in line with expectations.

3.3.2 Cover Monitoring and Maintenance

As part of this study, a small humber of site operators were informally interviewed
regarding site-specific conditions and the extent of cover monitoring and maintenance
activities being conducted. In particular, whether the level of maintenance has increased or
decreased noticeably over time, what the greatest challenges have been (e.g., extreme
weather events) in maintaining and monitoring the containment systems, and noticeable
trends in the type of recurring issues and whether these can be directly related to causal
effects (e.g., leakage/scouring around the boot between cap geosynthetics and headwalls at
stormwater drainage swales at the anchor trench, erosion and infiltration around

appurtenances in the cover).
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This small number of operators indicated that the general level of cover monitoring and
maintenance performed and the costs associated with these activities had been relatively
steady over the years, with higher costs associated with repairs needed during the initial
years of PCC before cover vegetation was fully established and the cover stabilized. The
biggest reported challenge has been erosion control and protection of the cover specifically
due to high rainfall following a long spell of dry weather. This led one operator to focus on
the timely and effective seeding of newer caps and to limit side slopes to 3H:1V to help
prevent erosion issues. Cover penetrations at Subtitle C landfills are generally more limited
than at Subtitle D landfills, as it is often not necessary to install LFG collection wells. Most
penetrations were for vertical riser pipes at LCRS and LDS sumps. Maintenance and
localized repair of these penetrations were not reported as being a significant issue. The low
levels of biodegradable material disposed of within Subtitle C landfills relative to Subtitle D

landfills also limit issues with the differential settlement of the cover.

3.3.3 General Status of Post-Closure Care

As part of this study, a small humber of site operators were informally interviewed
regarding the general status of the closed units at their facility and monitoring and
maintenance conducted under the PCC program. Questions posed included whether
progress has been made in improving the stability of the cover system, what the costs
associated with PCC have been and how these compare with expectations, what their
anticipation is for the total duration of PCC, and whether any steps have been employed or
considered for implementing any sort of passive control systems that could potentially
reduce the long-term PCC burden (e.g., alternative covers or on-site engineered wetlands).
Operators were also asked about the adequacy of financial assurance (FA) requirements for
PCC. Finally, operators were asked what challenges to innovation and creativity they face

with regard to optimizing PCC, and how EPA could help incentivize action in this area.

Responses from operators are summarized below. It is noted that the information provided

below is subjective in nature and should be taken as such:

=  Closed units at the case study sites have mostly performed well during PCC with steady
leachate generation rates in line with modeled predictions. Where significant deviations
from expected flow rates have occurred, these have been traced to minor issues with
the containment system, notably the anchor trench tie-in between the liner and cover
systems that, once repaired, have rapidly returned to the expected level. Leachate
chemistry has not deviated from acceptance criteria for treatment and disposal, such
that leachate management has not been an issue or represented a higher-than-expected
cost.

= Non-routine operation and maintenance (O&M) issues were mostly related to equipment
repair and replacement due to clogging of pumps and flow meters. The latter is
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particularly important as it has caused a humber of sites concerns about apparently high
or fluctuating leachate generation rates that were ultimately traced to faulty meters.

The highest costs (or at least, most notably high costs from the perspective of
operators) are related to PCC activities associated with a third-party engineer providing
routine facility inspections and technicians conducting groundwater monitoring in the
preparation of reports to be submitted to the overseeing agency. One operator opined
that climate change has seemingly caused wider seasonal fluctuations in groundwater
levels in recent years relative to historical data, but that has not significantly impacted
the provision of PCC at the site to date.

Most operators appear to assume that PCC will be conducted for 30 years with
monitoring and maintenance activities being progressively reduced or scaled back based
on facility performance before eventually being terminated. It is not clear whether the
expectation is that the 30-year period applies to the time until the scaling back of
activities would commence or the time at which activities will be terminated.

In general, operators consider their FA provisions to be adequate for the assumed PCC
program at the site but understand that the funds cannot last in perpetuity. As such,
they suggested that some certainty or guidance on the process for scaling back and
elimination of PCC activities is needed. Also, some operators noted that original FA
estimates were done 20+ years ago and that adjustment factors for increases in costs
and the complexity of PCC activities (e.g., as a result of improved analytical techniques
and survey methods) may be needed.

In general, operators have looked to remain with the prescriptive standards for design
and operation of Subtitle C landfills. This is likely in the interest of improving cost
certainty, as the perception is that alternative designs are riskier. Nevertheless, one
operator is evaluating on-site leachate treatment using novel biological treatment
technologies, and two operators are trying to permit an all-soil evapotranspiration (ET)
final cover. It is noted that one case study site (Landfill M) already has an ET cover
permitted.

With regard to incentives that EPA could provide, one operator called for the option of
recirculating leachate collected from closed units at their facility into active units.
Another operator would like EPA to provide guidance on permitting ET covers at
hazardous waste landfills and to provide guidance on how to scale back and end PCC
activities based on an assessment of performance data.
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4. ANALYSIS OF LEACHATE FLOW DATA

4.1 Temporal Trends in Leachate Flow Rates in the LCRS and LDS
This section focuses on understanding temporal trends in LCRS and LDS flow data. All the
landfill units in the study were operated with the strategy of liquid removal from both LCRS
and LDS in order to minimize potential head buildup and leakage through the primary and
secondary liners. In accordance with 40 CFR 8264.301(a)(2), the buildup of hydraulic head
on the primary liner must be limited to less than 12 inches. Throughout this chapter, LCRS
and LDS flows are normalized to gallons per acre per day (gpad) to facilitate comparison of
results between different sites. Because the potential for leachate generation is closely tied
to precipitation levels, the distinction is made between sites in “wet” climates, at which
average annual precipitation exceeds 25 inches and “dry” sites at which average annual
precipitation falls well below this level. Use of 25 inches of annual rainfall as the distinction
between wet and dry landfill conditions is consistent with the EPA’s approach to assigning
decay factors for methane generation modeling at Subtitle D landfills (EPA, 1995). As such,
the discussion is grouped between four wet sites (Landfills B, T, D, and F), four dry sites
(Landfills J, R, Y, and M), and one in-between (cusp) site with unique liner design (Landfill
P). Within each category, data are presented for groups of units comprising each of the 13

design configurations listed in Table 3-2.

4.1.1 Wet Sites - LandfillsB, T, D, and F

Landfill B receives an average of 47 inches of rainfall annually while Landfill T receives an
average of 70 inches. Both Landfills B and T are in hot and wet climates with groundwater
at or near the ground surface. The climate at Landfills D and F is also wet but colder: these
landfills receive 42 and 40 inches of average annual rainfall and 17 and 60 inches of
average annual snowfall, respectively. Groundwater is shallow at Landfill D (10 feet) and

deep at Landfill F (90 feet).

Landfill B, Units B-1 to B-6 (Design Configuration No. 1)
Available leachate data for these units includes monthly LCRS and LDS flow volumes for up

to 29 years of PCC (Figure 4-1, note the difference in y-axis scale between the two graphs).
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Figure 4-1. Annual average LCRS and LDS flow, B-1 to B-6

Of interest to this design is the fact that the typical composite barrier configuration
(geomembrane overlying soil layer) is reversed in the cover system for units B-1 to B-6,
where the GM is placed under the CCL. With the exception of B-6, LCRS flow rates for all
units are below 100 gpad, with most below 10 gpad. Trends have been predictably
downward or steady. Unit B-6 is not contiguous with B-1 through B-5 but forms part of a
separate landfill mound with units B-7 and B-8. The sudden spike in LCRS flow in B-6 after
10 years was mainly attributed by the site operator to overtopping of an operational berm in
B-8. In support of this, after the berm was repaired the LCRS flow rate in B-6 has trended

down to similar levels recorded for the other five units.

Flow rates recorded in the LDS appear more erratic than in the LCRS, although this may
simply reflect the low volumes of liquids recovered in the LDS. This behavior is most notable
in B-5, although no specific causal factors were identified. With the exception of B-5, trends

are steady or declining with most units exhibiting LDS flow below 5 gpad in recent years.

Landfill B, Units B-7 and B-8 (Design Configuration No. 2)
Available leachate data for these two units includes monthly LCRS and LDS flow volumes for

up to 17 years of PCC. Annual average LCRS and LDS flow rates are presented in Figure 4-2
(note the difference in y-axis scale between the two graphs). As noted above, units B-7 and

B-8 form part of a separate landfill mound to the other six closed units at Landfill B.
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Figure 4-2. Annual average LCRS and LDS flow, B-7 and B-8

LCRS flow in B-8 is very low, trending downwards while the LDS flow rate exceeds that of
the LCRS and is trending upward to 100 gpad. The LCRS flow rate in B-7 has decreased
significantly since the closure of the unit and is relatively steady at a value of about 100

gpad. The LDS flow is increasing and currently is about 20 gpad.

Landfill T (Design Configuration No. 3)
Available leachate data for Landfill T in the PCC period includes annual total LCRS and LDS

flow volumes for up to 7 years in T-1 to T-6 and daily flow volumes for T-7 to T-18 for years
10 through 23 of PCC. Earlier records for T-7 through T-18 are not available. Annual
average LCRS and LDS flow rates for the 18 units are presented in Figure 4-3 (note the
difference in y-axis scale between the two graphs). LCRS flow rates are generally below 100
gpad, with some units below 10 gpad; however, trending behavior is difficult to visualize in
most cases. T-16 exhibited an increase in LCRS flow rate between years 7 and 16 of PCC
that the site operator made several attempts at addressing with partial success (as denoted
by the “saw tooth” shape of the graph during this period) and was finally able to trace to a
localized cover system breach. The cover was repaired in year 16, which resulted in rapid

reduction in LCRS flow to rates similar to other units.
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Figure 4-3. Annual average LCRS and LDS flow, Landfill T

As with LCRS flow data, steady or downward trends in LDS flow are not easy to visualize.
Although LDS flow rates for T-1 to T-6 are below 10 gpad (with the exception of T-5), the
LDS flow rates for T-7 to T-18 are significantly higher, similar in many cases to LCRS flow
rates. This may be due to the shallow groundwater table at this site or lateral infiltration of
stormwater runoff as detailed in Section 5 (Landfill T experiences an average of 70 inches of

rain annually, the highest rainfall of any of the case study sites).

Landfill D (Design Configuration No. 12)
Available leachate data for Landfill D includes monthly LCRS and LDS flow volumes for two

units D-1 and D-2, which have been closed for 7 and 9 years, respectively. The annual
average LCRS and LDS flow rate for both units are presented in Figure 4-4. LCRS flow
volumes in both units decreased rapidly from pre-closure levels and remained in a relatively
steady state of decline since placement of the cover system. The climate at Landfill D is
reasonably wet at 42 inches of average annual rainfall; however, of additional interest is the
average annual snowfall of 17 inches at the site. Gradual melting of snow accumulated on
the cover surface in spring has been reported as a significant factor influencing higher-than-
expected leachate generation at landfills during the operational period; however, this does

not appear to have influenced leachate rates during post-closure case at Landfill D.
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Figure 4-4. Annual average LCRS and LDS flow, Landfill D

The LDS volumes for D-1 have been below 5 gpad since the closure, whereas the LDS
volumes in D-2 initially increased for the first 4 years after closure before exhibiting a
steeply declining trend over the last 3 years. LDS flows in D-2 are also higher than LCRS
flows. D-2 had a very short operational period of only 1 year: this compares to more than

10 years for most other facilities included in the study.

Landfill F (Design Configuration No. 13)
Available leachate data for the single case study unit F-1 at Landfill F includes monthly LCRS

and LDS flow volumes for 12 years of PCC (Figure 4-5, note difference in y-axis scales).
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Figure 4-5. Average annual LCRS and LDS flow, Landfill F
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Both LCRS and LDS flows have trended significantly downward at Landfill F, with current
LCRS flows below 50 gpad and LDS flows below 5 gpad. The climate at the site is wet: 40

inches of average annual rainfall and 60 inches of average annual snowfall.

4.1.2 Dry Sites - Landfills J, R, Y, and M

This category of sites includes those in arid climates with deep groundwater tables. Landfill J
receives only 11 inches of rainfall per year on average. Groundwater is also very deep at
300 feet below ground level. Landfill R is the aridest of all case study sites, with average
annual precipitation of only 6.5 inches and a depth to groundwater of 250 feet. Landfill Y
receives only 10 inches of annual rainfall on average, with deep groundwater (120 feet
below ground level). Landfill M has average annual precipitation of only 9.5 inches and a
depth to groundwater of 200 feet. Overall, it should be expected that this category of case
study units would exhibit the lowest LCRS and LDS flows. Of particular note, three of the

sites (Landfills R, Y, and M) are so dry that only negligible LDS flow has ever been recorded.

Landfill J (Design Configuration No. 4)
Available leachate data for Landfill J includes monthly LCRS and LDS flow volumes for all

three case study units J-1 to J-3 for 17 years of PCC. Annual average LCRS and LDS flow
rates are presented in Figure 4-6. LCRS and LDS flow rates for all three units are mostly
below 1 gpad, which is not surprising since these as these units are situated directly
beneath an MSW overfill landfill and the site is located in an arid region with very deep
groundwater. As the cover system is directly beneath and in contact with the liner system
for the overlying MSW landfill, the only liquid available to infiltrate the cover and form
leachate is leakage through the liner system of the overlying MSW landfill. As such, post-
closure leachate flows at Landfill J may be skewed relative to a typically closed landfill in
that increased overburden pressures resulting from ongoing waste disposal in the overfill
landfill may be contributing to larger-than-normal compression of the waste. This may
partially help to explain why LDS flow rates generally equal or exceed LCRS flows. In
particular, J-1 has experienced LDS flow rates of up to 5 gpad while LCRS flows have not
exceeded 1 gpad. However, it is important to note that flows in both drainage layers are

very low in relation to observations at most other sites.
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Figure 4-6. Annual average LCRS and LDS flow, Landfill J

Landfill R (Design Configuration Nos. 5 and 6)
The liner design for R-1 differs slightly from that of R-2 to R-5 with regard to the types of

geosynthetic drainage (geonet vs. geocomposite) and barrier materials (40-mil PVC GM vs.
80-mil HDPE GM) specified. However, the designs are similar enough to be presented and
discussed concurrently. Available leachate data for all five units includes monthly LCRS and
LDS flow volumes for 13 years of PCC (Figure 4-7). The LCRS flow rate started near 10
gpad in R-1 but has declined steeply in subsequent years. LCRS flows in the other four units
started slightly lower and have also declined, albeit less steeply. LDS flows have been zero

throughout the PCC period with the exception of one reading of 1 gpad in year 10 in R-1.

Landfill Y (Design Configuration Nos. 9 and 10)
The liner design for Y-1 differs slightly from that of Y-2 and Y-3 with regard to the LCRS

drainage layer design (Y-2 and Y-3 feature a GC in addition to a sand drainage layer, while
Y-1 feature only a sand layer) and the specifications for geomembrane barrier materials.
However, the designs are similar enough to be presented and discussed concurrently.
Available leachate data for Landfill Y includes weekly LCRS and LDS flow volumes for three
units for years 2 through 10 of PCC. Earlier records are missing. Annual average LCRS flow
rates are presented in Figure 4-8. As shown, LCRS flow rates for all three units have
trended downward since closure and have always been less than 10 gpad. LDS flows at this
dry site (10 inches of annual rainfall on average) with deep groundwater (120 feet below

ground level) have been negligible and are not shown or discussed.
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Figure 4-7. Annual average LCRS flow, Landfill R

Figure 4-8. Annual average LCRS flow, Landfill Y

Landfill M (Design Configuration No. 11)
Available leachate data for Landfill M includes monthly LCRS and LDS flow volumes from

one unit (M-1) within which waste has been placed to final grades and left undisturbed for
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the last 4 years, but at which a final cover system has not yet been constructed. An
alternative all-soil evapotranspiration final cover system has been approved for the site. The
intermediate cover comprises an 18-in thick layer of the select soil. Despite this permeable
cover, annual average LCRS flows are very low, trending downward from less than 20 gpad
(Figure 4-9), and LDS flows have been negligible (not shown). The highest recorded LDS
flow rate was 0.14 gpad in year 1, this has since declined to 0.07 gpad. Landfill M is one of
the driest sites in this study, with average annual precipitation of only 9.5 inches and a

depth to groundwater of 200 feet.
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Figure 4-9. Annual average LCRS flow, Landfill M

4.1.3 Climatic Cusp Site = Landfill P

Landfill P experiences about 28 inches of rainfall annually, near the nominal value of 25
inches considered to separate wet and dry sites. As such, this site is considered a climatic
cusp between the wet and dry site categories discussed above. The depth to groundwater
represents an in-between condition relative to other sites; it is not excessively deep at only
40 feet below ground level, but this is significantly deeper than the three sites with shallow
groundwater included in this study, at which groundwater is within 10 feet of the ground

surface.

This site is also unique in that it has an intermediate liner system situated between the
primary and secondary liners, with an overlying GN drainage layer providing separate

recovery and recording of liquid flows (as depicted in Figure 3-5). For ease of identification
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in this report, the upper LDS drainage layer is denoted “LDS1” while the lower LDS drainage
layer in denoted “LDS2.” For assessing the performance of the primary liner, liquid flows in
the LCRS are compared to the sum of flows in LDS1 and LDS2. The primary and
intermediate liners are a single GM barrier sandwiched between two drainage layers. As
such, it should not be expected that flow volume recorded in the LCRS, LDS1, and LDS2

would be substantially different if the only source of liquids is leakage through the GM.

There are four study units at Landfill P. The cover system design for the oldest unit P-1 is
distinct from that of the three newer units P-2 to P-4 in that it features a 24-in CCL barrier
layer whereas the other units feature a slimmer design utilizing a GCL barrier. As such, P-1

represents a notably different design configuration to that of the other three units.

Landfill P, Unit P-1 (Design Configuration No. 7)
Available leachate data for P-1 includes weekly LCRS and LDS flow volumes for years 4 to

21 of PCC (Figure 4-10). Earlier records are missing. LCRS flow exhibits a downward trend
and has been less than 10 gpad for the entire PCC period. As noted above, the unusual
triple-GM liner design at P-1 would be expected to result in flow volumes which show similar
trends in the LCRS, LDS1, and LDS2. In fact, flow rates in LDS1 and LDS2 are similar and
substantially greater than flows in the LCRS suggesting either a major defect in the primary
liner GM or supplementary source of liquids in LDS1 and LDS2. Neither LDS flows exhibit
real signs of trending behavior, although flow rates have declined relatively consistently

since reaching peaks in year 13.

Landfill P, Units P-2 to P-4 (Design Configuration No. 8)
Available leachate data for P-2 to P-4 includes weekly LCRS and LDS flow volumes for up to

17 years of PCC. Annual average LCRS and LDS flow rates for all three units are presented
in Figure 4-11. As with P-1, LCRS flow exhibits a downward trend in all three units and has
been less than 10 gpad over the entire PCC period with the exception of the first 2 years in
P-4. As noted above, the unusual triple-GM liner design at Landfill P would be expected to
result in similar trends in flow volumes in the LCRS, LDS1, and LDS2. This is the case in P-
4, although flow in the two LDS layers has been more erratic than in the LCRS. In P-2 and
P-3, flow rates in LDS2 often exceed those in LDS1, while both LDS1 and LDS2 flow rates
are greater than corresponding LCRS flows indicating either a major defect in the primary

liner GM or supplementary source of liquids in LDS1 and LDS2.
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Figure 4-10. Annual average LCRS and LDS flow, P-1
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Figure 4-11. Annual average LCRS and LDS flow, P-2 to P-4

4.2 Comparing LCRS Flow Data to Modeled Predictions

Cognizant of the advantages and limitations of water balance modeling previously outlined
in Section 1.5.2, the performance of the HELP Model as a predictive design tool was
compared to the LCRS flow data obtained from the case study landfill units. Consistent with

previous sections in Chapter 4, HELP Model results are presented and discussed in terms of
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the 13 unique design configurations representing different cover, primary liner, and
LCRS/LDS drainage layer configurations amongst the 45 case study units (as listed in Table
3-8).

4.2.1 Methodology

Modeling Leachate Generation
HELP Version 3.07 (Schroeder et al., 1994a) was used to estimate landfill leachate

generation before and after placement of the final cover system. The methodology used
average annual (not peak) HELP Model results calculated for a 100-year period to simulate
the range of weather conditions that a landfill may experience. Weather data for the
simulation (i.e., daily precipitation, temperature, and solar radiation values) were generated
by the model based on default assumptions for the closest city in the model’s database to
the landfill location. Material properties for soil layers were selected based on default values.
Protective cover soil and waste were modeled as vertical percolation layers. GMs, GCLs, and
CCLs were modeled as barrier soil layers and the LCRS and LDS were modeled as lateral
drainage layers. With regard to the selection of a representative number of GM defects to
input to the model, a 10-year survey by Forget et al. (2005) reported 0.5 defects/hectare
for sites with strict CQA and 16 defects/hectare without CQA. All the case study sites had
CQA performed during liner and cover construction, suggesting a value of 0.5
defects/hectare may be appropriate. However, whether the level of CQA performed at each
case study could be similarly interpreted as “strict” was unknown. Therefore, GMs were
conservatively assumed to have 2 defects/acre, in the middle of the range of 1 to 4
defects/acre suggested by EPA (Schroder et. Al, 1994) for “good quality GM installation.”
Cell geometry, drainage length, and waste height were input based on landfill design plans
(see Table I1-1 in Appendix Il). The input parameters for each HELP Model run are provided

in Appendix V.

Three scenarios were modeled for each of the 13 design configurations to establish
boundary conditions based on expected landfill leachate generation before and after

placement of the final cover system:

= HELP Model Scenario No. 1 (pre-closure conditions with default input): The first scenario
assumes that waste had been placed to final grades but no engineered measures beyond
intermediate cover soil application had been implemented to prevent direct infiltration of
rainwater into the landfill. This flat-line value serves to provide a (likely overestimated)
upper-bound indication of short-term LCRS and LDS flows expected in the first few years
after closure.
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= HELP Model Scenario No. 2 (long-term quasi-steady state conditions with default input):
The second scenario assumes a final cover system has been constructed over the waste
and the cover is assumed to be well established, graded, and stabilized with good
vegetation coverage and capable of diverting most incident rainfall as stormwater runoff.
This flat-line value serves as a lower-bound limit on expected LCRS and LDS flows over
the long-term.

= HELP Model Scenario No. 3 (annual LCRS flow model with site-specific input): In the
third scenario, a more representative prediction of annual changes in leachate flow was
attempted. First, the HELP Model was run under similar default input assumptions as for
Scenario 1, except that it was assumed that waste had been placed to final grades for
the entire operational life of the landfill unit(s). The model was run only for the
operational period. The output file from this run was then used to assign site-specific
values of volumetric water storage in each layer (i.e., cover, waste mass, and liner) in
the last year of operation (i.e., immediately prior to capping). The HELP Model was then
rerun for 30 years under conditions of final cover (akin to Scenario 2), but with site-
specific values for water storage in the waste mass and liner (default values were used
for water storage in the cover since these layers would have been newly constructed).
The output file from this model run showed annual flow in the LCRS and LDS drainage
layers on a year-on-year basis for 30-years of PCC.

Calculating Trends in LCRS Flow
Assuming that LCRS flow rates decrease exponentially after closure, which is consistent with

observations in EPA (2002), expected leachate generation can be modeled as an
exponential best-fit trend line to the data. An exponential decay model of the form shown in
Equation 4-1 can be constructed, where f is a slope factor that depends mainly on the type

of cover in place:

L

=eJt (4-1)
LPEAK

Leachate generation is plotted as a function of time (1), such that the ratio of leachate
generated in any given year during the post-closure period (Lt) is a function of peak

leachate generation at or soon after closure (Lpeak).

4.2.2 Results

Upper- and Lower-Bound Thresholds for LCRS and LDS Flow
Results from HELP Model Scenario Nos. 1 and 2 representing upper bound (intermediate

cover) and lower bound (final cover) average flow rates in the LCRS and LDS, respectively,

are summarized for all 13 design configurations in Table 4-1.
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Table 4-1. Modeled LCRS and LDS flow

o Average annual flow from HELP Model
S g (gpad)
@ = Climate Study Scenario No. 1: Scenario No. 2:
S€a Condition Unit(s) Intermediate cover Final cover NEUEE

g > (pre-closure) (post-closure)

LCRS LDS LCRS LDS
1 Wet B-1 to B-6 1243 5E-01 5 4E-03
2 Wet B-7 to B-8 1243 5E-01 5E-01 4E-04
3 Wet T-1to T-18 1319 8E-02 5E-05 2E-07
4 Dry J-1to J-3 0.2 4E-05 Zero Zero 1
5 Dry R-1 38 2E-03 1E-04 1E-05
6 Dry R-2to R-5 38 2E-05 1E-04 8E-07
7 Cusp P-1 122 1E-02 3E-04 5E-06 4
8 Cusp P-2 to P-4 122 1E-02 2E-04 4E-06 4
9 Dry Y-1 5 9E-01 8E-07 1E-05 2
10 Dry Y-2to Y-3 5 9E-01 8E-07 1E-05 2
11 Dry M-1 129 2E-04 22 2E-05 3
12 Wet D-1to D-2 504 15 5E-05 3E-04 2
13 Wet F-1 559 16 2E-03 3E-04

Notes:

1). Landfill J has an overfill MSW landfill.

2). Landfills Y and D have more flow in the LDS than LCRS after the final cover is placed due to a boundary
constraint in the HELP Model, see discussion below.

3). Scenario 2 at Landfill M is hypothetical, as the final cover has not yet been placed (current cover performance
reflects Scenario 1).

4). LDS flow is for lower drainage layer (LDS2).

Flow values from the HELP Model are converted to gpad to allow easy comparison to field

data. These results are primarily used to estimate modeled liner efficiency for comparison to

effective liner efficiency calculations in Section 5.2. Blinded input and output files from each
HELP Model run are provided in Appendix V. Some observations on the results presented in

the table include:

= Design Configuration Nos. 1 and 2: Units B-1 to B-6 have a thinner cover system GM as
compared to B-7 and B-8, and the GM and CCL layers are switched such that the CCL
overlies the GM. This is reflected in the significant difference in modeled LCRS and LDS
flows post-closure (a CCL overlying a GM is leakier because it does not take advantage
of the synergistic benefits of a composite barrier in which an underlying CCL or GCL
effectively “plugs” holes in the overlying GM).

= Design Configuration Nos. 2 and 3: Units B-7 and B-8 have an 18-in sand drainage layer
above the barrier layer in the final cover system whereas all units at Landfill T have a
GN drainage layer. This is reflected in the significant difference in LCRS and LDS flows
post-closure between these two configurations (overall, a GN has been shown to be
more efficient at reducing flows).

Design Configuration No. 4: The cover system for J-1 to J-3 is integrated with a liner for
an overfill MSW landfill covering the entire surface area of the three units. Modeling
infiltration through the final cover is not meaningful under these conditions, as the only
source of infiltrating water is leakage through the overlying liner, which is negligible (the
HELP Model analysis would show zero flow in the LCRS and LDS).
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= Design Configuration Nos. 5 and 6: R-1 has a 40-mil PVC GM liner while the other units
at Landfill R (R-2 to R-5) have an 80-mil HDPE liner. The apparently superior
performance of the HDPE liner at limiting leakage as compared to PVC is reflected in the
model results for LDS flow as the HELP model default values assign two orders of
magnitude lower permeability to HDPE GM when compared with PVC GM.

= Design Configuration Nos. 7 and 8: P-1 has a different cover system design to P-2 to P-
4, although this does not significantly affect hydraulic performance. More importantly, all
four units have three basal drainage layers (LCRS, LDS1, and LDS2) separated by single
GM liners. The HELP Model output did not show any flow in the upper LDS1 once the
final cover was placed (although flow has been observed in this layer). Results in the
table thus represent modeled flow in the LCRS and lower LDS2.

= Design Configuration Nos. 9 and 10: Y-2 and Y-3 have a thicker GM in the primary liner
than Y-1, although this does not affect modeled advective flow through the primary
liner.

= Design Configuration Nos. 9, 10, and 12: HELP Model output for Y-1 to Y-3 and D-1
shows higher flow in the LDS than LCRS after the final cover is placed, although it is
important to note that flow values in both drainage layers are extremely low in all
affected units. This result is possibly due to a boundary constraint in the HELP Model in
that the preferential flow path for a very small thickness of liquid above the GM in the
LCRS layer is vertical (down through a hypothetical defect in the GM) rather than lateral.
Therefore, all this liquid is erroneously assigned as vertical leakage through the primary
liner by the model rather than lateral conveyance in the LCRS.

= Design Configuration No. 11: Landfill M is located in an arid region and has a composite
primary liner resulting in minimal flow in LDS when compared with LCRS. The study unit
M-1 is not technically closed, but has been filled to final grades and is inactive under the
intermediate cover soil. Due to the dry climate and low leachate flows observed, an all-
soil ET cover has been permitted as final cover at this facility.

Estimating Timeframes to Achieve Steady State Leachate Flow
In order to better understand behavioral trends in leachate generation based on field

observations, annual LCRS flow measurements were compared to annual flow rates
predicted from HELP Model Scenario 3. Acknowledging limitations in the HELP Model (see
Section 1.5.2), the basis for this comparison is that if the HELP Model provides an accurate
prediction of long-term leachate flow post-capping, the LCRS flow rates would decrease to a
value approximating the quasi-steady state flow rate predicted by the model under this
scenario. Selected results from six of the 13 design configurations representing the case
study units are presented in Figure 4-12 through Figure 4-15. The selected results feature
four of the case study sites: wet Landfills B and F and dry Landfills R and Y. With reference
to each figure, the estimated time to reach quasi-steady state leachate flow as predicted by
the HELP Model is shown for individual units as well as for the average of all data comprising
a different design configuration in Table 4-2. The value of the slope factor (f) from the best-

fit trend line and the coefficient of correlation to the data (R?) are also shown.
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Figure 4-12. Trends in long-term LCRS flow, B-1 to B-5
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Figure 4-13. Trends in long-term LCRS flow, F-1
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Figure 4-14. Trends in long-term LCRS flow, R-1 to R-5
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Figure 4-15. Trends in long-term LCRS flow, Y-1 to Y-3
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Table 4-2. Estimated timeframe to achieve steady state leachate flow

- Characteristic of best-fit
S exponential trend line to the Time to
=i 2 . . data intercept
=] Cllm.a_te Cover system barrier Study Unit HELP Model
S Q Condition layer design )
%. E Slope factor | Correlation flow rate
E P 0 coefficient (vears)
(R?)
B-1 0.05 0.64 29
B-2 0.05 0.43 18
1 Wet 24-in CCL over 80-mil B-3 0.05 0.19 27
HDPE GM B-4 0.06 0.78 28
B-5 0.09 0.68 8
B-1to B-5 0.04 0.16 27
13 Wet A40-mil Lcla_gf E over F-1 0.13 0.54 97
5 Dry 80“";135%81\" over R-1 0.13 0.73 Not calculated
R-2 0.05 0.85 Not calculated
T SRR G R-3 0.06 0.91 Not calculated
-mi over
6 Dry 24-in COL R-4 0.03 0.79 Not calculated
R-5 0.06 0.77 Not calculated
R-2 to R-5 0.05 0.26 Not calculated
9 Dry 40-mil H%PCELGM over Y-1 0.07 0.58 Not calculated
. Y-2 0.13 0.92 Not calculated
10 Dry el H%'ZELGM 2el Y3 0.10 0.71 Not calculated
Y-2 and Y-3 0.12 0.78 Not calculated
Note:

1). The HELP model predicted zero LCRS flow at dry Landfills R and Y after 30 years; therefore, the time to intercept
HELP model could not be calculated.

Overall, the analysis suggests that it would take from 8 to 97 years to reach the steady

state flow rate suggested by the HELP model.

It is interesting that only one unit require

more than 30 years to reach steady state. In summary and discussion of the results

presented in Table 4-2 and Figures 4-12 to 4-15:

= Design Configuration No. 1 (B-1 to B-5): The time to reach the steady-state flow rate
(approximately 5 gpad) predicted by the HELP Model was less than 30 years for all five
units at this wet landfill. Values for the slope factor (f) vary from 0.05 to 0.09, with the
average for all units being 0.06 (the field data are poorly correlated to the trend line
developed for the average). Overall, it is assumed that quasi-steady state leachate
generation will continue at the level predicted by the HELP Model, perhaps declining to
about 1 gpad as suggested by B-5.

= Design Configuration No. 13 (F-1): The HELP Model predicts that LCRS flow at this
single-unit wet landfill would decline to about 0.001 gpad within four years of closure

and remain steady thereafter. This seems an impractically low target for ending leachate
management, although the best-fit trend line to the data (f = 0.13, R? = 0.54) suggests
that this steady state flow rate would be reached in 97 years. In addition, the data
record extends only 12 years at this site and fitting a trend to only the most recent 5 or
6 years of data would produce a much steeper trend line.
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= Design Configurations Nos. 5 and 6 (R-1, R-2 to R-5): The steady state flow rate
predicted by the HELP Model for both these configurations is on the order of 10 gpad;
however, as discussed previously the model does not properly account for lateral
drainage at very low flows in LCRS drainage media (as shown in Table 4-1, the HELP
Model predicts that LDS flows would be two orders higher than LCRS flows). As such, the
HELP Model may not provide accurate estimates of steady state leachate flow at very
dry sites such as Landfill R, and comparisons to modeled predictions are not made in
Figure 4-14 or Table 4-2.

= Design Configurations Nos. 9 and 10 (Y-1, Y-2, and Y-3): The steady state flow rate
predicted by the HELP Model for both design configurations at dry Landfill Y is on the
order of 107 gpad. This prediction may not be accurate for the reasons discussed above,
and comparisons between best-fit trend lines and modeled predictions are not made in
Figure 4-15 or Table 4-2.

With regard to the slope factor calculated from these results, it is interesting to note that
this is significantly lower than that calculated from the dataset reported by EPA (2002),
which suggested an order of magnitude decrease in LCRS flow rate should be expected
every 5 years after closure. This would equate to a slope factor f = 0.5 in Equation 4-1.
Slope factors calculated from this study suggest values less than 0.15, or even less than
0.1, may be more appropriate at most Subtitle C landfills. The dataset utilized in this study
is larger (45 individual units with up to 29 years of post-closure data) than for the 2002
study (33 units with up to 9 years of post-closure data). In particular, the lack of data from
many units beyond year six of PCC in the EPA (2002) study, inclusion of MSW landfills, and
the very low flow rates reported for a few units after year six, suggests that the data may
have been skewed by a small number of very dry or high performing sites. If current
industry projections of post-closure leachate generation are based on the 2002 data,
expectations may need to be reset in terms of the rate of decline in LCRS flow. Rather than
an order of magnitude decrease every 5 years, it is more reasonable to expect an order of
magnitude decrease every 15-20 years. However, more field studies are needed to validate
this finding before recommendations for adjusting current industry projections and accruals

for leachate management are made.
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5. ANALYSIS OF PRIMARY LINER PERFORMANCE

5.1 Apparent Hydraulic Efficiency of the Primary Liner

5.1.1 Methodology

Consistent with the study by EPA (2002), concurrent LCRS and LDS flow data from the case
study landfill units were evaluated to estimate leakage rates and the hydraulic efficiency of
the primary liner. Using a method suggested by Bonaparte et al. (1996), the “apparent”
hydraulic efficiency, EA, of the primary liner can be calculated from observed LCRS and LDS

flow rates as:

LDS Flow Rate
LCRS Flow Rate

E (%) = (1 ) x 100 (5—1)
The parameter EA is referred to as an “apparent” hydraulic efficiency because flow into the
LDS sump may be attributed to sources other than leakage through the primary liner. If the
only source of flow into the LDS sump is primary liner leakage, then Equation 5-1 provides
the “true” liner hydraulic efficiency (ET). True liner efficiency provides a measure of the
effectiveness of a particular liner in limiting or preventing advective transport across the
liner. For example, if a liner has an ET of 99%, the rate of leakage through the primary liner
would be 1% of the LCRS flow rate. The leakage rate for a given composite liner system is
directly proportional to a number of defects in GM and leachate head over the liner system
(Touze-Foltz and Giroud 2003; Giroud and Touze-Foltz 2005). Therefore, the true efficiency
of a liner is not a constant, but rather a function of the hydraulic head in the LCRS and size

of the area over which LCRS flow is occurring (Bonaparte et al., 2016).

The higher the value of EA, the smaller the flow rate from the LDS compared to the LCRS
flow rate. The value of EA may range from zero to 100% with a value of zero corresponding
to a LDS flow rate equal to the LCRS flow rate, and a value of 100% indicating no flow in
the LDS (indicating a perfect liner). Negative values indicate that flow volumes in the LDS

exceed those in the LCRS, which was observed at many case study units (Section 4.1).

5.1.2 Values Calculated by EPA (2002)

EPA (2002) reported the apparent efficiency of a number of different primary liner
configurations for individual cells for which continuous LCRS and LDS flow rate data were
available from the start of operation and for a significant monitoring period thereafter. In

summary of data provided for the post-closure period:
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= GM Liners: Calculated values for Ea from six individual cells ranged from 62.0 to 85.4%,
68.8%0, 91.1 to 98.6%, 92.3%, 99.7%, and 99.6%.

» GM/GCL Liners: Calculated values for Ea from six individual cells ranged from 89.6%,
98.8%, 100%, 100%, 99.6%, and 100%.

= GM/CCL and GM/GCL/CCL Liners: Calculated values for Ea from four individual cells
ranged from -1,300 to 83.4%, 36.3to 80.5%, and 81.8 to 96.8%, and 94.0 to 97.2%.
In each category, single values (other than a range) indicate that only one calculation was
performed for an individual cell. It is noted that the above results may include cells at non-
hazardous waste landfills (i.e., MSW landfills with higher leachate generation potential than
most hazardous waste landfills). Negative values indicate that flow in the LDS exceeded that
in the LCRS. Overall, the authors concluded that “flows from the LDS of cells with composite
liners are usually very low. The true hydraulic efficiency of composite liners may often
exceed 99.9%."

5.1.3 Values Calculated in this Study

Available flow data from each of the 45 units at the nine case study landfills was evaluated
to calculate leakage rates and apparent hydraulic efficiencies of the primary liners based on
landfill leachate generation rates (i.e., LDS versus LCRS flow rates). The minimum,
maximum, and average value of liner efficiencies for each unit are summarized in Tables 5-
1 to 5-3 along with the number of data points for each unit that falls into different EA

ranges.

values were calculated. In addition, average values were calculated using positive values
only. It is also important to note that the liner efficiencies reflected in the tables were
calculated as static values from average LCRS and LDS flow rates in the post-closure period.
As these flows tend to decrease with time, Ea values may dynamically increase or decrease
with time depending on the relative rates of decrease of LCRS flow versus LDS flow. Overall,
only 5% of the units exhibited an efficiency Ea value greater than 99% with 73% of the
units having an Ea value that is less than 90%. Furthermore, the apparent liner efficiencies
calculated across the sites are significantly higher at dry than at wet sites. For the wet
landfill sites, the total number of Ea values exceeding 99% is 96, representing 79% of the
data, in Table 5-2. The proportion of sites at which Ea values are negative is approximately
equal at 16 and 17% at wet and dry sites, respectively. It is interesting to note that the
collection efficiencies calculated for dry landfill sites were much lower than those for wet
ones. Only 1 percent of the units examined demonstrated an efficiency that is higher than

90% as presented in Table 5-1C.
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Table 5-1. Apparent liner efficiency, Ea (wet sites)

Apparent liner efficiency, Ea

Breakdown of data

(9]
o
35
=0 . .
a d Primary liner c pd Ea value
c o =] c
s 'S Sl = Minimum | Maximum | Average! | 3 0% | 90%
5 @ | <0% | to to >39
90% | 99% 0
B-1 62% 83% 72% 20 | 0 | 20 | o 0
B-2 35% 87% 67% 20 | 0 | 20 | o 0
1 80'm"c"*v'erE GM g3 38% 94% 81% 20 0 17 3 0
604n CCL B-4 79% 98% 89% 20 | o 9 1 | 0
B-5 0% 68% 48% 20 | 15 | 5 0 0
B-6 73% 98% 91% 20 | o 8 12 | o
, | 80-mil HDPE GM | B-7 77% 99% 91% 18 | 0 8 6 4
over 60-in CCL | B-8 0% 97% 65% 12 | 3 6 3 0
T-1 0% 84% 77% 8 6 2 0 0
T2 71% 94% 83% 8 1 6 1 0
T3 0% 90% 73% 8 1 6 0 1
T-4 0% 88% 42% 8 1 6 0 1
T-5 0% 98% 84% 8 3 2 3 0
T-6 31% 100% 54% 8 0 6 0 2
T7 60% 98% 83% 13 | 0 8 5 0
T8 0% 68% 35% 13 | 6 7 0 0
s 60'”’"(‘)‘\'/2?'5 GM 19 0% 82% 56% 14 | 4 8 2 0
36 GCL T-10 0% 82% 56% 11 1 0 | o 0
T-11 0% 93% 60% 11 1 9 1 0
T-12 0% 99% 81% 11 2 4 5 0
T-13 0% 100% 68% 11 4 5 1 1
T-14 0% 94% 74% 11 3 5 3 0
T-15 0% 75% 57% 11 4 7 0 0
T-16 0% 92% 81% 11 1 9 1 0
T17 83% 100% 96% 11 0 1 7 3
T-18 64% 100% 88% 11 0 4 6 1
D-1 80% 100% 92% 0 | o 4 3 3
12 | 60-mil HDPE GM
m D-2 0% 45% 45% 7 6 1 0 0
13 | 80-mil HDPE GM | F-1 59% 99% 88% 13 | o 4 7 2
62 | 207 | 80 | 18
TOTAL | 367 | 1704 | 56% | 2206 | 5%
Note:

1. Average values were calculated using positive values only.
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Table 5-2. Apparent liner efficiency, Ea (dry sites)

9 Apparent liner efficiency, Ea Breakdown of data
20 : .
a d Primary liner c pd Ea value
E o tem = .. . =
s 'S Sys = Minimum | Maximum | Average! 3 0% | 90%
) & [<o% | to | o | °
90% | 99%
60-mil HDPE GM | J-1 0% 35% 18% 15 12 3 0 0
4 over J-2 0% 1% 1% 6 5 1 0 0
18-in CCL J-3 0% 3% 3% 3 2 1 0 0
40-mil PVC GM . . .
5 over 36-in CCL R-1 84% 100% 99% 13 0 1 0 12
. R-2 100% 100% 100% 13 0 0 0 13
6 80‘”“"(')*\/2?'5 GM ["Rr3 100% 100% 100% 13 | 0 0 0 | 13
36-in CCL R-4 100% 100% 100% 13 | 0 0 0o | 13
R-5 100% 100% 100% 13 0 0 0 13
9 60-mil HDPE GM | Y-1 100% 100% 100% 9 0 0 0 9
Y-2 100% 100% 100% 9 0 0 0 9
10 80-mil HDPE GM
m Y3 99% 100% 100% 9 | 0 | o | o | 9
60-mil HDPE GM . . .
11 over 18-in CCL M-1 99% 100% 99% 5 0 0 0 5
19 6 0 96
TOTAL | 121 16% | 5% 0% | 79%
Note:
1. Average values were calculated using positive values only.
Table 5-3. Apparent liner efficiency, Ea (cusp site)
8 Apparent liner efficiency, Ea Breakdown of data
20 . .
a 3 Primary liner c pd Ea value
S a tem = . i 3
s S Sys = Minimum | Maximum | Average! | 3 0% | 90%
5 & |<o% | to | to | P
90% | 99% 0
0% 0% 0% 18 182 0 0 0
7 -mil HDPE GM P-1
60-mi G 0% 0% 0% 18 | 182 | 0 | 0 | 0
P.2 0% 48% 48% 18 17 1 0 0
0% 1% 1% 18 17 1 0 0
0% 72% 39% 18 10 8 0 0
8 60-mil HDPE GM P-3
m 0% 46% 46% 18 | 17 | 1 0 | o
P4 0% 92% 62% 14 1 12 1 0
0% 79% 48% 14 10 4 0 0
108 27 1 0
1
TOTAL 136 79% | 20% | 1% 0%

Note:
1. Average values were calculated using positive values only.
2. Calculated as [1-(LDS1+LDS2)]J/LCRS.

As noted previously, a calculated value for Ea below zero indicates that sources other than
liner leakage are contributing to liquid volumes in the LDS. For simplicity, minimum
apparent liner efficiency is reported as 0% in the tables where one or more negative values

were calculated. In addition, average values were calculated using positive values only. It is
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also important to note that the liner efficiencies reflected in the tables were calculated as
static values from average LCRS and LDS flow rates in the post-closure period. As these
flows tend to decrease with time, EA values may dynamically increase or decrease with time
depending on the relative rates of decrease of LCRS flow versus LDS flow. Overall, only 5%
of the units exhibited an efficiency EA value greater than 99% with 73% of the units having
an EA value that is less than 90%. Furthermore, the apparent liner efficiencies calculated
across the sites are significantly higher at dry than at wet sites. For the wet landfill sites,
the total number of EA values exceeding 99% is 96, representing 79% of the data, in Table
5-2. The proportion of sites at which EA values are negative is approximately equal at 16
and 17% at wet and dry sites, respectively. It is interesting to note that the collection
efficiencies calculated for dry landfill sites were much lower than those for wet ones. Only 1
percent of the units examined demonstrated an efficiency that is higher than 90% as

presented in Table 5-3.

While the data evaluated here are limited, it appears that the use of a GM/CCL composite
barrier system may not outperform the use of a single GM barrier as the primary liner in
either wet or dry sites. Landfills B and T do not perform better than Landfills D and F, while

Landfills J, R, and M do not outperform Landfill Y.

The following site-specific observations are offered, which emphasize a number of important

limitations on the use of EA as a measure of liner performance:

= Rainfall and the depth of groundwater are at/near ground level in wet climates (such as
that found at Landfill sites B and T) can be factors contributing to the low apparent liner
efficiencies at those sites. While the hydraulic connection between the secondary liner
and groundwater is not confirmed there is a potential for groundwater to intrusion into
the LDS. Furthermore, precipitation, especially after large events, may infiltrate into
anchor trenches or defects/appurtenances in the final cover system and migrate to the
LCRS or LDS.

= Low leachate generation volume at arid climate landfills (such as Landfill J) can be low,
LCRS (<0.001 gpad) and LDS (<0.1 gpad). Thus small variability in leachate volume
measurement could translate to an extreme calculated efficiency. This may explain why
the apparent liner efficiencies are mostly below zero site J.

Thus, it is important to take into account site-specific consideration when evaluating liner

efficiency. Below are some examples of how site-specific conditions were used to explain

efficiencies calculated for some of these sites:

= Landfills R, Y, and M are located in arid climates with little yearly rainfall, resulting in
very low LCRS flows, negligible LDS flows, and high apparent liner efficiencies.

= Landfill F is an industrial site located in NE region with high average annual precipitation
as both rainfall and snowfall. Minimum and maximum EA values for this site represent a
temporal improvement: liner efficiency increased from 59% at closure to 94% five years
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later. This suggests that EA may not be an effective measure of liner performance in
early years while excess residual water in the landfill from the construction and
operational phases is working its way out via the LCRS.

From the above, site-specific climatic, construction, and operational factors clearly have an
important influence over calculated values for EA. This level of subjectivity provides a high
level of uncertainty when using EA. A method to improve estimates of liner efficiency by

correcting for relative LDS and LCRS chemistry data is discussed in Section 5.3.

5.2 Modeled Hydraulic Efficiency of the Primary Liner

5.2.1 Methodology

Expected post-closure LCRS and LDS flow rates for each of the 13 different design
configurations were calculated using the HELP Model based on default inputs considered
representative of pre-closure conditions (intermediate cover soil only) and post-closure
conditions (final cover). The methods used to calculate these flow rates were described
previously in Section 4.2.1 as HELP Model Scenario Nos. 1 and 2, respectively. Results were
previously summarized in Table 4-1 (qualifications on the modeling approach and validity of
output values were provided with the table; these are also relevant in the context of the use
of these values here). Based on these values, a comparison of actual LCRS and LDS flow
rates with modeled predictions can be made, which will facilitate critical assessment of the
model’s adequacy in predicting long-term leachate generation and, by association, leakage

through the primary liner.

Similar to the method used for calculating apparent liner efficiency, EA (Section 5.1.1), the

hydraulic efficiency of the primary liner system can be calculated as (Equation 5-2):

LDS Flow Rate from HELP
LCRS Flow Rate from HELP

Ey (%) = (1 ) x 100 (5-2)
Where EM is the modeled liner efficiency calculated based on relative flow in the LDS and
LCRS as predicted by the HELP Model.

5.2.2 Results

Using the methodology above, EM was calculated for the 13 unique design configurations
reflecting different cover, primary liner, and LCRS/LDS drainage layers used in the
construction of the 45 case study units (Table 5-4). Some qualifications regarding results
presented in the table include:

= Design Configuration No. 4: The cover system for J-1 to J-3 is integrated with a liner for
an overfill MSW landfill covering the entire surface area of the three units. Modeling
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infiltration through the final cover is not meaningful under these conditions, as the only
source of infiltrating water is leakage through the overlying liner, which is negligible (the
HELP Model analysis would show zero flow in the LCRS and LDS). Model results under
intermediate cover suggest very high levels of hydraulic performance at this dry site.

= Design Configuration Nos. 9, 10, and 12: HELP Model output for Y-1 to Y-3 and D-1
shows higher flow in the LDS than LCRS after the final cover is placed, although it is
important to note that flow values in both drainage layers are extremely low in all three
units. This result is possibly due to a boundary constraint in the model in that the
preferential flow path for a very small thickness of liquid above the GM in the LCRS layer
is vertical (down through a hypothetical defect in the GM) rather than lateral. There is
no head buildup over the primary liner as shown in HELP Model output files; therefore,
the hydraulic performance of the primary liner is likely to be higher but cannot be
calculated for post-closure conditions using the HELP Model method. The apparently low
Ewm values for these three units under conditions of intermediate cover should also be
treated with caution given the limitations of the HELP Model described here.

= Design Configuration No. 11: Landfill M is located in an arid region and has a composite
primary liner resulting in minimal flow in LDS when compared with LCRS. The study unit
M-1 is not technically closed, but has been filled to final grades and is inactive under the
intermediate cover soil. As such, hydraulic performance of the primary liner under
intermediate cover represents current conditions.

Table 5-4. Modeled liner efficiency, Ewm

Average annual flow from HELP Model Modeled liner efficiency,
= % (gpad) Ewm
2o = i . _
a3 Climate < Intermediate cover Final cover = u
§<§ condition S 0 % 2
5 % s 2 3
= < LCRS | LDS | LCRS (n'a?esz) < = %
(¢}
1 Wet B-1 to B-6 1243 5E-01 5 4E-03 99.96% 99.93%
2 Wet B-7 to B-8 1243 5E-01 5E-01 4E-04 99.96% 99.92%
3 Wet T-1to T-18 | 1319 8E-02 5E-05 2E-07 99.99% 99.58%
4 Dry J-1to J-3 0.2 4E-05 0 0 99.98% | Not Calculated
(note 1)
5 Dry R-1 38 2E-03 1E-04 1E-05 99.99% 93.0%
6 Dry R-2 to R-5 38 2E-05 1E-04 8E-07 100% 99.4%
7 Cusp P-1 122 1E-02 3E-04 5E-06 99.99% 98.38%
8 Cusp P-2 to P-4 122 1E-02 2E-04 4E-06 99.99% 97.54%
9 Dry Y-1 5 9E-01 8E-07 1E-05 82.65% | Not Calculated
10 Dry Y-2to Y-3 5 9E-01 8E-07 1E-05 82.65% | Not Calculated
1 Dry M-1 120 | 2804 | 22 2E-05 100% | Not Calculated
(note 3)
12 Wet D-1 to D-2 504 15 5E-05 3E-04 96.94% | Not Calculated
13 Wet F-1 559 16 2E-03 3E-04 97.16% 84.12%
Notes:

1). Landfill J has an overfill MSW landfill.

2). Landfills Y and D have more flow in the LDS than LCRS after the final cover is placed due to a boundary
constraint in the HELP Model, see discussion below.

3). Final cover has not yet been placed at Landfill M.
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Ignoring the HELP Model’s limitations at accurately predicting LCRS and LDS flows at
Landfills Y and D as discussed above, calculated values for EM exceed 99.9% at all but one

other site (Landfill F, with calculated EM value of 97.2%).

5.3 Correcting Apparent Liner Efficiency Calculations

5.3.1 Technical Basis

Leachate chemistry data can be used to quantify the portion of liquids comprising total LDS
flow that should be attributable to primary liner leakage as opposed to other sources (e.g.,
groundwater infiltration) by demonstrating a lack of hydraulic connection between the LCRS
and LDS. This is done by distinguishing liquids with similar chemical signatures. The
rationale is simple: if leakage through the primary liner is the main source of liquids in the
LDS, then the concentrations of key indicator parameters in LDS liquids should be
comparable to the concentrations of the same constituents in LCRS leachate for all samples
collected concurrently in the two drainage layers. If the concentrations in LDS liquids are
significantly lower than the corresponding concentrations in LCRS leachate, however, a lack
of hydraulic connection can be inferred (i.e., dilution of LDS liquids from a non-leachate
source is occurring). As discussed in more detail below, the preferred indicator parameter
for comparing LCRS and LDS chemistry is chloride, a conservative (unattenuated) anion that
does not take part in biochemical reactions and is typically found in elevated concentrations
in leachate (Rowe, 1991). Comparison of LDS and LCRS chloride concentrations assumes
that advective flow through pinhole defects in the GM is the only mechanism by which
leakage through the primary liner occurs (i.e., diffusion through the GM, which is a potential
transfer mechanism for volatile compounds, can be ignored). Potential adsorption of
chloride to solids in the CCL or GCL component of a composite primary liner is also ignored,
which is reasonable given the weak ion affinity of chloride and typically has low attenuation
in clays (Pansu and Gautheyrou, 2006). Where chloride data are available, the apparent
liner efficiencies calculated in Section 5.1 can be corrected. The main goal of this section is
to demonstrate the presence (or lack thereof) of a hydraulic connection between the LCRS

and LDS within a particular landfill unit.

Concentrations of Key Indicator Constituents
To initiate an evaluation of whether primary liner leakage had contributed to the observed

LDS flows, the concentrations of key chemical constituents in LCRS and LDS flows were
investigated. This included the four major cations (calcium, magnesium, potassium, and
sodium) and three major anions (alkalinity, chloride, and sulfate), which typically are

enough to calculate the ionic charge balance in environmental effluents, although in some
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regions nitrate and ammonium can be important (Andersen et al., 2014). Comparing the
ionic composition of liquids from the LCRS and LDS allows the chemical signatures of the
samples to be easily differentiated. There are several ways in which to graphically portray
the ionic composition of liquid samples, including Stiff, Piper, or Schoeller diagrams or
simple bivariate plots (Bonaparte et al., 2011). Even simpler, anion/cation ratios (e.g.,
chloride/sodium or chloride/calcium) can be calculated. If the shapes of these diagrams or
values of ratios differ significantly between LDS liquids and LCRS leachate, this provides a
strong indication that the source of liquids may be different. The chemistry database for this
study was very limited as only a few of the parameters were available concurrently in both
the LCRS and LDS at each site. Alkalinity has not been analyzed at any site. Therefore, Stiff
or piper plots could not be constructed, leaving Schoeller diagrams or bivariate plots as an
alternative method of portraying the data. As an example of this approach, chloride and
magnesium concentrations in the LCRS and LDS for four study units at Landfill T were

plotted (Figure 5-1).

Figure 5-1. Chloride-magnesium bivariate plot, Landfill T

The bivariate plot of the data for Landfill T in Figure 5-1 shows that the chemical fingerprint
of the LDS is significantly different from the LCRS. Concentrations of both analytes are two
orders of magnitude different in all data. As another example, the chloride, sulfate, sodium,
calcium, magnesium, and potassium concentrations for the LCRS, LDS, and vadose zone
were available for three units at Landfill J. Simplified Schoeller diagrams were constructed

to represent the ionic composition of liquids in these media (Figure 5-2).
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—— LCRS —— LDS VADOSE

Figure 5-2. lonic composition of liquids in the LCRS, LDS, and
vadose zone, Landfill J

In all three units at Landfill J, the shape of the diagram for the LDS was much closer to the
vadose zone than the LCRS, indicating that the chemical composition of liquids in the LDS
are more closely related to data for the vadose zone than to leachate. The LCRS data exhibit

significant variability between years, particularly in J-2, while the LDS and vadose zone data
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are very consistent over time. The two anions (chloride and sulfate) showed the most

significant contrast between the LCRS and LDS datasets.

Selection of Chloride as Indicator Parameter
Examination of the ionic composition of liquids in the LCRS and LDS at Landfills T and J

presented above appears to support the use of chloride as the indicator parameter with the
most significant (generally, orders of magnitude) distinction between these two drainage
layers. Chloride is a conservative ion that does not take part in biochemical reactions and is
not physically altered by the leaching process in landfills (Rowe, 1991). Therefore, chloride
concentrations should be fairly similar between the LCRS and the LDS if the source of liquids
in the LDS is due to primary liner leakage and not dilution from groundwater or other

sources.

To further validate the selection of chloride as a useful indicator parameter with which to
correct liner efficiency calculations, all available chloride data from the case study units
were plotted (Figure 5-3). Chloride concentrations in the LCRS range from 53 to 34,320
mg/L with a median value of 9,290 mg/L, whereas concentrations in the LDS range from 2
to 3,000 mg/L with a median value of 22 mg/L. As shown in the figure, the significant
contrast in chloride concentrations between the LCRS and LDS is relatively constant
(especially once the first few years of post-closure have been completed), confirming
selection of chloride as the preferred indicator parameter with which to review the hydraulic

performance of the primary liner.
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Figure 5-3. Comparison of chloride concentrations in LCRS and LDS liquids
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5.3.2 Methodology

The LCRS and LDS chemical constituent data can be compared to estimate the portion of
liquids in LDS which could be attributed to leakage through the primary liner only and
separate this from liquids present in LDS due to construction water, consolidation of the
primary liner, compression of drainage layer materials, and infiltration of groundwater (see
Figure 1-2 and discussion in Section 1.5.3). For this comparison, chloride concentrations in

the LCRS and LDS are used per the previous discussion.

A correction factor (CF) is first calculated as the ratio of chloride concentrations in the LDS

and LCRS at a given time. CF is a dimensionless parameter as shown in Equation 5-3:

_ Chloride Concentration in LDS
" Chloride Concentration in LCRS

5-3)

Equation 5-3 assumes that only leachate (i.e., LCRS liquids) contributes to the chloride
concentration in the LDS and that chloride is not adsorbed to soils in the primary liner or
drainage layers, or otherwise attenuated as it passes through the primary liner. Any
contribution of chloride from other sources (e.g., brackish groundwater) would serve to
increase the numerator in the expression and thus increase the magnitude of the CF value

computed.

Using CF, a corrected liner efficiency, EC, can be derived using the simple expression in

Equation 5-4:

LDS Flow Rate
LCRS Flow Rate

E.(%) = (1 — CF ) X 100 (5 —4)

Note that chloride concentration and flow data must be temporally coincidental in the LCRS

and LDS in order to calculate a corrected liner efficiency using Equation 5-4.

5.3.3 Results

The current leachate chemistry database has limited temporally coincidental chloride data in
the LCRS and LDS. Overall, concurrent data are available for only 17 units at three sites
(Landfills B, T, and J). A correction factor (CF) and corrected liner efficiency (EC) was
calculated for each of these units as summarized in Table 5-5. The EC values shown in the
table are average values for each unit, based on the number of data points indicated. The
following observations are offered with respect to the performance of the primary liner
based on the information shown in the table:

= CF values ranged over three orders of magnitude from 0.0004 (B-8) to 0.4 (J-1). Values
less than 1.0 indicate that only a portion of the total flow in LDS should be attributed to
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primary liner leakage. This was the case for all 17 study units, which suggests that
values of Ea at other sites could be correctable if applicable LCRS and LDS chemistry
data were available. This represents a shortcoming on the part of site operators at
collecting data that could help understand long-term liner performance.

Both Landfills B and T receive above-average rainfall (=25 inches) each year and the top
of groundwater is at/near the ground surface, which increases the probability of

infiltration into the LDS from groundwater. This is borne out in the data: based on the

CF calculations, only 1 to 3% of the liquids volume in the LDS is attributable to leachate
leakage at Landfill T, and only 0.04 to 0.05% of the volume in the LDS is attributable to
leachate leakage at Landfill B. Based on this, the corrected liner efficiency could be
greater than 99% for all units at Landfill B and four of the six units at Landfill T.

At Landfill J, concentrations of chloride in the LDS are similar to those in the vadose

zone (Figure 5-2). The site is located in an arid climate with little to no LCRS flow. In
most cases, the LDS flow volumes, while minor, exceeded LCRS flow volumes. Based on
the CF value, it appears that 20 to 40% of the total LDS flow may be attributable to
primary liner leakage at this site.

There appears to be a positive correlation between the number of data available to
calculate Ec and the magnitude of the value calculated. In general, more data mean
higher corrections, which should incentivize site operators to collect these data.

Table 5-5. Corrected liner efficiency, Ec

O
o
20 . : : Correction Loz Number of
Q o Climate Primary liner Study factor !lr_1er concurrent
zQ condition system unit efficiency data
= > (CF) (Ec) available
S
B-1 0.002 99.93% 12
B-2 0.005 99.89% 16
80-mil HDPE GM B-3 0.002 99.97% 16
1 Wet 60-in COL
over bU-in B-4 0.004 99.76% 14
B-5 0.003 99.49% 16
B-6 0.001 99.98% 16
80-mil HDPE GM B-7 0.004 99.87% 7
2 Wet 60-in COL
over bu-in B-8 0.0004 99.99% 12
T-1 0.01 91.99% 5
T-2 0.02 99.50% 7
60-mil HDPE GM T-3 0.01 99.42% 8
3 Wet .
over 36-in CCL T-5 0.03 99.08% 8
T-6 0.03 98.47% 13
T-7 0.03 99.57% 17
J-1 0.4 71.79% 3
60-mil HDPE GM
4 Dry over 18-in CCL J-2 0.2 79.03% 2
J-3 0.3 71.79% 1
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6. ANALYSIS OF LEACHATE QUALITY DATA

6.1 Overview

Chapter 6 presents an analysis of leachate chemistry data as background for understanding
long-term leachate management at closed Subtitle C landfills. As discussed in Section 1.5.4,
leachate chemistry from hazardous waste (HW) landfills has received relatively little scrutiny
in recent years, although some research at a number of landfills for containment of mixed
LLRW and HW from the nine facilities included in this study, this may be due in large part to
a paucity of data, particularly with regard to the chemistry of liquids recovered from LDS
drainage layers. This is primarily due to two reasons:

= Leachate chemistry data are most commonly collected semi-annually or annually at each

site, thereby limiting the overall size of the dataset available for analysis at each site;
and

= The leachate constituent list monitored is dependent on site-specific waste history and
local practices for leachate treatment and disposal, thereby limiting the number of
similar constituents for which data were available at all sites.

Intra-unit comparisons (i.e., comparison of leachate chemistry between the LCRS and LDS
in the same unit) are dependent on the same constituents being monitored on the same
date, while inter-unit comparisons (i.e., comparison of leachate chemistry between different

units and sites) are dependent on the similarity of the leachate analyte lists.

6.1.1 Data Availability

The availability of leachate constituents of interest to this study in the LCRS and LDS at

each case study landfill is shown in Table I1-7 in Appendix Il. The leachate chemistry

database is included in full in Appendix IV. Data for 30 analytes were sought, where

available; selection of these analytes mirrored that of EPA (2002). In summary:

= Within the available leachate chemistry dataset, the LCRS has been sampled far more
frequently than the corresponding LDS;

* The highest levels of data availability are at wet Landfills B and T and dry Landfill J;

= Very limited leachate chemistry data are available at non-arid Landfills P and F;

* No data are available for dry Landfill Y due to low liquid volumes and difficulty in sample
collection in both the LCRS and LDS; and

= Monitoring of leachate chemistry in the LDS is not performed at dry Landfills R and M
because liquid volumes are too small for samples to be collected.

In the remainder of this chapter, available leachate chemistry data are evaluated with a
focus on estimating the time that may be required for the concentrations of constituents of

interest to decrease to asymptotic levels during PCC.
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6.1.2 Temporal Analysis of Leachate Quality

The chemical composition of MSW landfill leachate has been well studied, with
comprehensive data collected over multiple years from several sites as summarized by
Kjeldsen et al. (2002), SWANA (2004), and Oman and Junestedt (2008). Longitudinal
studies of MSW leachate data (e.g., Gibbons et al., 2014) have shown that concentrations of
dissolved organic matter indicators tend to decrease rapidly after landfill closure. Statom et
al. (2004) evaluated over 12 years of MSW leachate data from a site in Florida and found an
overall declining trend in major ion chemistry, with data collected after closure capping
showing an overall reduction in the amplitude of short-term variations. Conservative
inorganic ions such as chloride, however, are released in leachate over time by flushing.
Therefore, limiting infiltration post-closure curtails their removal in leachate (Rowe, 1991).
Several processes affect long-term concentration trends for VOCs, including volatilization to
gas (Kjeldsen and Christensen, 2001), diffusive loss through cover geosynthetics (Foose et
al., 2002), sorption to or desorption from waste, or leaching and degradation (Lowry et al.,
2008).

The fate of trace metals under various landfill operating and internal biochemical conditions
has been extensively researched in MSW landfills (Gibbons et al., 2014). As a landfill ages,
pH tends to increase causing a decrease in metal solubility. Thus, although accumulation of
humic acid concentrations over the long term may be expected to mobilize metals, elevated
metals concentrations are not typically observed in leachate from well decomposed waste
(Barlaz et al., 2002), in part because trace metals are strongly attenuated by in situ
sorption and precipitation (Christensen et al., 2001). This is consistent with reviews of
leachate data from multiple landfills (e.g., Kjeldsen et al., 2002; SWANA, 2004) which
generally reported trace metal concentrations at or below federal maximum contaminant

levels (MCLS).

Relative to the well-documented leaching behavior within MSW landfills as summarized
above, hazardous waste materials may not degrade, or only degrade very slowly, under
landfill conditions. While leachate chemistry at HW landfills may share many of the trends of
MSW leachate, this has received relatively little scrutiny in recent years. Tian (2015)
analyzed leachate composition from four landfills constructed for containment of mixed
LLRW and HW in the United States and compared concentrations of dissolved organic matter
(measured as TOC), inorganic macro-components (including major cations and anions), and
trace metals to values reported in the literature for MSW leachate, concluding that:

= Dissolved organic matter concentrations were insignificant when compared with MSW
leachate;
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= Concentrations of inorganic macro-components were broadly similar to MSW leachate;

= Trace metal concentrations were relatively lower than in MSW leachate and tended to
exhibit steady or slightly increasing trends.

If current expectations for the time required for the concentrations of constituents of
concern in leachate to decrease to asymptotic levels or meet regulatory standards such as
MCLs are rooted in observations from MSW landfills, this may not be appropriate. Therefore,
an important component of this study is to review concentration trends in leachate from

Subtitle C landfills.

6.1.3 Leachate Chemistry Constituents
Consistent with EPA (2002), 30 chemical parameters were selected to represent leachate

constituents of interest for this study. These include the following categories of analytes:

=  Water quality indicator parameters (pH, specific conductance, TDS);
= Macro indicators of dissolved organic matter (COD, BODs, and TOC);

= Major inorganic cations (calcium, magnesium, potassium, and sodium) and anions
(alkalinity, chloride, and sulfate);

» Trace metals (arsenic, cadmium, chromium, lead, and nickel); and

= Trace VOCs frequently observed to be present in landfill leachate, represented by a
group of 12 aromatic hydrocarbons and chlorinated solvents (and their degradation
products).

The minimum, maximum, median, and arithmetic mean values are summarized for LCRS
and LDS liquids in Tables 6-1 and 6-2, respectively. The number of reporting landfills and
units is also listed, along with the total number of data and non-detect (ND) values. Finally,
MCLs for public drinking water from 40 CFR Part 141 are also listed in the table, if available,
for specific analytes. The use of MCLs as comparison values is justified by the fact that
potential leachate releases would most likely occur to groundwater rather than surface

water or other environmental media.
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Table 6-1. Summary of LCRS leachate concentrations in case study landfills

Concentration

Data availability

| 2 | 5| & 2225|838

3 3 Q v Q 1y C
pH s.u. 5.6 12.2 7.7 8.3 17 97 0 6.5-8.50
Specific conductance pmhos/cm 1,560 89,800 28,833 31,674 5 12 64 -
Total dissolved solids mg/L 8,207 20,500 14,353 14,353 2 2 0 500
CcoD® mg/L -
BOD®) mg/L -
TOC® mg/L 337 10,579 3,803 4,641 2 9 48 0 -
Alkalinity mg/L -
Chloride mg/L 53 34,320 9,290 9,865 5 20 249 2 250
Sulfate mg/L 20 10,488 4,850 4,740 3 8 61 0 250
Calcium mg/L 0.4 23,467 390 1,668 5 20 227 2 -
Magnesium mg/L 0.6 2,100 68 354 4 14 179 8 -
Sodium mg/L 6 25,760 5,064 6,552 3 80 0 -
Potassium mg/L 17 8,700 795 1,860 2 52 0 -
Arsenic ug/L 0.01 234,333 223 11,951 7 25 265 9 10
Cadmium pg/L 0.001 26,000 6 318 5 19 212 51 5
Chromium ug/L 0.01 4,750 130 283 5 21 196 18 100
Lead ug/L 0.001 1,790 33 87 6 23 226 75 154
Nickel pg/L 0.13 30,000 509 1,295 6 19 123 13 -
Benzene ug/L 0.0002 48,600 10 537 6 21 271 69 5
1,1-Dichloroethane ug/L 0.0015 474,000 8 6,319 5 20 270 61 -
1,2-Dichloroethane pg/L 0.0003 104,000 9 1,573 5 19 253 | 115 5
cis-1,2-Dichloroethene ug/L 0.0002 68,300 2 1,164 2 10 174 80 70
trans-1,2-Dichloroethene pg/L 0.0004 2,440 7 66 5 19 263 | 135 100
Ethylbenzene ug/L 0.002 1.7E+06 15 19,361 5 20 271 55 700
Methylene chloride ug/L 0.002 4.3E+06 20 81,928 5 20 254 88 -
1,1,1-Trichloroethane pg/L 0.0002 739,000 11,605 5 20 265 | 125 200
Trichloroethylene ug/L 0.0003 671,000 10,404 5 21 263 99 5
Toluene ug/L 0.002 8.7E+06 43 94,022 5 19 263 43 1,000
Vinyl chloride ug/L 0.0001 150,900 10 2,548 5 20 266 | 112 2
Xylenes (total) ug/L 0.002 5.7E+06 36 56,998 4 14 222 27 10,000

Notes:

1). ND = non-detect (values reported between the method detection limit and reporting limit).
2). MCL = Maximum contaminant level per 40 CFR Part 141.

3). SMCL = secondary maximum contaminant level.

4). Action level required if 10% of the water exceeded 15 pg/L.
5). COD = chemical oxygen demand, BOD = biochemical oxygen demand, TOC = total organic carbon.
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Table 6-2. Summary of LDS liquids concentrations in case study landfills

Concentration

Data availability

. = = — zZ
coremicae | ums | 5| 8 | F | =z |5|Ec|E |5 |maw
- 2 5 5 23|25 | = | B
5 5 = azla"| 2| %
pH s.u. 6.5 8.3 7.2 7.2 4 17 129 0 6.5-8.5%)
Specific conductance umhos/cm 1,391 27,600 6,630 8,277 12 105 -
Total dissolved solids mg/L 79 620 150 179 1 5 15 0 500®
COD® mg/L -
BOD® mg/L -
TOC® mg/L 3 63 8 13 3 12 64 0 -
Alkalinity mg/L -
Chloride mg/L 2 3,000 22 286 3 17 251 0 2509
Sulfate mg/L 134 10,000 5,100 4,642 2 6 58 0 250
Calcium mg/L 110 3,048 400 713 3 10 98 0 -
Magnesium mg/L 310 1,800 1,000 1,031 2 3 48 0 -
Sodium mg/L 13 667 37 178 2 7 76 0 -
Potassium mg/L 550 3,200 1,600 1,650 1 3 48 0 -
Arsenic pg/L 25 773 11 34 5 17 128 30 10
Cadmium pg/L 0.5 15 3 4 2 9 84 4 5
Chromium pg/L 9 190 17 36 2 13 65 28 100
Lead pg/L 3 897 9 27 4 16 115 24 154
Nickel pg/L 6 1,200 110 151 3 11 89 37 -
Benzene pg/L 0.0002 208 1 5 4 18 327 | 141 5
1,1-Dichloroethane pg/L 0.0003 355 4 18 3 18 327 | 104 -
1,2-Dichloroethane pg/L 0.0003 750 1 34 3 17 315 | 135 5
cis-1,2-Dichloroethene pg/L 0.0002 421 0.2 28 1 9 169 66 70
trans-1,2-Dichloroethene pg/L 0.2 100 2 3 18 286 153 100
Ethylbenzene pg/L 0.002 306 2 3 18 327 | 201 700
Methylene chloride pg/L 0.002 176 2 3 17 315 | 139 -
1,1,1-Trichloroethane pg/L 0.0002 162 1 2 18 327 | 210 200
Trichloroethylene pg/L 0.0003 81 1 11 3 18 327 | 143 5
Toluene pg/L 0.002 255 2 6 3 16 318 | 145 1,000
Vinyl chloride pg/L 0.0001 4,948 1 68 3 18 328 | 151 2
Xylenes (total) pg/L 0.002 100 2 9 2 11 278 | 175 10,000

Notes:

1). ND = non-detect (values reported between method detection limit and reporting limit).

2). MCL = Maximum contaminant level per 40 CFR Part 141.

3). SMCL = secondary maximum contaminant level.

4). Action level required if 10% of the water exceeded 15 pg/L.
5). COD = chemical oxygen demand, BOD = biochemical oxygen demand, TOC = total organic carbon.

As shown in the tables, there is significant variability in the data for many constituents,

particularly in the LCRS where differences between maximum and minimum observed

values often span six or more orders of magnitude for cations/anions, trace metals, and
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VOCs. For this reason, the median is considered more representative of overall leachate
quality in both the LCRS and LDS than the mean, which is more sensitive to one or two
significant outliers. The general water quality characteristics of liquids from the LCRS and
LDS drainage layers are also significantly different, again by multiple orders of magnitude in
many cases. This strengthens previous findings in Chapter 5 that additional sources of
liquids rather than simply primary liner leakage are contributing to the liquid volumes

measured in the LDS.

In the remainder of this section, select leachate data representing the five major categories

of analytes of interest are reviewed. The purpose is twofold:

» Estimate when concentration trends may be asymptotic, and

= Compare concentrations to limit values (drinking water MCL or secondary MCL [SMCL]),
where available.

In the latter regard, the focus of the comparison is LCRS concentrations as this represents
characteristics of source leachate in the landfill. However, it is important to recognize that
any potential leakage from the landfill to the subsurface will occur via the LDS since this
underlies the LCRS across the base and side slope areas of the landfill. As such, LDS
concentrations are of more significance than LCRS concentrations in an environmental
setting, assuming the relationship between LCRS and LDS concentrations is understood and
remains stable over the long term. In addition, rather than directly comparing leachate
concentrations to a limit value, a universal dilution/attenuation factor (DAF) of 20 was
applied to represent expected concentrations at the point of compliance (e.g., monitoring
well) rather than in source leachate. This is consistent with the default DAF specified in the
EPA’s Soil Screening Guidance (EPA, 1996). As a potential release of leachate moves
through soil and groundwater, constituent concentrations are attenuated by sorption,
degradation, and dilution in clean groundwater. A DAF of 20 is deemed appropriate for
contaminant sources up to 0.5 acres in size. While landfills are generally much larger than
that, the potential release points (i.e., potential pinhole defects and tears in liner GM
barriers) are collectively much smaller than 0.5 acres. As such, this approach is appropriate
for the purposes of this portion of the study, which is to investigate whether leachate
concentrations are exhibiting downward trends and/or reaching asymptotic levels that meet
applicable limit values. Nevertheless, it is important to note that assigning this default DAF
in this study does not imply any endorsement from EPA with regard to the universal
application of this approach to assessing long-term leachate management and groundwater

monitoring at Subtitle C landfills.
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In keeping with the above-stated goals, the focus of the discussion presented in the next
subsections is on general trends in the composite concentration data rather than absolute
values for individual units at specific times. Therefore, the data selected for presentation are
not identified by individual units, although the colors and shapes of data points direct the
reader to commonality amongst datasets with regard to the represented landfill and
drainage layer, respectively.4F°> Insufficient flow data and waste manifests were available to
accurately review leachate chemistry in terms of contaminant removal loads (e.g.,
cumulative mass of contaminant removal per ton of waste in place), although this would
potentially have been advantageous in terms of normalizing the data between the different
study units, climatic conditions, and cover/liner design configurations. No statistical analysis
was conducted to eliminate outliers, test the significance of trends, assign correlation
coefficients to trending data, or calculation of confidence limits. No correlations between
leachate chemistry and flow rates were investigated, so it is not known whether the goal of
excluding liquids from RCRA landfills in the post-closure period contributes to chemical
changes or whether cover design and performance has a direct effect on leachate quality.
Interested readers can review specific leachate flow and chemical characteristics from the

blinded raw data provided in Appendices Il and IlI.

6.1.4 Water Quality Indicators

pH

Leachate pH in the LCRS varied from 5.6 to 12.2 s.u., with a median value of 7.7 s.u.
Temporal variability in the data is plotted in Figure 6-1. For the most part, readings are
within the 6.5 to 8.5 s.u. the range specified under 40 CFR Part 141. If data from the first 5
years of PCC from Landfill T are ignored, the pH range would narrow further to 6.5 to 10
s.u, which is broadly consistent with the range of 7.6 to 9.4 s.u. and average 8.2 s.u.
reported for HW landfills by EPA (2002). Temporal trends in pH appear stable based on the
data plotted for each facility.

Most readings, particularly over the longer term, are above neutrality, which suggests that
leachate at Subtitle C sites should be expected to be in the alkaline range. One possible
explanation for the high pH values could be the relatively widespread practice of solidifying

and stabilizing hazardous waste with cement, fly ash, or kiln dust prior to landfill disposal.

5 In all plots presented in Section 6.2, circular markers (®) are used to present LCRS data while
triangular markers (A) present LDS data. Markers are color-coded with a unique color representing
each case study landfill, with colors grouped between geographic regions (SE = green, NE = blue, SW
= red/pink, NW = orange/yellow).
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Based on discussions with operators at case study sites, it appears that such stabilizers may
occupy as much as 40% of the total airspace volume. The potential implications of an
alkaline medium on limiting trace metals mobilization from the waste are important, as

discussed in Section 6.2.4.

Figure 6-1. Temporal variability in pH

Specific Conductance
The specific conductance (or conductivity) of a solution is a measure of its ability to carry an

electric current, which provides an estimate of the dissolved solids in solution. The mean
conductivity of LCRS leachate samples from the case study units was about 31,700
pmhos/cm, with a median of 28,800 pmhos/cm, which is higher than the mean of about
22,100 pmhos/cm from three HW sites reported by EPA (2002) and substantially higher
than the mean of 250 to 3,500 pmhos/cm reported for MSW landfills by Oman and
Junestadt (2008). Values in the LCRS and LDS are of the same order of magnitude (Figure
6-2).

Overall, conductivity measurements are highly variable with no evidence of asymptotic
behavior. A number of datasets (notably Landfill P) are exhibiting apparent upward trends

with conductivity values approaching 100,000 pmhos/cm.
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Figure 6-2. Temporal variability in specific conductance

Total Dissolved Solids (TDS)
Limited TDS data were available for the study and are not plotted, although it is expected

that TDS trends would correlate closely with specific conductance in which case no evidence
of declining or asymptotic behavior would be expected. TDS analysis was conducted on
samples from the LCRS at Landfill R and the LDS at Landfill B. LCRS concentrations for two
data points at Landfill R were 8,200 and 20,500 mg/L (mean 14,350 mg/L). Based on
applying a DAF of 20 to the SMCL limit value of 500 mg/L, the mean is above but consistent
with the modified benchmark of 10,000 mg/L. Overall concentrations in the LDS are one or

two orders of magnitude lower than the LCRS.

6.1.5 Dissolved Organic Matter

Dissolved organic matter (DOM) in leachate is composed of a variety of constituents that
are collectively expressed in terms of biochemical oxygen demand (BOD) and chemical
oxygen demand (COD). A higher oxygen demand generally implies a higher organic loading,
even though other constituents such as ammonia and nitrogen also exert an oxygen
demand; therefore, COD and BOD are useful indicators of pollution potential posed to
receiving systems such as surface water bodies. BOD is generally considered as a measure
of biologically degradable organic materials and is measured as oxygen consumption over
five days, hence the suffix BOD5 often used in the annotation for this parameter. COD, on

the other hand, also includes recalcitrant compounds that are not easily biologically
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degradable; as such, COD concentrations are generally substantially higher in leachate than

BOD concentrations. BOD and COD data are not collected at any case study site.

A measure of some of the constituents of DOM is provided by total organic carbon (TOC).
TOC has been analyzed on a handful of occasions in both the LCRS and LDS at Landfills P
and T. Values in Table 6-1 range from about 340 to 10,580 mg/L with a median
concentration of 3,800 mg/L, which compares reasonably close to the mean of about 1,620
mg/L reported for two HW sites by EPA (2002). Mean and median TOC concentrations in the
LDS are two to three orders of magnitude lower than in the LCRS. The maximum TOC

concentration in MSW leachate reported by Kjeldsen et al. (2002) was 29,000 mg/L.

In summary, DOM data do not appear to be routinely analyzed in leachate at Subtitle C
facilities. COD and BOD data were not reported for any HW landfill in the study by EPA
(2002). The limited data available for this study generally support the finding by Tian
(2015) that DOM concentrations are insignificant in HW leachate when compared with MSW
leachate (although this does not imply that DOM concentrations in HW leachate are
insignificant with respect to potential impacts to HHE). No MCL or SMCL is specified for any
constituents of DOM listed above. Overall, beyond complying with potential influent
limitations on COD/BOD imposed by off-site wastewater treatment facilities, it is assumed

that concentrations of DOM in leachate are of little interest to Subtitle C landfill operators.

6.1.6 Major Cations and Anions

With the exception of alkalinity, which is not analyzed at any case study landfill, data for the
other major cations (calcium, magnesium, potassium, and sodium) and anions (chloride,
and sulfate) were available in both the LCRS and LDS at a number of case study sites. Given
the nature of HW, they are also expected to be present in significant concentrations in
leachate. Tian (2015) reported that concentrations of cation and anions in HW leachate are
broadly similar to MSW leachate. These parameters offer a meaningful opportunity to
estimate the time to reach asymptotic levels and/or MCL/SMCL limit values, which are
specified for sulfate (MCL = 250 mg/L) and chloride (SMCL = 250 mg/L). Using a DAF of 20,
as previously discussed, the modified benchmark for comparison of sulfate and chloride

concentrations to limit values is 5,000 mg/L.

Chloride
As presented in Table 6-1, leachate chloride concentrations ranged widely from about 50 to

34,320 mg/L, with similar mean and median concentrations of 9,870 mg/L and 9,290 mg/L,
respectively. This is higher than the range of 150 to 4,500 mg/L reported for MSW landfills
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by Kjeldsen et al. (2002). The mean LCRS chloride concentration reported for two HW
landfills by EPA (2002) was 11,700 mg/L, which suggests that chloride concentrations have
remained fairly constant in HW leachate over the intervening period. These values exceed
the modified benchmark by a factor of about two. However, the temporal plot of LCRS
chloride data (Figure 6-3) indicates that many datasets exhibit no downward trend or are
even trending upwards, although several data points are below the modified benchmark
(shown as the dashed line in the figure). Overall, it cannot be concluded that LCRS chloride
concentrations should be expected to routinely meet the modified benchmark within 30
years of closure. However, LDS concentrations routinely exhibit stable trends and are all

below the modified benchmark (most LDS concentrations meet the SMCL directly).
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Figure 6-3. Temporal variability in chloride

Sulfate
Sulfate data availability at the case studies is limited to Landfills T, J, and R (Figure 6-4).

LCRS concentrations range widely from 20 to 10,500 mg/L, although the median and mean
values are similar at around 4,800 mg/L, which suggests the variability is limited to a few
outliers. The mean/median concentration is slightly below the modified benchmark of 5,000
mg/L. The mean sulfate concentration reported for two HW landfills by EPA (2002) was
below 3,000 mg/L. Concentrations of sulfate in the LDS are very similar to those in the

LCRS. The median and mean concentrations in the LDS are 5,100 mg/L and 4,650 mg/L,
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close to the modified benchmark of 5,000 mg/L. There is no evidence of trending to

asymptotic levels in either the LCRS or LDs dataset presented in the figure.

It is noted that the reasons why sulfate should persist at high concentrations in HW leachate
are not well understood. It is possible that the waste contains a sulfate source such as
gypsum-containing wallboard, although it is not known why significant quantities of this
material would be disposed of in an (expensive) Subtitle C landfill rather than an MSW or a
construction and demolition debris landfill facility. Sulfate would typically be reduced to
sulfide under the anaerobic conditions assumed to be prevalent in closed landfills (Plaza et
al., 2007). For example, Kjeldsen et al. (2002) reported sulfate concentrations in the range
of 10 to 420 mg/L in methanogenic leachate. It is speculated that HW landfills have much
lower DOM availability and thus reduced microbial activity relative to MSW landfills, and

redox conditions may not reach a sulfate-reducing environment (i.e., Eh below -250 mV).
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Figure 6-4. Temporal variability in sulfate

lonic Charge Balance
Schoeller diagrams (absent alkalinity) were constructed to concurrently illustrate the

concentrations of six cations and anions in LCRS leachate at Landfill R (Figure 6-5). Data
are collected separately for R-1 and as a combined sample for R-2 to R-5. The figure
provides a geochemical “fingerprint” of data collected over 13 years of PCC, with each line
on the two graphs representing a single year. With the exception of sodium, and to a lesser

extent chloride, the very close bunching of lines in the figure shows there has been no
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significant change in overall geochemical makeup of leachate over the 13 years of PCC.
Although not discernable from these graphs, the variability in sodium, chloride, and sulfate
values represents concentration fluctuations that are apparently random on a year-on-year

basis rather than evidence of trend behavior.

Figure 6-5. Schoeller diagrams for cations and anions, Landfill R

6.1.7 Trace Metals

Trace metals selected for this study comprise arsenic, cadmium, chromium, lead, and
nickel. These five analytes were selected based on their inclusion in EPA (2002). As shown
in Table 6-1, MCLs are specified for arsenic, cadmium, and chromium while a limit value for

lead is provided as an action level. Using a DAF of 20 as previously discussed, modified

93



Section 7 - Summary and Conclusions

benchmarks can be established for arsenic (200 pg/L), cadmium (100 pg/L), chromium
(2,000 pg/L), and lead (300 pg/L).

Review of data from EPA (2002), which reported on leachate quality from three HW landfills,
indicates that the mean concentration of all five trace metals in that study was similar
(within the same order of magnitude) but slightly lower than the corresponding values
reported in this study. This may reflect the reduced practice of co-disposing of MSW and
other non-hazardous wastes with HW in the intervening period, as MSW has been shown to
offer significant buffering capacity for adsorption of trace metals (Gibbons et al., 2014).
Overall, however, the long-term similarity in concentrations over a long period suggests
that trace metals in leachate may be relatively stable or increase only slightly over time.
This is consistent with findings reported by Tian (2015) that trace metal concentrations
were relatively lower in HW landfills than in MSW leachate and tended to exhibit steady or
slightly increasing trends. Concentrations of trace metals in the LDS are universally lower

than in the LCRS and typically meet limit values without the need for DAF modification.

Arsenic
Arsenic data are highly variable with no evidence of asymptotic behavior, particularly in the

LCRS dataset (Figure 6-6, note log scale on y-axis). The variability observed is not
dissimilar to the range of 10 to 1,000 pg/L reported for MSW landfills (Oman and Junestadt,
2008). Although a significant proportion of the data are below the modified benchmark limit
of 200 pg/L (indicated by the dashed line in the figure), the relatively high concentrations of
arsenic that persist long into the PCC period may be due to the relatively alkaline pH of
leachate, potentially attributable to the practice of solidifying and stabilizing HW with
cement, fly ash, or kiln dust prior to disposal. Arsenic is generally more mobile under
alkaline conditions (Smedley and Kinniburgh, 2002). Another observation that is evident
from inspection of the figure is the clustering of data according to sites. This suggests that
arsenic concentrations in HW leachates are highly site-specific and dependent on the cover

soils used and/or sources of waste placed in a particular unit.
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Figure 6-6. Temporal variability in arsenic

The marked difference between mean and median values of arsenic in the LCRS dataset
suggests that a few data are skewing the overall results; as such, the median value (220
Mg/L in the LCRS, 11 pg/L in the LDS) is considered a better representation of leachate
quality. The median concentration of arsenic in LCRS leachate slightly exceeds the modified

benchmark.

Total Chromium
Chromium (as total chromium) data from the case studies are highly variable with

concentrations ranging over six orders of magnitude. The data do not suggest a trend to
asymptotic behavior (Figure 6-7), although almost all data are below the modified
benchmark limit of 2,000 ug/L indicated by the dashed line in the figure. The majority of
data are not dissimilar to the range of 20 to 1,500 ug/L reported for MSW landfills (Oman
and Junestadt, 2008).

The similarity between mean (282 ug/L) and median (130 pg/L) concentrations of
chromium in leachate suggests that the variability in data is extensive and not limited to a
few data points. The median value in the LCRS (130 ug/L) slightly exceeds direct
comparison to the MCL of 100 pg/L but easily meets the modified benchmark. The median

value in the LDS (17ug/L) is slightly above the MCL. The low concentrations of chromium in
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leachate may be due to the relatively alkaline pH, which may be attributable to the practice

of solidifying and stabilizing HW with cement, fly ash, or kiln dust prior to disposal.

Figure 6-7. Temporal variability in total chromium

Lead
Similar to chromium data, lead concentrations in leachate are highly variable with no

evidence of asymptotic behavior (Figure 6-8). However, with the notable exception of recent
data from Landfill B, most data are below the modified benchmark indicated by the dashed
line in the figure. Concentrations are generally below the upper-bound value of 5,000 ug/L

reported for MSW leachate by Oman and Junestadt (2008).

Like chromium, the similarity between mean and median values of lead in leachate suggests
that the variability in data is extensive. The median value in the LCRS (33 ug/L) slightly
exceeds direct comparison to the action level of 15 ug/L, while the median value in the LDS
(15 pg/L) equals the action level. Overall, this appears promising in terms of trace metal
concentrations in leachate from Subtitle C landfills meeting acceptable limit values within
the presumptive 30-year PCC period. The low concentrations of lead in leachate may again

be due to the relatively alkaline pH.
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Figure 6-8. Temporal variability in lead

6.1.8 Volatile Organic Compounds

For this study, trace VOCs—represented by a group of 12 aromatic hydrocarbons and
chlorinated solvents (and degradation products) frequently observed to be present in landfill
leachate—were selected as constituents of interest. Of all the groups of chemical
constituents considered in this study, VOCs exhibited the most variability in concentration
between different landfill units, and sometimes between different sumps within the same

unit.

As indicated in Table 6-1, the variability among the LCRS data is significant for all VOCs,
with reported concentrations ranging over six or more orders of magnitude. LDS data
exhibit far less variability than LCRS, with similar median and mean concentrations for all
but one VOC (trichloroethylene). The wide discrepancy between median and mean values in
the LCRS suggests that the data are skewed by a few outliers; as such, the median is
considered to be more representative of “typical” concentrations. This is supported by
comparison of LCRS data to values for VOCs reported for MSW leachate. Median values of
all VOCs from this study fall within the concentration range reported by Kjeldsen et al.
(2002) and Oman and Junestadt (2008) but mean values significantly exceed the reported

range for MSW leachate.
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MCLs are specified for all but two of the VOCs selected. The median value of VOCs in the
LCRS in this study only exceeds the MCL in four out of ten cases, although the four failing
parameters easily meet the DAF-adjusted benchmark. The median LDS concentration
directly meets the MCL in eight of the ten cases, the failures being trichloroethylene and

vinyl chloride. Again, these two parameters easily meet the DAF-adjusted benchmark.

Review of data from EPA (2002), which it should be noted included data from only two HW
landfills, indicates that mean concentration of all VOCs were slightly higher in that report
than the median values calculated in this study. This may be suggestive of an overall

downward trend in the VOC content of HW in the intervening years.

Temporal variability and trends within the VOC category of leachate constituents are
illustrated using benzene (Figure 6-9, note log scale on y-axis). Overall, the data are
somewhat variable, although with the exception of Landfill B there is evidence of downward
trending behavior. A significant number of data are below the DAF-adjusted benchmark (20

x MCL), which is indicated by the dashed line in the figure.

Figure 6-9. Temporal variability in benzene
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7. SUMMARY AND CONCLUSIONS

7.1 Study Implications on Understanding Long-Term Landfill
Performance

The purpose of this section is to summarize findings from analysis of liquids management
data for double-lined hazardous waste landfills located throughout the United States.
Specifically, LCRS and LDS flow rate and flow chemistry data were evaluated for 45 landfill
units at nine closed Subtitle C sites. Design and operational characteristics of the study
units were summarized in Chapter 3 of this report along with post-closure data availability.

These data were used to evaluate:

®= Long-term trends in leachate generation rates;
= |Leakage rates and hydraulic efficiency of primary liner systems; and

= |Leachate chemistry data, including time for constituents of interest to degrade and
potentially reach asymptotic levels or water quality limit values.

The primary aims of this assessment are to understand whether existing regulations for
containment system design and performance evaluation at Subtitle C landfill facilities are
appropriate and what main issues or shortcomings in data collection are evident that could

be addressed.

7.1.1 Leachate Flow Rate and Trends

The focus of this discussion is to address the following two key research questions: How
much leachate is generated in closed Subtitle C landfills and what are the potential effects
of site location (climatic region), cover system design and construction, facility operation or
waste type, and other factors on leachate generation rates? How do predictions of leachate

generation using the HELP Model compare to observed generation rates at these sites?

General Observations Based on Field Data
Flow data in the LCRS and LDS at the case study sites were summarized in Section 4.1. In

general, LCRS and LDS flow volumes declined soon after closure with a steady or decreasing
trend behavior thereafter. Discrepancies or short-term deviations from general trends were
generally attributable to known O&M issues affecting cover system performance. For
example:

= Landfill B: A spike in the LCRS flow rate from unit B-6 was attributed to a localized

cap failure. This has since been repaired and the flow rate has returned to similar
levels as recorded for other units at the landfill.
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= Landfill T: Unit T-16 exhibited an increase in LCRS flow rate between years 7 and 16
of PCC that was finally traced to a localized cover system failure. The cover was
repaired in year 16, which resulted in rapid reduction in LCRS flow to rates similar to
other units.

®= Landfill D: Liquid volumes in the LDS for D-2 were observed to increase for the first
4 years after closure before exhibiting a declining trend thereafter. This cell had a
short operational period of only 1 year, during which time the contractor reported
difficulties in fully eliminating rainwater from the unit during construction and waste
filling. As such, LDS volumes could be attributable to the potential this excess water
contributing to construction, compression, and consolidation water rather than
leakage through the primary liner. The LDS flow volumes are anticipated to continue
to lessen as this excess water works its way out of the unit.

Erosion damage to cover systems is a key factor affecting landfill performance in the PCC
period, with higher costs and effort associated with repairs needed during initial years of
PCC before cover vegetation is fully established which helps stabilize the system. Breaches
in the cover system may result in relatively long-term setbacks in terms of returning LCRS
flow rates in affected landfill units to expected levels once the cover is repaired. In this
regard, it may be beneficial to maintain hydraulic separation between the liners of different
units, and potentially minimize the size of individual units which may assist in isolating the

impacts of a potential cover damage.

This further highlight the importance of routine cover inspection in identifying problems
related to erosion damage, water ponding on the cover system, or other issues, as this
facilitates timely maintenance and repair to minimize the likelihood of water seeping back
into the cell. Furthermore, as weather patterns seem to be changing, it is advisable that
routine inspections be supplemented with non-routine cover ones following an extreme
weather (e.g., flood, excessive precipitation, drought, or tsunami) or seismic event. The
largest challenge at one of the examined sites was erosion control and protection of the
cover specifically due to high rainfall following a long spell of dry weather, particularly in the

first few years of closure before cover vegetation has matured.

Potential Factors Affecting Leachate Flow in the LCRS and LDS
All liner and cover system construction at the 45 landfill units included in this study was

performed under a program of third-party CQA; therefore, the potential effects of

construction in the absence of CQA cannot be examined.

The potential effects on relative LCRS and LDS flow were qualitatively examined with regard

to several variables as summarized in Table 7-1, including:

= Time in post-closure;
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Climatic and hydrogeologic conditions at the site (average annual rainfall, average
annual snowfall, depth to groundwater, and types of subsurface soils); and

Containment system design and material specifications (cover type, primary liner
type, and secondary liner type).

Consistent with previous report sections, the table is structured around the 13 unique

configurations for the containment system design that are represented amongst the 45

study units. Although it is important to recognize the limitations in the small sample size

and non-random nature of the case studies, the following observations are made:

The table clearly illustrates that rainfall has an effect on leachate generation, with
higher LCRS flows recorded at the four wet sites (Landfills B, T, D, and F) and very
low or negligible flows recorded at dry sites (Landfills J, R, and Y). Landfill M is
excluded from this comparison since only intermediate cover had been installed at
this site. It is noted also that Landfill J is a special case at which a landfill overfill
liner is integrated with the cover; as such, leakage through the cover system would
be expected to be very low, independent of rainfall. Overall, the incidence of
precipitation as rainfall versus snowfall does not appear to affect leachate
generation.

Ignoring Landfills J and M as unrepresentative, the performance of three different
final cover system designs was evaluated as part of this study. Six units at Landfill B
feature a reversed CCL/GM cover design, while nine units at four sites (Landfills P, Y,
D, and F) feature a composite GM/GCL rather than GM/CCL cover barrier design at
the other 27 units. For final cover systems, the units in this study with the GM/GCL
design had slightly better overall performance in terms of flow reduction than
GM/CCL. The reversed CCL/GM design was leakiest for the units evaluated here.

In all cases, placement of cover leads to a reduction in the LCRS flow rate, including
Landfill M which has only 12-inchs of intermediate cover soil in place. Although LCRS
flows are an order of magnitude higher at Landfill M than the other three dry sites.

In general, LDS flows are affected by LCRS flows (as would be expected). But, depth
to groundwater may significantly affect relative LDS flows, with higher flows recorded
at wet sites with shallow groundwater (Landfills B, T, D, and, to some extent, P).
Hydraulic connection between groundwater and the secondary liner has not been
established at any site. Thus, it cannot be concluded that groundwater rather than
infiltration of rainwater is the main alternative source of LDS liquids.

Four sites (Landfills P, Y, D, and F) feature a GM-only barrier in the primary liner,
while all other designs feature a composite GM/CCL barrier. With the exception of
Landfill P, the primary liner design also does not appear to affect LDS flows.
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Table 7-1. Summary of potential factors affecting relative flow in the LCRS and LDS
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Sandy silt,
3 | T1toT-18 | 7-23 | SE 70 <5 clay GM-HB0/CCL | GM-H60/CCL | GM-H60/CCL 8 8 2 8 8 2
4 | J1tod3 | 17 | sw | 11 | 300 Clays, Landfil | o\ Heo/coL | GM-HBO/CCL 3 3
sandstone overfill liner
5 R-1 Sands GM-P40/CCL | GM-P40/CCL 1 1
13 SW 6.5 250 | ’ GM-H80/CCL
6 | R2toR-5 clays GM-H80/CCL | GM-H80/CCL 4 4
7 P-1 21 GM-H60/CCL 1 1
SW 28 40 Clay GM-H60 GM-H60/CCL
8 P-2 to P-4 13 GM-HB0/GCL 1 2 1 2
9 Y-1 Gravelly GM-H60 GM-H40/CCL 1 1
10 NW 10 120 | sands, silty | GM-H40/GCL
10 | Y-2and Y-3 clays GM-H80 GM-H60/CCL 2 2
11 M-1 4 NW | 95 200 Clays Soil GM-H60/CCL | GM-H60/CCL 1 1
42 Clays,
12 | D-1andD-2 | 6-9 NE (17)¢ 10 gravelly | GM-L40/GCL GM-H60 GM-H60/GCL 1 1 1 1
sands
13 F-1 12 NE (g'g)4 90 Sa’;g:hs"ty GM-L40/GCL | GM-H60 | GM-H80/CCL 1 1
Notes:

1). GM = geomembrane, -H = high density polyethylene, -P = polyvinyl chloride, -L = linear low density polyethylene. The number denotes GM thickness (mil).

2).
3).
4).

CCL = compacted clay liner, GCL = geosynthetic clay liner.
The number of units with the average annual flow in the range shown over last 3 years of post-closure. Gpad = gallons per acre per day.
Average annual snowfall in inches shown in parenthesis.
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Predicted vs. Observed Trends in Leachate Flow
Although it is reasonable to expect that leachate generation rates generally trend

downwards after cover placement, it may not be reasonable to expect that flow rates will

decline at such a significant rate over the long term.

In order to better understand behavioral trends in leachate generation based on field
observations, annual LCRS flow measurements were compared to annual flow rates
predicted using the HELP Model. If the model provides an accurate prediction of long-term
leachate flow post-capping, it should be expected that LCRS flow rates would decrease
exponentially to a value approximating the quasi-steady state flow rate predicted by the
model, after allowing for a reasonable time lag for water already in the waste body prior to

capping to percolate down to the LCRS and be removed.

Overall, the HELP Model appeared to be better suited to predicting long-term LCRS flow at
wet rather than dry sites, consistent with previous findings (e.g., Vorster, 2001). The model
predicts zero or near-zero LCRS flows at dry sites, whereas some LCRS flow was observed
at all four dry case study landfills (although three had no/negligible LDS flow). Although this
study did not focus in detail on this aspect of the model’s application, it is suggested that
the model significantly underestimates lateral flow where the thickness of liquids on the
primary liner is very small. This manifests as a predicted LDS flow that exceeds the
corresponding LCRS flow, although in both cases the volumes are very low (this issue was

observed where modeled flows were in the range of 10-4 to 10-7 gpad).

Selected results from 6 of the 13 design configurations (different cover, primary liner, and
LCRS/LDS drainage layer) represented by the 45 case study units were reviewed in detail in
Section 4.2.2. The selected results featured four of the case study sites: wet Landfills B and
F and dry Landfills R and Y. Based on these results, if the requirement under
8§264.310(b)(2) that operation of the LCRS should be continued “until leachate is no longer
detected” is interpreted strictly to mean that LCRS operation must continue until leachate
flow is at or near zero, then this cannot reasonably be achieved, even at extremely dry
sites. Therefore, it is more appropriate to apply the performance-based standard implicit in
40 CFR 8264.117 that PCC is required until a demonstration that the absence of care would
not pose a threat to water quality at the POC. Such demonstrations could be made on the
basis of leachate flow and concentrations having reached quasi-steady-state, predictable,

and non-impacting conditions, albeit at a non-zero flow rate.
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Data from this study suggest the rate at which LCRS flow rate declines post-closure may be
three to five times slower at most Subtitle C landfills than previously suggested by EPA
(2002). The dataset utilized in this study was more comprehensive (45 individual units with
up to 29 years of post-closure data) than the 2002 study (33 units with up to 9 years of
post-closure data). In particular, the lack of data from many units beyond year six of PCC in
the earlier study, and the very low flow rates reported for a few units after year six suggests
that the dataset may have been skewed by a small number of very dry or high performing
sites. If current industry projections of post-closure leachate generation are based on EPA
(2002), expectations may need to be reset in terms of the rate of decline in LCRS flow.
Rather than an order of magnitude decrease every 5 years, it may be more reasonable to
expect an order of magnitude decrease every 15-20 years. However, more field studies are
needed to validate this finding before recommendations for adjusting current industry
projections and accruals for leachate management are made. Since the rate of decrease
also appears to be linked to maximum leachate generation at closure, this emphasizes the
importance of good stormwater control during the latter stages of operation and competent
cover design and construction performed under strict CQA procedures so as to minimize

leachate generation immediately after closure.

7.1.2 Liner Design and Performance

The focus of this discussion is to address the following key research question: What
conclusions can be drawn regarding the hydraulic efficiencies of double-liner systems (i.e.,
leakage rates through primary liners) at Subtitle C landfills based on available LCRS and
LDS data? It should be made clear that all case study sites reported competent CQA
programs during liner and cover construction events. As such, the effect of CQA practices
on long-term containment system performance cannot be assessed. The findings in this
section are thus predicated on the assumption that good CQA will be employed during liner

and cover system installation.

Apparent Hydraulic Efficiency of the Primary Liner
The “apparent” hydraulic efficiency, EA, of the primary liner can be calculated as the flow in

the LDS relative to the flow in the LCRS (Section 5.1.1). The higher the value of EA, the
smaller the flow rate from the LDS compared to the LCRS flow rate. Based on the data
provided only 5% of the evaluated data demonstrated an effective efficiency greater than
99% with the bulk of the data (73%) exhibiting an efficiency that is less than 90%. It is
noteworthy to mention that the leachate flow from some of the LDS of some units was

greater than that from the LCRS. With the data provided, it is unclear if the source of the
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increased in the liquid flow from the LDS(S) is an external source (e.g. groundwater) or a
major defect in the liner system. The liner efficiencies are significantly higher at dry than at
wet sites: 79% of the data from dry sites produced Ea values exceeding 99% (Table 5-1B),

whereas only 5% of the data from wet sites did so (Table 5-1).

Modeled Hydraulic Efficiency of the Primary Liner
There is a high degree of uncertainty associated with using the HELP Model to calculate

efficiency as the method does not utilize the site-specific available data. As described in
Section 5.2.1, expected leachate generation rates in the post-closure period were simulated
by the HELP Model using default input assumptions, including the number of geomembrane
defects. This allowed the modeled hydraulic efficiency, EM, of a liner system to be calculated
using model output values as substitutes for field data of LCRS and LDS flow. Values for EM
were calculated for the 13 unique design configurations reflecting the study units. Results
were summarized in Table 5-2. Calculated EM values varied from 93 to 99.9%, close to

corrected Ec.

Corrected Hydraulic Efficiency of the Primary Liner
By distinguishing liquids with similar chemical sighatures, leachate chemistry data can

potentially be used to quantify the portion of liquids comprising total LDS flow that should
be attributable to primary liner leakage as opposed to other sources. This approach has two

major limitations:

1. Only leachate (i.e., LCRS liquids) contributes to the chloride concentration in the
LDS. Any contribution of chloride from other sources (e.g., brackish groundwater)
would serve to increase the numerator in the expression and thus increase the
magnitude of the CF value computed.

2. Chlorides are not adsorbed to soils in the primary liner or drainage layers, or
otherwise attenuated as it passes through the primary liner.

3. It is noted that this analysis may overestimation of the liner efficiency since it
assumes no attenuation in the liner system.

4. The concentration of the indicator chemical and flow data must be temporally
coincidental in the LCRS and LDS in order to calculate a corrected liner efficiency,
Ec.

5. Specific to this study, data available for calculating Ec were limited to 173 sets of
readings at 17 units from only three sites (Landfills B, T, and J).

Landfill J is located in an arid climate with little to no LCRS flow. In most cases, the LDS
flow volumes, while minor, exceeded LCRS flow volumes. Based on the Ec value calculated
only 20-40% of the total LDS flow could be attributed to primary liner leakage at the site.

The Ec calculations for the other two sites (B and T) that receive more than 25 inches of rain
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per year, showed that less than 3% of the liquids generated from the LDS are attributable
to leachate leakage through the liner. This is a significant improvement over Ea values of
63 to 93% calculated for corresponding units in Landfill B and Ea values of 54 to 95%
calculated for corresponding units in Landfill T. However, we note again that these Ec values

are most likely an overestimation of the actual liner efficiency as stated above.

Comparison between Apparent, Modeled, and Corrected Liner Efficiencies
The results for liner efficiencies computed using the three methods discussed in this report

are compared in Table 7-2 for the three sites (Landfills B, T, and J) for which values from all
three methods could be calculated. Modeled liner efficiency (Ewv) values shown in the table
are directly copied from results in Table 5-2. Corrected liner efficiency (Ec) values are
average values for each different design configuration based on the values for individual
units shown in Table 5-3. Finally, apparent liner efficiency (Ea) was calculated based on
monthly average LCRS and LDS flow data for units where concurrent chloride concentration
data were also available for calculation of an Ec value. This allows direct comparison of

corresponding values for Ea, Em, and Ec.

For all design configurations listed in the table, Ec is greater than Ea. Although this data set
is very limited and does not include the high values for Ea calculated for a number of units
in dry Landfills R and Y, this nevertheless suggests that true liner efficiency is potentially
higher than the simple value calculated as the LDS flow volume relative to the LCRS flow
volume. Values of Em and Ec are very close. This suggests that Ev may be a useful
representation of liner efficiency where field data with which to estimate Ea or Ec are not
available. For landfills constructed with good CQA, this may suggest the use of the HELP
Model with default assumptions as a method of estimating the liner efficiency after the

closure of a landfill.

Table 7-2. Comparison of liner efficiency calculations

o Apparent Modeled Corrected

@ Climate , liner liner liner Number of
& | condition | Study units | eficiency efficiency efficiency | dataused to
S calculate Ec

(En) (Ewm) (Ec)

1 Wet B-1 to B-6 82.8% 99.93% 99.84% 90

2 Wet B-7 and B-8 84.9% 99.92% 99.95% 19

3 Wet T-1t0 T-18 73.2% 99.58% 98.57% 64

4 Dry J-1to J-3 9.1% 99.98%(" 74.2% 6

Note:

1). Em cannot be calculated under conditions of final cover at units J-1 to J-3 due to the fact that Landfill J resides
beneath an overfill landfill. Therefore, Em was calculated for intermediate cover conditions.
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7.1.3 Trends in Leachate Chemistry
A review of the technical literature revealed that leachate chemistry from HW landfills has
received relatively little scrutiny in recent years. Tian (2015) analyzed leachate composition
from four landfills constructed for containment of mixed LLRW and HW and compared
concentrations of dissolved organic matter (measured as TOC), inorganic macro-
components (including major cations and anions), and trace metals to values reported in
the literature for MSW leachate, concluding that:

= Dissolved organic matter concentrations were insignificant when compared with MSW

leachate;

= Concentrations of inorganic macro-components were broadly similar to MSW
leachate; and

» Trace metal concentrations were relatively lower than in MSW leachate and tended to
exhibit steady or slightly increasing trends.

If current expectations for the time required for the concentrations of constituents of
concern in leachate to decrease to asymptotic levels or meet regulatory standards such as
maximum contaminant levels (MCLs) are rooted in observations from MSW landfills, this
may not be appropriate. Therefore, an important component of this study is to review

concentration trends in leachate from Subtitle C landfills.

From the above, the focus of this discussion is to address two key research questions: What
is the leachate chemistry at the case study sites, and does it exhibit asymptotic behavioral
trends over the long-term? How does leachate chemistry at Subtitle C landfills compare with
water quality limit values such as drinking water MCLs? Addressing these questions is
intended to broaden an understanding of long-term leachate management at closed Subtitle

C landfills in the context of the performance standard implicit in 40 CFR §264.117.

Parameter Selection and Evaluation Approach
Thirty chemical parameters were selected to represent leachate constituents of interest,

based on those investigated by EPA (2002). These included water quality indicator
parameters (pH, specific conductance, TDS), macro indicators of dissolved organic matter
(COD, BOD, and TOC), major inorganic cations (calcium, magnesium, potassium, and
sodium) and anions (calcium, chloride, and sulfate), trace metals (arsenic, cadmium,
chromium, lead, and nickel), and trace VOCs frequently observed to be present in landfill

leachate (represented by a group of 12 aromatic hydrocarbons and chlorinated solvents).
The general approach to the evaluation was as follows:

» Where available, leachate concentrations were compared to federal water quality
standards (MCL or SMCL). However, rather than directly comparing leachate
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concentrations to a limit value, a universal dilution/attenuation factor (DAF) of 20
was applied to represent concentration increases that would be expected prior to
detection at a POC monitoring well. This is consistent with the default DAF specified
in the EPA’s Soil Screening Guidance (EPA, 1996), for which a DAF of 20 is deemed
protective of contaminant sources up to 0.5 acres in size. While landfills are
generally much larger than that, the potential release points (i.e., potential pinhole
defects and tears in liner GM barriers) are collectively much smaller than 0.5 acres.
As such, this approach is appropriate for the purposes of this study. Nevertheless, it
is important to note that assigning this default DAF in this way does not imply any
endorsement from EPA with regard to the universal application of this approach to
assessing long-term leachate management and groundwater monitoring at Subtitle C
landfills.

= The availability of leachate chemistry data at the case study landfills was limited in
most cases, which restricted the level of analysis that could be completed in this
study. Data availability and gaps are discussed in further detail in Section 7.2.

Summary of Main Findings
There is significant variability in the data for many constituents, particularly in the LCRS

where differences between maximum and minimum observed values often span six or more
orders of magnitude for cations/anions, trace metals, and VOCs. For this reason, the median
may be considered more representative of overall leachate quality, which is more sensitive
to one or two significant outliers. The general water quality characteristics of liquids from
the LCRS and LDS drainage layers are also significantly different, again by multiple orders of

magnitude in many cases.

Observations from the evaluation of leachate chemistry data with regard to the five

categories of interest are summarized as follows:

=  Water Quality Indicators: Temporal trends in leachate pH appear relatively stable,
with most readings within the range of 6.5 to 8.5 s.u. The majority of readings were
alkaline mainly as a result of solidifying and stabilizing hazardous waste with cement,
fly ash, or kiln dust prior to disposal. Overall, conductivity measurements were highly
variable with no evidence of asymptotic behavior. Values in the LCRS and LDS are of
the same order of magnitude.

= Dissolved Organic Matter: The DOM content of leachate cannot be extensively
commented on in this report since these data were not routinely collected at any
case study site, although TOC has been analyzed on a handful of occasions in both
the leachate and the LDS at Landfills P and T. TOC concentrations were significantly
lower than those reported for MSW leachate. The mean and median TOC
concentrations in the LDS were two to three orders of magnitude lower than in the
LCRS. The limited data available for this study generally support the finding by Tian
(2015) that DOM concentrations are insignificant in HW leachate when compared
with MSW leachate.

= Major Cations and Anions: With the exception of alkalinity, which is not analyzed at
any case study landfill, data for the other major cations (calcium, magnesium,
potassium, and sodium) and anions (chloride, and sulfate) were available in both the
LCRS and LDS at a number of case study sites. Based on the literature, they are also
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expected to be present in significant concentrations in HW leachate at concentrations
broadly similar to MSW leachate. Overall, the cation/anion data are highly variable
with no consistent evidence of asymptotic behavior or downward trends. With the
exception of sodium, and to a lesser extent chloride, there has been no significant
change in the overall geochemical makeup of leachate over the 13 years of PCC.
Using chloride as an example of behavioral trends, concentrations ranged widely
over three orders of magnitude, with a median concentration higher than the range
reported for MSW landfills but broadly consistent with that reported for two HW
landfills by EPA (2002).

= Trace Metals: Generally, the median concentrations of trace metals in the studies HW
landfill leachate from was above the DAF-modified benchmark. Specifically, arsenic
was measured at a median concentration of approximately 12 mg/L. Concentrations
of trace metals in the LDS were universally lower than in the LDS. However, a review
of data from EPA (2002), which reported on leachate quality from three HW landfills,
indicates that mean concentration of trace metals were slightly lower than
corresponding values reported in this study. The order-of-magnitude similarity in
concentrations over the 15-year intervening period suggests that trace metal
concentrations in leachate are relatively stable over the long term.

= Volatile Organic Compounds: Of all the groups of chemical constituents considered in
this study, VOCs exhibited the most variability in concentration between different
landfill units, and sometimes between different sumps within the same unit. The
variability among the LCRS data was significant for all VOCs, with reported
concentrations ranging over six or more orders of magnitude. LDS data exhibited far
less variability, with similar median and mean concentrations for all but one VOC
(trichloroethylene). The wide discrepancy between median and mean values in the
LCRS suggests that the data could potentially be skewed by outliers. This is
supported by comparison of LCRS data to values for VOCs reported for MSW
leachate: median values of all VOCs from this study fall within the concentration
range reported for MSW landfills but mean values significantly exceed the reported
range for MSW leachate. MCLs are specified for all but two of the selected VOCs.
The long-term outlook for leachate management based on observations of behavioral trends
amongst selected leachate data from this study is mixed. Water quality indicators and major
cations/anions suggest that the materials contained in Subtitle C landfill may not degrade
under landfill conditions, or only degrade very slowly, such that observations based on
leachate data from non-hazardous Subtitle D landfills cannot be extrapolated to characterize
the expected performance of Subtitle C landfills. On the other hand, data for trace metals
and VOCs, while highly variable, thus site-specific considerations are important when

evaluating these parameters.

7.2 Data Availability and Limitations

The unavailability of some critical site information and monitoring data limited the extent to
which evaluations could be completed or even performed in this study. Data gaps and their
effects were identified throughout Chapters 4 to 6. The focus of the discussion in this

section is to reiterate key data limitations and discuss their effect on limiting the study. The
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goal is to provide some guidance to site operators and regulators as to what data that are
not routinely collected would be valuable in demonstrating that one or more components of
PCC at Subtitle C landfills could be scaled back or terminated over the long term. This is
intended to provide motivation, rather than an obligation, for additional data collection.
Indeed, it is important to emphasize here that this discussion is not concerned with data
collection and reporting for compliance purposes. Rather, this section seeks to address the
following key research question: How could current monitoring, reporting, and
recordkeeping requirements be improved to better ensure that the data necessary for

performance demonstrations are collected?

7.2.1 General Site Information

Overall, this study included 45 individual double-lined units at nine separate landfill
facilities. Significant variability existed between the units, which is beneficial to a study of
this nature. For example, individual units ranged in size by an order of magnitude from 1.4
acres to 11.3 acres, time of post-closure from 6 to 29 years (Landfill M is not closed, but
has been inactive for 4 years pending final capping after waste was filled to final grades),
and various LCRS and LDS flow measuring devices. In terms of variability in construction
details, 11 different liner system designs and a further 11 different cover system designs
were featured amongst the study units featured, combining to provide 13 unique
containment system design configurations. Major variables in cover system design were
represented: CCL/GM (an apparently accidental “upside down” design), GM/CCL, GM/GCL,
and all soil. However, primary liner designs essentially comprised only two variables:
GM/CCL and GM only. No case study units were constructed having a GM/GCL composite
primary liner, although one site (Landfill D) utilizes a GCL in the secondary liner. As such,
the efficacy of a GM/GCL primary liner design cannot be evaluated in this study, an
important limitation, given the widespread use of GCLs in the liner systems at both Subtitle
C and D landfills.

In terms of facility operations, seven of the nine landfills are commercial TSDFs accepting
HW from a wide range of generators, while two are industrial facilities providing disposal for
a single HW generator or as part of site remediation). As such, an original research question
from this study (does waste type affect leachate concentrations?) cannot be addressed, as
the commercial facilities accepted waste from multiple sources thereby making it difficult to
compare waste chemistry for these sites, while there were insufficient data from non-
commercial TSDFs against which to gauge variability between commercial and non-

commercial operations. Further, waste manifests were not made available by any site

110



Section 7 - Summary and Conclusions

operator, which meant that although some findings appeared to support the hypothesis that
facility/waste type would affect leachate characteristics, this could not be confirmed. For
example, arsenic concentrations appeared to cluster according to a unit, suggesting that
arsenic concentrations in HW leachates are highly site-specific and dependent on the waste
source or sources disposed of in a particular unit. In addition, the relatively high
concentrations of arsenic and low concentrations of heavy metals that persist long into the
PCC period may be due to the relatively alkaline pH of leachate, potentially attributable to
the practice of solidifying and stabilizing HW with cement, fly ash, or kiln dust prior to
disposal. Details and data regarding these practices are needed in order to fully understand

the long-term leaching behavior of disposed HW.

7.2.2 Leachate Flow Data

For all case study landfills, leachate flow data were normalized to an annual average and a
peak flow in terms of gallons per acre per day (gpad) to provide a common unit for
comparison between sites. Attempts were made to collect data from the date of closure
(i.e., time zero for PCC) through to the current time in order to obtain a complete timeline
of post-closure flow from each unit. However, the availability and level of granularity
amongst the data varied considerably between sites. Available leachate data for Landfill T,
for example, includes annual total LCRS and LDS flow volumes for up to 7 years in some
units and daily flow volumes for years 10 through 23 of PCC in other units. Respective
earlier and later records were not available. Leachate data for Landfill Y included weekly
LCRS and LDS flow volumes for all three study units for the duration of PCC, except the first
year (an important data point in terms of assessing trends in leachate generation post-
closure). Fuller LCRS and LDS datasets would have expanded the level of detail to which
cover and liner system performance could be evaluated and would likely have enabled a

clearer picture of long-term stable leachate generation to be gathered.

An important limitation regarding the use of LCRS and LDS leachate chemistry to correct EA
values is the need for concurrent chemistry data to be available in both the LCRS and LDS.
Overall, such data were available for only 17 units at three sites (Landfills B, T, and J). This
represents a shortcoming on the part of site operators at collecting data that could help

understand long-term liner performance.

7.2.3 Leachate Chemistry Data
It is noted through the discussions in this report that the leachate chemistry database is
limited in terms of its completeness and the duration of monitoring, although it is important

to acknowledge that “completeness” in this context refers to the availability of the full suite
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of 30 parameters targeted in this study and not to data requirements specified for
compliance. Many targeted leachate constituents are poorly represented in the LCRS
dataset, while LDS chemistry is not monitored at all at many sites. In the latter case, it is
noted that three sites (Landfills R, Y, and M) have zero flow in the LDS, which negates the
ability to collect samples for analysis. In the context of this data assessment, therefore, this
should not be construed as a data gap as these site operators have effectively achieved a
goal of PCC, which is to end monitoring and management of liquids in the LCRS and LDS. An
issue of importance identified in the process of collecting leachate chemistry data for this
study is that site operators are only required to keep records for three years; as such, many
older data are no longer available. If this lack of data at the case study landfills is
representative of that at other Subtitle C facilities, which seems likely, this represents an
important limitation on assessing the long-term performance of containment systems and

potential modifications to existing PCC programs.

Intra-unit comparisons (i.e., comparison of leachate chemistry between the LCRS and LDS
in the same unit) are dependent on the same constituents being monitored on the same
date, while inter-unit comparisons (i.e., comparison of leachate chemistry between different
units and sites) are dependent on the similarity of the leachate analyte lists. Both intra and
inter-unit comparisons, which can provide important operational insights into relative cover
system infiltration and other indicators of landfill performance, are obviously hampered by a
lack of data. The general paucity of leachate chemistry data at Subtitle C landfills,
particularly with regard to the chemistry of liquids recovered from LDS drainage layers, may
be due to two reasons:

= Leachate chemistry data are most commonly collected semi-annually or annually at

each site, thereby limiting the overall size of the dataset available for analysis; and

" The leachate constituent list monitored is dependent on site-specific waste history
and local practices for leachate treatment and disposal (i.e., hon-compliance data),
thereby limiting the number of similar constituents for which data were available at
all sites (i.e., constituent lists vary between different wastewater treatment
facilities).

Anecdotal information received from site operators was that leachate volumes and
chemistry have not deviated from acceptance criteria for treatment and disposal, such that
leachate management has not been an issue or represented a higher-than-expected cost.
Operators did not complain of any significant problems related to leachate treatment and
disposal, which suggests that this is not an issue at Subtitle C facilities. As noted previously,
the strong focus on containment and reducing leachate flow volumes under RCRA is likely a

contributing factor to the lack of LDS data. Certainly, data availability was highest at two
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wet sites (Landfills B and T), which may be reflective of the level of concern operators have
on managing leachate treatment and disposal costs (in other words, low leachate flows
attract little interest, because disposal costs are modest for small volumes). The fact that
many of the data used to support the performance demonstrations made in this study rely
on non-compliance data is borne out that very limited leachate chemistry data were
available at wet Landfill F, for which data were obtained directly from the state rather than
from the operator. As such, the chemistry dataset would not be expected to include non-
compliance leachate chemistry data collected only to meet influent limits imposed by the
receiving wastewater treatment plant (WWTP). This has implications in terms of being able
to assess site performance independent of the operator, which would be important if, say,

an operator was unable to continue providing care.

In terms of specific availability of individual analytes from the list of 30 targeted for this
study, data were available for all analytes with the exception of COD, BOD, and alkalinity,
although many analytes were available only in LCRS and not LDS datasets. The lack of COD
and BOD data may not be important, as concentrations of dissolved organic matter in
leachate are not a primary concern to Subtitle C landfill operators beyond complying with
potential influent limitations imposed by a receiving WWTP. However, it should be
recognized that long-term changes in leachate management may require consideration of
effluent discharge to receiving water bodies, in which case BOD may become a critical
analyte. More important in the context of this study is the absence of alkalinity data, as data
for the other major cations (calcium, magnesium, potassium, and sodium) and anions
(chloride, and sulfate) that make up the majority of the ionic charge balance were available
in both the LCRS and LDS at a number of case study sites. This prevented the construction

of Stiff or Piper plots, which are effective methods of portraying the data.

7.3 Recommendations for Future Research and Development

This study identified a number of areas in which further research could be beneficial in
understanding the long-term performance of Subtitle C landfills. In the longer term, this
could potentially facilitate the development of guidance on improving long-term
performance, reducing the duration and costs of PCC, and allowing more flexibility in the
manner in which the regulation is applied (which may be appropriate recognizing that that
end goals for PCC are defined in terms of performance). Better understanding and improved
predictability of long-term performance could allow more innovation and creativity enclosure

system designs. Ultimately, performance data from studies such as this could be used to
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assign risk-based evaluation criteria and procedures for demonstrating long-term protection

of HHE and completion of PCC.
Two short-term suggestions for further research include the following:

= Multi-site evaluation of leachate chemistry data: This study focused on leachate flow
and containment system performance. While leachate chemistry data were
examined, for various reasons identified in the report these examinations were not
sufficiently detailed nor were the dataset extensive enough to draw firm conclusions
regarding the interrelated factors affecting long-term trend behavior and leachate
quality. Insufficient flow data and waste manifests were available to accurately
review leachate chemistry in terms of contaminant removal loads (e.g., cumulative
mass of contaminant removal per ton of waste in place), although this would
potentially have been advantageous in terms of normalizing the data between the
different study units, climatic conditions, and cover/liner design configurations. The
effects of facility operations and waste types on leachate chemistry were not
examined. No statistical analysis was conducted to eliminate outliers, test the
significance of trends, or assign correlation coefficients to trend data. No correlations
between leachate chemistry and flow rates were investigated, so it is not known
whether the goal of excluding liquids from RCRA landfills in the post-closure period
contributes to chemical changes or whether cover design and performance has a
direct effect on leachate quality.

= The vulnerability of Subtitle C landfills to short and long-term hazards: Currently,
landfills are designed and operated assuming that future climate and precipitation
intensity will be similar to historical records. In addition, seismic design requirements
are not explicitly cited for Subtitle C landfills. Some hazardous waste management
units in place today may thus be vulnerable to future conditions. This could have
serious consequences for the integrity of hazardous waste disposal facilities and
protection of HHE. Therefore, the resilience of hazardous waste disposal facilities
should be evaluated with regard to both long-term hazards (e.g., inundation due to
sea level rise, elevated temperatures, seismic events, and/or groundwater elevation
rise) and short-term hazards (e.g., possible increase in precipitation and associated
flooding, increases in storm flooding/surges, and changes in waves, currents, king
tides, or El Nifio effects). To date, little research has been published on the long-
term vulnerability of closed landfills to short and long-term hazards. As such, this
represents an important research need in terms of assessing the long-term
performance of landfill containment systems.
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