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FOREWORD

The TAEA’s statutory role is to “seek to accelerate and enlarge the
contribution of atomic energy to peace, health and prosperity throughout the
world”. Among other functions, the IAEA is authorized to “foster the exchange
of scientific and technical information on peaceful uses of atomic energy”. One
way this is achieved is through a range of technical publications including the
IAEA Nuclear Energy Series.

The TAEA Nuclear Energy Series comprises publications designed to
further the use of nuclear technologies in support of sustainable development,
to advance nuclear science and technology, catalyse innovation and build
capacity to support the existing and expanded use of nuclear power and nuclear
science applications. The publications include information covering all policy,
technological and management aspects of the definition and implementation of
activities involving the peaceful use of nuclear technology. While the guidance
provided in TAEA Nuclear Energy Series publications does not constitute
Member States’ consensus, it has undergone internal peer review and been made
available to Member States for comment prior to publication.

The IAEA safety standards establish fundamental principles, requirements
and recommendations to ensure nuclear safety and serve as a global reference for
protecting people and the environment from harmful effects of ionizing radiation.

When IAEA Nuclear Energy Series publications address safety, it is ensured
that the TAEA safety standards are referred to as the current boundary conditions
for the application of nuclear technology.

Early radioactive waste disposal practices typically involved trenches
excavated directly into the soil or with simple concrete liners. Little consideration
was given to the environmental setting or to conditioning the waste before
disposal. Such trench sites exist in many Member States and, owing to either
their original design or failed integrity over time, many of these sites may now
pose a risk to people and the environment.

The Network of Environmental Management and Remediation
(ENVIRONET) is an internationally recognized and active community
facilitated by the IAEA. The aim of ENVIRONET is to support Member States
in addressing risks posed to people and the environment from contaminated sites.
In 2014, ENVIRONET participants identified a specific need to support Member
States with the management and remediation of trench sites resulting from past
activities. These sites are often termed ‘legacy trench sites’; hence the project
was named the LeTrench Project.

The IAEA convened four Technical Meetings, including site visits, to enable
information and knowledge transfer, peer support and advice, and collection of
information to support this publication. The IAEA expresses its appreciation to



the Member States and organizations that have supported Technical Meetings
with site visits.

This publication draws together the experience of Member States in the
evaluation, management and remediation of legacy trench sites. It discusses the
activities necessary to address the potential risks posed by legacy trench sites and
provides Member State examples related to the implementation of these activities.
This publication concludes with Member State case studies that provide an
overview of the history, challenges and activities at various legacy trench sites.

The IAEA would like to thank the experts who contributed to the drafting
and review of this publication.

EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

This publication does not address questions of responsibility, legal or otherwise, for acts
or omissions on the part of any person.

Guidance provided here, describing good practices, represents expert opinion but are
not made on the basis of a consensus of Member States.

The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be construed
as an endorsement or recommendation on the part of the IAEA.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or
third party Internet web sites referred to in this book and does not guarantee that any content
on such web sites is, or will remain, accurate or appropriate.
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1. INTRODUCTION

1.1. BACKGROUND

The research and application of nuclear technologies started in the 1940s
with work on atomic weapons and the development of research reactors and then
the first generation nuclear power plants began to operate. In those early days,
the approach to managing radioactive waste was often simple, and in many cases
used trenches. The construction of these trenches varied; some were engineered
but others were simple excavations into the soil. In some instances, waste was
packaged, but in others, it was tipped directly into the trench. Trenches were
also used in the aftermath of accidents, where there was little time to engineer
alternative waste management options.

In general, these historic activities were not subject to regulatory control
or, if regulated, were not in accordance with today’s national or international
standards, including those formulated by the IAEA. Owing to various
shortcomings with their siting, construction, operation (including unconditioned
wastes and disused sealed radioactive sources) or other factors, such trenches
may pose a risk to people and the environment. These sites are collectively
referred to as ‘legacy trench sites’.

1.2. OBJECTIVE

The objective of this publication is to describe the overall process necessary
to facilitate the environmental management and remediation of a legacy trench
site. The publication elaborates on the characterization, assessment and potential
remediation of such sites and provides guidance on management aspects such as
decision making and engaging interested parties. It is important that these tasks
are implemented having regard to the environmental, radiological, regulatory
and societal context of the site. A key aim is to highlight specific issues that
make legacy trench sites different from other contaminated sites and to draw the
attention of relevant stakeholders to the issues surrounding such sites.

The publication also provides case studies from various countries to
illustrate legacy trench sites that have been or are in various stages of assessment
and remediation. Relevant experience and lessons learned for these sites are
provided throughout this publication.

Guidance provided here, describing good practices, represents expert
opinion but are not made on the basis of a consensus of Member States.



1.3. SCOPE

The publication addresses sites where there is concern that past activities
to dispose of radioactive waste (raw and/or conditioned) into near surface
excavations in the ground (with or without engineered containment) may pose
a risk to people and/or the environment. Hence, these sites require assessment,
ongoing management and possibly remediation.

This publication does not evaluate the adequacy of existing or past
waste disposal practices. It is not intended for assessing or managing currently
operating disposal sites, although it may be applicable to non-operational parts
of such sites.

If remediation is necessary, this may involve waste retrieval, then
predisposal and disposal activities of the retrieved wastes. This publication does
not provide guidance on the waste management aspects of a legacy trench site,
but does provide references to the appropriate international guidance and some
relevant case studies.

The typical characteristics of a legacy trench site are outlined in
Section 1.1, but all sites are different. It is advised that the reader uses discretion
to determine whether a specific site fits within the scope of this publication. Even
if a site is not considered a legacy trench site, the content of this publication may
nevertheless be useful.

1.4. STRUCTURE

Section 2 establishes the importance of the topic of legacy trench sites,
identifies the unique characteristics of these sites and provides the overall process
for managing legacy trench sites. Another issue discussed in this section is that
there is often limited specific regulatory guidance for legacy waste trenches. This
may be partly due to the limited number of these sites per country and whether the
site is considered as existing exposure situation or a planned exposure situation.

Section 3 provides information on the potential waste inventory of these
sites and discusses trench location, construction and waste emplacement.

Section 4 discusses activities that may be undertaken to evaluate the site,
including reconstruction of the site history, site characterization, and safety
assessment and modelling. This section provides information on the common
approaches and technologies used and highlights where these have been used
by Member States.

Using the site evaluation information described in Section 4, Section 5
discusses decision making to support ongoing management and identification of



the site end state. Defining the site end state is much broader than just identifying
a remediation target for soil and/or groundwater.

Section 6 highlights the different remediation approaches and technologies
that could be applied to legacy trench sites. It is important to note that improved
management of a legacy trench site, rather than waste retrieval, may be sufficient.

Good practice recognizes the importance of engaging interested parties in
the management or remediation of legacy trench sites. Section 7 discusses the
potential concerns that may be raised by interested parties and the benefits and
challenges of including interested parties in the decision making process.

Section 8§ discusses record management, noting that a major challenge for
legacy trench sites is often the lack of data and information due to poor historic
knowledge management practices. Thus, it is important that any evaluation or
remediation of a site is well documented.

Section 9 presents the key conclusions and lessons learned by Member
States from the environmental remediation and management of legacy trench sites.

Appendix | provides seven case studies, which identify the key challenges
and lessons learned from the evaluation, management and remediation of legacy
trench sites. Appendix II provides further detailed information on key exposure
pathways and scenarios for legacy trench sites for risk assessment and modelling.

2. OVERVIEW OF LEGACY TRENCH SITES

Legacy trench sites exist in many countries. Early land based disposal
practices typically involved tumble-tipping of unpacked waste into shallow
unlined trenches. This practice was undertaken at the Low Level Waste
Repository (LLWR), United Kingdom (UK), in its early years (Fig. 1), and also
at the Chalk River site, Canada. Subsequently, wastes were often packaged in a
variety of container types and either randomly placed or stacked into the trenches.
Examples of this approach can be found at the Little Forest Legacy Site (LFLS) in
Australia, the Ezeiza site in Argentina (Fig. 2) and the Savannah River site in the
United States of America (USA). Trenches were often backfilled using materials
removed during trench excavation, compacted and graded to create an earthen
mound cap to promote water runoff and minimize water infiltration and ponding.

In general, the waste in legacy trench sites originated from research
activities or the operation of research reactors and first generation nuclear power
plants. However, trenches have also been used to manage waste resulting from
accident situations, for example at Chornobyl site, Ukraine, and at Windscale
(Sellafield) site, UK.



FIG. 1. Historic waste being placed at the Low Level Waste Repository, United Kingdom.
Photograph courtesy of Low Level Waste Repository Ltd.

FIG. 2. Drummed historic waste, adjacent to covered trenches containing other drummed
historic waste, at the Ezeiza site, Argentina. Photograph courtesy of Centro Atomico Ezeiza.

The management of wastes resulting from the accident at Unit 4 of
the Chornobyl nuclear power plant (ChNPP) used a mix of trenches and
above ground mounds, known as ‘clamps’ in Ukraine. The mounds were formed
from bulldozed heaps of waste covered by soil. Figure 3 shows an area in the Red
Forest burial site comprising trenches and clamps. However, owing to seasonal
flooding, the trenches are submerged and only the clamps can be seen.

Across the countries of the former Union of Soviet Socialist Republics
(USSR), a standardized trench disposal facility was used, referred to as a



FIG. 3. Seasonal flooding at the Red Forest radioactive waste burial site, Chornobyl Exclusion
Zone, Ukraine. Photograph courtesy of D. Bugai, Institute of Geological Sciences, Kiev.

‘RADON”’ type facility (Fig. 4)'. These facilities are so named because their
designs were based on the same concept as that of the two central facilities, near
Moscow and St Petersburg, operated by the Scientific and Industrial Association
RADON. In some countries, such as Ukraine and the Republic of Moldova,
RADON type facilities are now considered to be storage facilities rather than
disposal facilities. The design of RADON type facilities comprised prefabricated
concrete vaults (of 3—4 m depth) and shallow borehole type storage for disused
sealed radioactive sources. Waste material was either loose or packaged in a
variety of container types, randomly positioned or stacked into the subsurface
vaults. Work is ongoing to assess the RADON type facilities to determine if they
are suitable for waste storage, if they can be retained as disposal facilities, or if
waste retrieval and/or environmental remediation is necessary.

Table 1 summarizes the key characteristics of legacy trench sites from
several countries. Figure 5 depicts the operational periods of the sites listed in
Table 1. The peak period of operations was from the 1960s to the 1990s. The

Text cont. on p. 12.

! Thirty-six RADON type sites exist: sixteen in the Russian Federation; five in Ukraine;
one each in the former USSR countries of Armenia, Azerbaijan, Belarus, Estonia, Georgia,
Kazakhstan, Kyrgyzstan, Latvia, Lithuania, Republic of Moldova, Tajikistan, Turkmenistan
and Uzbekistan; and one each in Bulgaria and Hungary.



FIG. 4.  Special Facilities 5101 and 5102 of GIES (a RADON type facility) at
Chisinau, Republic of Moldova. Photograph courtesy of 1. Gisca, National Radioactive
Waste Management Company.

FIG. 5. Operational periods of legacy trench sites. DWSF — decontamination waste storage
facility; CADER — Centro de Almacenamiento de Desechos Radiactivos,; LFLS — Little Forest
Legacy Site; LLWR — Low Level Waste Repository, RWTSS — radioactive waste temporary
storage site.
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short operational phases for the sites containing waste resulting from accident
situations (i.e. Chornobyl and Windscale (Sellafield)) are notable.
Appendix I provides case studies for the following legacy trench sites:

— Semi-containment System for Solid Radioactive Waste, Ezeiza Radioactive
Waste Management Area (Area de Gestion Ezeiza; AGE), Ezeiza Atomic
Centre (Centro Atomico Ezeiza; CAE), Argentina;

— Little Forest Legacy Site, Australia;

— Chalk River Laboratories, Canada;

— Centro de Almacenamiento de Desechos Radiactivos, Mexico;

— Historic Waste Trenches, LLWR, UK;

— Red Forest Radioactive Waste Temporary Storage Site, Ukraine;

— Maxey Flats Disposal Site, USA.

2.1. DRIVERS FOR ADDRESSING REMEDIAL ACTIONS TO
LEGACY TRENCH SITES

The key issue and reason to remediate a legacy trench site is the potential
risk posed by the migration of contaminants from the waste to people and the
environment. There may also be risks associated with accidental or deliberate
intrusion into the waste trenches. However, other drivers, of either a technical
or non-technical nature, may result in corrective actions. Figure 6 shows
the drivers that are likely to be relevant in initiating or determining actions at
a legacy trench site. As would be expected, these drivers correspond to those
driving the implementation of remediation at contaminated land sites and can
form constraints when defining the site end state.

FIG. 6. Drivers for corrective actions to legacy trench sites.
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2.2. COMMON CHARACTERISTICS AND ISSUES

Although all legacy trench sites are different, they have many common
characteristics and issues, primarily associated with liability, construction,
operation, waste types and the associated contaminant inventory and
environmental impact. There are uncertainties associated with each of these
characteristics, which makes assessing, remediating and defining the end state
for these sites difficult. The common characteristics of legacy trench sites
are listed below.

Liability

— Assessment is needed to establish whether the current configuration of the
waste is suitable for long term management to protect human health and the
environment, both now and in the future.

— Typically, responsibility for and ownership of the site are assumed to either
belong to the incumbent operator or have been transferred to the government.
In addition, the site operator and/or liability owner may have changed since
the trenches were initially constructed, or during the operational period or
after operations have ceased.

— The approach to regulation or the regulatory status of the site and/or the
trenches might not be well defined. This is an issue that still affects legacy
trench sites today.

— Understanding the liability can be difficult owing to shortcomings in
information and knowledge management. Often the lifetime of the site
outlives organizations, personnel and data management systems.

— In some cases, there can be an absence of physical restrictions to control
access to the site.

Construction and operation

— The site location was generally selected for convenience rather than the
location being a suitable hydrogeological and environmental setting.

— The trench area or site may be part of or adjoin an operational nuclear site
or radioactive waste site.

— The trenches are typically near surface excavations (e.g. ditch, channel,
pit, vault) in the ground, which might or might not include engineered
containment.

— Typically, waste was roughly placed or tipped into the trench without waste
processing.
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— Subsidence can be a problem for trenches where waste was tumble-tipped or
contained a high volume of degradable waste. This can impact the stability
of capping layers after the trenches have been closed.

— Often, operational practices were not documented and may have changed
over the operational period. For example, the practice of careful emplacement
of packaged waste may have changed to the tumble-tipping of unsorted
wastes as more wastes were generated.

— Waste acceptance criteria may have not originally existed and/or might have
changed over time. Hence, wastes that were acceptable at the beginning of
the operational period might not have been acceptable at a later date.

— Operational changes may have occurred as a result of modification of the
regulatory approach or the regulatory status of the site and/or trenches.

— Often, record keeping was inadequate during the initial operation of the
trenches. Disposal records are often poor or incomplete, and the precise
disposal locations of individual waste objects are generally unknown.
Historic records were largely handwritten on paper, which has subsequently
deteriorated or been lost.

— Environmental monitoring of the site may not have occurred or was carried
out only to a limited extent. Monitoring records may also be incomplete or
missing.

Types of waste

— The trenches may contain waste associated with the following:
e Early nuclear and atomic weapon research;
* Operation of early research reactors and first generation nuclear
reactors;
e Development of reprocessing facilities;
e Contamination of soils resulting from leaks or spills;
¢ Disused sealed radioactive sources;
e Accident situations.

— The trenches commonly contain a variety of materials (e.g. soils, metals,
plastics, rubble, glass), which results in a highly variable and heterogeneous
waste.

— Wastes were often poorly characterized.

— Wastes were often not processed and could be liquids or solids.

— Radioactive wastes could be mixed with chemically hazardous and
biologically hazardous wastes.
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Environmental impact

— The construction of trenches, and/or their failure and/or their lack of waste
processing may have allowed the migration of contaminants from the waste
to the environment. Hence, legacy trench sites may represent an ongoing
source of contamination in the environment.

— Tritium plumes are common at legacy trench sites.

— Where controls are not in place, disturbance of the trench and/or waste can
occur via human intrusion and/or biointrusion (e.g. plant roots, burrowing
animals).

— The generation of ground gas can occur through the degradation of wastes
(e.g. methane from plant material).

— Surface contamination can occur through the process of ‘bath-tubbing’,
where water accumulated in the trenches overflows.

— Contamination of the surrounding environment may have occurred during
the waste emplacement activities (e.g. surface cross-contamination, liquid
spillages).

— When performing the safety assessment, it can be difficult to define the
source term (inventory). Hence, contaminant transport modelling can be
difficult, leading to greater uncertainties and conservatism in risk assessment
and contaminated soil waste estimates.

2.3. LOCATION AND INVENTORY UNCERTAINTY

Legacy trench sites can be grouped on the basis of the level of information
that is known regarding their location and inventory. This grouping can provide
initial guidance on the approach and level of effort needed to support further
decision making about the site. The groups are as follows:

(1) A trench whose location is known, but where there is only partial or no
inventory data.

(2) Atrench whose existence is inferred from either existing records or anecdotal
evidence. In this instance, there will be uncertainty around both the location
and likely inventory.

(3) A trench that has been completely forgotten and may be discovered only by
chance (either through records or site characterization projects).

For legacy trench sites in group 1, additional data collection will focus on

understanding the types of waste and the potential contaminant inventory. Where
waste characterization data are unavailable, the inventory may be inferred from
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information on the processes or activities occurring at the site when the waste
was generated. If the data are uncertain or limited, then site characterization will
be needed to support future decisions on the management of the trench. A good
example of this category of legacy trench site is the Windscale Trenches located
at the Sellafield site, UK. The approximate location of the trenches has been
known for over 70 years, as well as some information of the inventory. However,
a recent non-intrusive site investigation was necessary to confirm the exact
configuration of the trenches.

For legacy trench sites in group 2, the existence of the trench is known,
but data are needed to confirm the location and the inventory. Their existence
is likely to be inferred from anecdotal information, rather than records. These
trenches are likely to be unauthorized or may be present on sites where there was
little or no regulatory oversight during operation. Occasionally, these types of
trench site are used in an accident scenario, where there is little time to document
the location or the inventory of the trench. For these sites, it is likely that both
non-intrusive and intrusive site investigation will be needed, as it is unlikely that
sufficient existing data will be obtained from other sources.

Legacy trench sites in group 3 do exist, and they are more likely to be
present on sites where there was no regulatory oversight during operations. In
these cases, corporate memory of the trench has been lost, and therefore no work
is being undertaken to find the trench. This type of trench is likely to remain
forgotten until it is discovered accidentally or new information becomes available.
A recent example of an unknown trench that was discovered is the Veselovsky Pit
legacy trench site, located in the Kirovohrad region in Ukraine. In 2017, trench
burials were discovered by scrap metal scavengers who excavated steel objects,
waste and soil, which were contaminated with caesium-137. The contaminated
material is believed to have originated from an accident with disused sealed
radioactive sources at an enterprise in Kropyvnytskyi City (former Kirovohrad)
in 1988. However, institutional memory and control over the burial site were lost
until the contaminated site was rediscovered [1].

Legacy trench sites in groups 2 and 3 present the greatest challenge because
it is difficult to establish a plan and budget for their management owing to the
many uncertainties and unknown factors.

2.4. PROCESS FOR MANAGING LEGACY TRENCH SITES

Figure 7 sets out the series of key activities that occur at a contaminated
land? site to address potential risks to people and the environment. In accordance

2 ‘Land’ is used as an inclusive term to include ground, groundwater and surface water.
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Desk Study
Walkover survey
Site investigation
Conceptual Site Model

FIG. 7. Phases and key activities in the remediation process for contaminated sites.

with the IAEA Safety Standards Series No. GSG-15, Remediation Strategy
and Process for Areas Affected by Past Activities and Events [2], the activities
can be broadly grouped into four phases of work: site evaluation, planning,
implementation and post-implementation management.

Each phase of work involves several activities, which may relate to only
one phase or occur over several phases. Some activities will be iterative and
adaptive, depending on the information gathered during previous activities; for
example, the creation and update of the conceptual site model.

The phases and activities are generally the same for legacy trench sites, as
they are for contaminated land sites. However, because of the characteristics set
out in Section 2.2, there are some differences. The remainder of this publication
discusses these differences and provides specific guidance on activities where
additional considerations are necessary for legacy trench sites.

Recommendations on the remediation process can be found in GSG-15 [2].
Guidance on the strategic and technical aspects of planning and implementing
waste management activities can be found in Ref. [3]. Information regarding the
selection of the site end state can be found in Ref. [4].

As can be seen in Table 1, there are legacy trench sites at various stages
of the process. Many sites are in the site evaluation and planning phases of the
remediation process, and most sites have undergone characterization of the
environment that surrounds the trenches. For example, at the LFLS, Australia,
site characterization began in 1959, prior to the disposal operations. The site
characterization work completed in the last 15 years has provided the scientific
basis for decisions on the management approach for the site.

At some sites, environmental modelling and safety assessments have
demonstrated that ongoing management, perhaps with some physical works,
is an appropriate action (e.g. LLWR, UK; State Enterprise Radioactive Waste
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Site, Bulgaria). For other sites, remediation activities are being planned
(e.g. RADON type facility at Chisinau, Republic of Moldova) or have been
completed (e.g. Southern Storage Area, Harwell, UK).

The Harwell site was originally a Royal Air Force site and became the
UK’s Atomic Energy Establishment in 1946. A range of research facilities and
nuclear reactors were built on the site between the 1940s and 1960s, and many
of these facilities operated until the 1990s. Decommissioning and remediation
of the site started in the late 1990s and is still ongoing. Over a quarter of the site
has been released for use as a Science and Technology Campus. The Southern
Storage Area was located to the south of the main site and was initially used
as an ammunitions store. From 1946, the Southern Storage Area was used for
a variety of waste handling, storage and disposal activities. Waste disposal
occurred in unlined pits constructed into the chalk geology. Waste comprised
hazardous and radioactive contaminated materials originating from laboratory
research; laboratory equipment; drummed liquid wastes, including chlorinated
hydrocarbons; building rubble; and soils. Following the assessment of potential
risks posed by the site and opportunities to reuse the site, the site was remediated
between 1994 and 2002. Figure 8 shows the site during the remediation phase;
double skinned tents were used to ensure protection of the local population
and stop the spread of further contamination. A pump and treat plant was
used to remediate the groundwater in the underlying chalk aquifer, which had
been impacted by the chlorinated hydrocarbons disposed of at the site. This
remediation was a success, although a number of challenges were encountered
during the process. For example, the overall non-radioactive waste volumes
were 50% higher than those estimated from the characterization information. In
addition, the amount of munitions encountered was much higher than expected,
which meant that the remediation took longer and was more costly. The site was
released from regulatory control and has now been reused for housing.

In the USA, the Maxey Flats Nuclear Disposal Superfund site (hereafter
Maxey Flats site) accepted low level radioactive waste (LLW) from 1963 to
1977. The site comprised 46 unlined trenches used to dispose of both solid and
solidified liquid wastes. An environmental monitoring programme that started
in the 1970s indicated that contaminants were migrating from the waste via the
shallow groundwater body at the site. Operations were stopped in 1977 and the
site was stabilized, maintained and monitored. After additional evaluation and
planning, the United States Environmental Protection Agency (US EPA) issued
the Record of Decision Guidance, setting out the works necessary to enable site
closure. This required the installation of an engineered cap, the construction of
water management infrastructure, and a stewardship programme to maintain
long term control over the site. Figure 9 presents a schematic of the engineered
capping layers used to cover the waste trenches at the Maxey Flats site.
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FIG. 8. Aerial view of the Southern Storage Area, Harwell, UK, during remediation work.
Photograph courtesy of the United Kingdom Atomic Energy Agency and Magnox Ltd.

FIG. 9. Schematic of the engineered capping layers used to cover the waste trenches at the
Maxey Flats site, USA. Reproduced from a figure courtesy of Commonwealth of Kentucky.
HDPE — high density polyethylene.
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FIG. 10. Aerial photograph of the Maxey Flats site, USA, showing the high density polyethylene
geocomposite layer. Photograph courtesy of Commonwealth of Kentucky.

Figure 10 is an aerial photograph of the Maxey Flats site, showing the
high density polyethylene geocomposite layer prior to the placement of the
protective cover and vegetative cover. This site will be continually managed and
monitored in perpetuity by the United States Department of Energy (US DOE)
Office for Legacy Management [5]. Further information on the Maxey Flats site
can be found in the case study presented in Appendix .

2.5. REGULATORY CONSIDERATIONS

It is important that legacy trench sites are managed and remediated within
a legal and regulatory framework that seeks to provide protection to human
health and the environment from radiological and chemical risks and hazards.
The legal and regulatory frameworks will promote an optimized and sustainable
approach, allowing the consideration of environmental, social and economic
factors in the selection of remedial activities. Further information on how to
undertake sustainable remediation assessments can be found in ISO Standard
18504:2017 [6] and the UK’s Sustainable Remediation Forum (SuRF-UK)
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Framework® [7]. A graded approach to the regulatory requirements that is
proportionate to the hazard and risk posed by the site is recommended [2].

In many Member States, nuclear safety is regulated separately from
environmental safety. The impact of radiological and chemical contaminants
may also be assessed under different regulatory frameworks. Hence, in this
publication, the term ‘regulatory requirements’ is used to refer to both nuclear
and environmental safety of the site. Often, more than one regulatory body may
be responsible for the site and there may be more than one technical team from a
regulatory body assessing and interacting with the site. It is therefore preferable
to interact with all regulatory bodies to achieve agreement on the approach to
managing and/or remediating the site.

Regulatory requirements will cover design, operation, decommissioning
and/or remediation, and eventually closure of a site. For legacy trench sites, the
focus is the remediation and/or closure of the site through achieving a site end
state. Regulatory requirements from different regulatory frameworks need to fit
together to provide the appropriate level of regulatory oversight throughout the
lifetime of the site.

The regulatory requirements for the operation (and closure) of nuclear sites
have developed considerably since the start of nuclear research in the 1940s and
power generation in the 1950s. Early trench sites were either not regulated at all
or not regulated to meet current regulatory requirements. This lack of regulatory
oversight has compounded poor practices; for example, inappropriate disposal
methods or inadequate record keeping. Since many waste trenches existed on
operational nuclear sites, often permits or licences were issued for the operation
of the whole site, rather than specifically of the trenches. Permits or licences
generally focused on the operation of the site (and/or trench) and did not consider
the closure of the site. In accident situations (e.g. accident at the ChNPP, Ukraine),
action was needed immediately to deal with the large volumes of radiologically
impacted wastes and hence there was no time to arrange permits or licences.

Over time, regulatory requirements have increased, although no country
appears to have developed a specific set of regulations that purely focus on
legacy trench sites. The approach has been to adapt or retrofit existing regimes
to the regulation of legacy trench sites. These requirements consider the ongoing
management of the site, as well as the evaluation and planning for the remediation
and/or closure to ensure that the site does not pose a current or future risk to
people or the environment. The implementation of new regulatory requirements

3 SuRF-UK is part of the International Sustainable Remediation Alliance (IRSA).
Among IRSA partners, the UK has taken the lead in developing guidance documents to support
sustainable remediation practices.
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has often been a driver to consider the site end state, including defining what is
technically possible.

Depending on the country and the site context, some legacy trench sites
are regulated as an existing exposure situation* (e.g. burials of waste from the
accident at the ChNPP, Ukraine [9]) and some are regulated as a planned exposure
situation® (e.g. LLWR, UK [10]). The situation can be further complicated when
a legacy trench site is considered an existing exposure situation, but it is located
within an operational site where the requirements for planned exposure situations
apply. Hence, it is important that open dialogue is maintained between the
operator and the regulatory body to determine the most effective way to regulate
these sites and to achieve an optimized end state.

The key difference between existing exposure situations and planned
exposure situations is application of the principles of optimization and of dose
limits. As set out by the International Commission on Radiological Protection
(ICRP) [11] and replicated in IAEA Safety Standards Series No. GSR Part 3,
Radiation Protection and Safety of Radiation Sources: International Basic Safety
Standards [8], a dose constraint is used to optimize protection and safety for
planned exposure situations, and a reference level is used to optimize protection
and safety for existing exposure situations. For a planned exposure situation, the
ICRP and the TAEA specify a dose limit for a member of the public of 1 mSv per
year. For an existing exposure situation, the ICRP specifies a reference level as a
maximum of 20 mSv per year, and GSR Part 3 [8] further qualifies this by stating:

* GSR Part 3 [8] states:
“An existing exposure situation is a situation of exposure that already exists when a
decision on the need for control needs to be taken.
“Existing exposure situations include exposure to natural background radiation that is amenable
to control; exposure due to residual radioactive material that derives from past practices that
were never subject to regulatory control or exposure due to residual radioactive material
deriving from a nuclear or radiological emergency after an emergency has been declared to
be ended.”

5 GSR Part 3 [8] defines a planned exposure situation as:
“[A] situation of exposure that arises from the planned operation of a source or from a planned
activity that results in an exposure due to a source. Since provision for protection and safety
can be made before embarking on the activity concerned, associated exposures and their
probabilities of occurrence can be restricted from the outset. The primary means of controlling
exposure in planned exposure situations is by good design of installations, equipment and
operating procedures...In planned exposure situations, exposure at some level can be expected
to occur. If exposure is not expected to occur with certainty, but could result from an accident or
from an event or a sequence of events that may occur but is not certain to occur, this is referred

EIRL)

to as ‘potential exposure’.
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“Reference levels shall typically be expressed as an annual effective dose to
the representative person in the range of 1-20 mSv or other corresponding
risk quantity, the actual value depending on the feasibility of controlling the
situation and on experience in managing similar situations in the past.”

Recommendations on the application of the safety requirements for existing
exposure situations are provided in GSG-15 [2]. In all exposure situations, the
principles of justification and optimization need to be applied to ensure that
doses are as low as is reasonably achievable, taking economic and societal
factors into account.

2.6. INTERNATIONAL GUIDANCE

There are no international safety requirements or guides that are specifically
written for legacy trench sites, although the management of historic wastes is
recognized in many IAEA publications (e.g. Refs [12—-15]).

For sites undergoing decommissioning, remediation and/or waste
management activities, the IAEA safety fundamentals, relevant safety requirements
and recommendations and the relevant ICRP recommendations apply
(e.g. Refs [8, 16-20]). The IAEA safety standards can be used as a basis to develop
a regulatory framework for the operation and closure of legacy trench sites.

3. WASTE INVENTORIES
AND WASTE EMPLACEMENT

Legacy trench sites are often stand out from other contaminated sites
because of the uncertainties arising from a complex contaminant source created
by the disposed waste. This can be further complicated by poor or missing
information regarding the waste inventory, waste form and waste location.

3.1. INVENTORY RECORDS
Inadequate, inaccurate, missing and/or contradictory information are

common problems in inventory records for legacy trench sites. This leads to a
high degree of uncertainty regarding the type and concentration of contaminants,
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the potential mobility of contaminants and the volumes of impacted
ground and wastes.

Inventory records are an important data set for developing the conceptual
site model and the source term for environmental modelling. Investing resources
into identifying and evaluating inventory records can reduce the uncertainties in
risk assessment and the planning of remedial activities. However, a balance is
needed to ensure that resources are used effectively and efficiently to support
all forms of information and data capture (e.g. non-intrusive and intrusive site
investigation). It is only possible to obtain a limited amount of information from
a poor record, and further review and cross-examination can only substantiate
or improve the information to a certain extent. It is important to recognize
that, regardless of the quality and comprehensiveness of the records, site
characterization activities will be required to develop the conceptual site model.

Often, poor quality information is a result of practices that were considered
appropriate at the time but do not meet current standards. Detailed spatial
information may have not been considered necessary, as there was no expectation
that the waste would be retrieved in the future. The information is often overly
generalized and not sufficiently specific. For example, the location of an item
may be described as “in trench 2” rather than a precise location, such as “at the
base of trench 2, approximately 3 m below ground level and 4 m from the eastern
end of the trench”. Furthermore, the item may be described only as a ‘drum’,
with no further description of the size, drum material or drum content. In some
instances, the waste may have been placed in a completely different location.

Often, characterization data were composed of dose or total activity
measurements, rather than data for specific radionuclides, and little or no
information was provided regarding the chemical hazards of the waste. A possible
common reason for this was that the primary use for the data was for worker
safety, rather than supporting the disposability of the waste. The waste inventory
data for waste disposal at the LFLS were recorded on ‘pink cards’ (Fig. 11) or a
‘waste burial book’ (Fig. 12). Only in some cases was the ‘certificate’ number
in the waste burial book related to a pink card. Generally, little information was
provided on the type of waste or on the inventory of radioactive or hazardous
contaminants. Vague descriptions such as ‘M.F.P.’; standing for ‘mixed fission
products’, were commonly used [21]. This type of record keeping can be seen
at other legacy trench sites; for example, at Sellafield in the UK, Chalk River in
Canada and several of the legacy trench sites in the USA.

There are also instances where inaccuracies and omissions have occurred.
An example of this can be seen at the LFLS, where the summary records indicated
disposal of either no tritium or small amounts of trittum. However, other records
and site monitoring information indicate greater volumes and concentrations
of tritium [21]. At the LFLS, ‘detective work’ has been necessary to support a
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FIG. 11. Pink card from the Little Forest Legacy Site, Australia. Photograph courtesy of the
Australian Nuclear Science and Technology Organisation.

better understanding of the inventory. For example, from the pink card shown
in Fig. 11, it has been possible to cross-reference the source of the tritium,
which was HIFAR®, with historic operational information on the tritium content
of the reactor cooling circuit. From the waste burial book, the delay between
waste generation and disposal — which is greater than two years, as shown in
the example in Fig. 12 — attests to the likelihood that the waste had a much
higher initial activity, which was allowed to decay prior to disposal. This theory
is verified by other documentation.

Even with relatively well documented trenches, there may still be inaccurate
information. For example, at the Solid Waste Storage Area of Oak Ridge National
Laboratory, records showed that the waste casks were placed in a single layer.
However, during the retrieval works, some casks were found to be stacked on
top of each other. Further research of the disposal practices indicated that the
approach to cask placement was evolving as waste disposal operations continued
at the site [22].

In some cases, the waste records might not match the content of the
trenches, because the waste may have been removed and this was not documented
and/or the original waste record was not updated. In certain instances, the waste
may have degraded beyond recognition because of the environmental conditions
in the trenches.

® HIFAR: High Flux Australian Reactor.
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FIG. 12. Trench waste disposals reported in a waste burial book at the Little Forest Legacy
Site, Australia. Photograph courtesy of the Australian Nuclear Science and Technology
Organisation.

3.1.1. Loss of information

Information can be lost in several ways, including physical destruction
of records due to poor storage conditions or accidents; loss of records during
organizational changes; and loss of corporate memory as people retire or leave
the organization.

Deterioration of paper files is a common problem in archiving if the storage
conditions are not appropriate (e.g. low humidity). In addition, accidents such as
fires and malignant actions can also lead to the loss of archived material.

It may be assumed that the archives of a government or its agencies are
robust compared with those of private organizations. However, the dissolution of
the USSR and the subsequent loss of records pertaining to the RADON type sites
highlights that no organization is exempt from the risk of information loss.

There is a particular risk for information loss during the sale, transfer of
responsibility or merging of organizations. These risks are not only related to
paper and electronic files but also the loss of tacit information as the workforce
changes. References [23, 24] describe good practices and lessons learned that can
assist in preventing future information loss.
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3.2. TYPES OF WASTE

Typically, early disposal practices were simple, and were applied without
waste acceptance criteria’ or a safety case. As a result, the wastes emplaced at
legacy trench sites are often heterogeneous in type, form and contaminant.
The waste can comprise both radioactive and non-radioactive wastes; the latter
including hazardous materials such as explosives, chemical warfare reagents,
ammunition, heavy and toxic metals, asbestos and organic solvents. Wastes can
also include LLW, intermediate level radioactive waste (ILW) and sometimes
high level radioactive waste (HLW)®. Typical radioactive contaminants include
caesium-137, strontium-90, cobalt-60, americium-241, trittum and radioisotopes
of plutonium, uranium, thorium. The wastes can be in an unconditioned and/or
unpackaged form, which may facilitate the degradation of the wastes at a greater
rate than if preconditioning, conditioning and treatment had been used.

Waste disposal practices at many legacy trench sites have resulted in the
co-disposal of a diverse range of solid wastes, including the following:

— Wastes from laboratories — for example, glassware, rubber gloves,
electronic instruments, ceramics and metal equipment;

— Wastes from demolition or environmental cleanup, including brick and
concrete rubble, steel reinforcement and soil;

— Wastes with high organic content including paper, contaminated clothing
and rags, wooden laboratory apparatus, office furniture and, in some cases,
human sewage and animal remains;

— Higher activity wastes’ including resins, chemical sludge, spent filter
cartridges collected from waste treatment facilities and maintenance work;

— Disused sealed radioactive sources from medical or industrial applications.

7 Waste acceptance criteria are quantitative or qualitative criteria, specified by the
regulatory body, or specified by an operator and approved by the regulatory body, for the waste
form and waste package to be accepted by the operator of a waste management facility [25].

8 LLW is radioactive waste that is above clearance levels, but with limited amounts of
long lived radionuclides [25]. ILW is radioactive waste that, because of its content of long lived
radionuclides, requires a greater degree of containment and isolation than that provided by
near surface disposal [25]. HLW is the radioactive liquid containing most of the fission products
and actinides present in spent fuel, which forms the residue from the first solvent extraction
cycle in reprocessing, and some of the associated waste streams; this material following
solidification; spent fuel (if it is declared as waste); or any other waste with similar radiological
characteristics [25].

° For the purpose of this publication, the term ‘higher activity waste’ is used to include
both ILW and HLW.
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At some legacy trench sites, liquid wastes were poured directly into
trenches, or contained in drums or solidified prior to disposal. Solidification
often occurred by mixing with sand or cement, and then pouring the mixture into
a concrete box or drum. Liquid wastes may have been generated from process or
maintenance activities and, in some cases, organic liquids were burned inside or
in the vicinity of trenches.

As a quick disposal option, trenches were also used for the disposal of
wastes from nuclear incidents or accidents. Again, waste types varied and could
include personal protective equipment (e.g. suits, rubber gloves), contaminated
machinery and vehicles, and soil and contaminated vegetation. Typically, the
inventory of these trenches was undocumented, since there would have been little
time to document the content during an emergency situation.

The type of waste and contaminant varies from site to site and reflects the
site operations, which may have also evolved over time. Even within a single
waste trench, the inventory can be heterogeneous, with pockets of waste that
are distinct, either physically or chemically, from neighbouring waste. This
heterogeneity makes environmental modelling challenging and can significantly
affect estimations for waste retrievals or remediation, as well as present complex
safety hazards during site works.

Experience has shown that components of the waste have interacted
and increased the mobility of radioactive contaminants. An example of this
effect was observed at the Maxey Flats site, USA, where the mobility of
plutonium was increased by the presence of strong complexing agents such as
ethylene diamine tetraacetic acid'® [26]. At the LFLS in Australia, research has
identified an ongoing tri-butyl phosphate release from wastes in the trenches.
The presence and solubility of tri-butyl phosphate could provide a mechanism
for radionuclide mobilization, which may have long term implications
for the site [27].

In some cases, wastes containing non-radioactive contaminants may present
a greater risk to people and the environment than the radioactive contaminants in
the waste do. Hence, it is important not to ignore non-radioactive contaminants or
consider them less important. Like the radioactive inventory, the non-radioactive
inventory will reflect the wastes generated from the various activities at a site.
For example, where demolition has occurred, wastes may include light fixtures
and electrical cables, which can contain polychlorinated biphenyls'!, or lead
shielding could be present if it was contaminated during an experiment and hence
disposal was necessary.

10 More commonly known as EDTA.
I More commonly known as PCBs.
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The Southern Storage Area in Harwell, UK, is an example of a legacy
trench site where the chemical hazards posed a greater risk than the radioactive
hazards. Beryllium'> was the main contaminant of concern, but mercury and
other heavy metals were also present [28]. Beryllium is also a key contaminant in
the legacy trenches at the LFLS, Australia [21].

3.3. LOCATION AND CONSTRUCTION OF LEGACY TRENCH SITES

Often, the construction of a legacy trench site was in response to an
operational need or, in some cases, to an incident. Frequently, the location or
construction of the waste trenches was not driven by environmental suitability,
but by operational needs. In some instances, the proximity of the disposal site
to the location where the waste was generated was considered an advantage. In
other cases, moving waste away from operations ensured that waste management
activities would not impact operations. Moreover, by selecting a location that
was difficult or unlikely to be developed, it was assumed that the site could be
vacated once disposal activities were complete. If the trenches were to support
operations from several operational facilities, a location may have been selected
that was easily accessible to all facilities.

Construction was often simple, with little or no consideration given to
isolating the waste from the surrounding soils and groundwater. As disposal
practices evolved, trenches included engineered barriers; however, the quality of
their construction often failed to keep the contaminants within the structure.

Typically, trench locations were not marked or, if field markers were used,
they may have been moved or removed by subsequent caretakers of the site.
Where drawings were created, they were typically hand-drawn sketches and not
surveyed plans.

Settlement can be an issue even in conventional landfills, and is a
particularly important process where waste has been tumble-tipped and not
compacted, as is often the case at legacy trench sites. Voids can be caused by the
following two main processes:

(a) The wastes settling (consolidation and compression) over time owing to
the weight of overlying wastes and/or the movement of water and gas

12 Beryllium is a lightweight, but toxic, metal that has excellent neutron absorbing and
moderating properties. It is used as a neutron source or reflector and is present in radiation
windows and instrumentation. It is therefore commonly found in waste streams associated with
nuclear research facilities.
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through the waste. This may include the collapse of bulky items with voids
(e.g. glove boxes, empty containers) (Fig. 13).

(b) The degradation of items such as wooden work benches, vegetation and
clothing or the corrosion of metal items.

Figure 13 shows the collapse of a trench cover that has revealed a waste
container at the ‘3rd Stage of the Chornobyl nuclear power plant’ burial site.
This waste burial site contains radioactive wastes from the cleanup of the ChNPP
sarcophagus site, which took place in 1986—1987. The photograph in Fig. 13 was
taken in 2015. The void has subsequently been filled.

3.4. WASTE DISPOSITION

Typically, bulk wastes were tumble-tipped into trenches with no prior
sorting or packaging (Fig. 14). In general, higher activity wastes were emplaced
in engineered trenches. In some instances, loose wastes were packed into
drums, which were stacked neatly to conserve space (Fig. 2). Depending on
the environment, the use of drums provided an additional level of containment
within the trench system. In contrast to drummed waste, often liquids were
poured directly into the ground, pits or trenches. In some instances, trenches
contained surface water or intercepted the shallow groundwater or perched
water bodies. This increased the volume of contaminated liquids in the disposal
trench (Fig. 15).

FIG. 13. Void created by the collapse of a trench cover at the ‘3rd Stage of Chornobyl nuclear
power plant’ burial site, Ukraine. Photograph courtesy of D. Bugai, Institute of Geological
Sciences, Kiev.
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FIG. 14. Historic waste disposed at the RADON type facility at Tammiku, Estonia. Photograph
courtesy of Estonian Waste Management Organisation (A.L.A.R.A Ltd).

FIG. 15. Liquid accumulated in an unlined waste trench at the Chalk River site c. 1953.
Photograph courtesy of Atomic Energy of Canada Ltd.
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3.5. WASTE VOLUMES

Generally, the volume of waste in trenches decreases at a legacy trench
site as degradation occurs in the unconditioned waste. However, as contaminants
migrate to the surrounding environment, the overall volume of waste and
impacted materials that need management will be larger than the original
volume of waste.

For non-soil wastes, conditioning could subsequently lead to either a
smaller or a larger volume of waste to be managed. Processes such as size
reduction and compaction can reduce waste volumes, whereas grouting wastes
will increase the waste volume.

4. SITE EVALUATION

This section provides information and guidance on the characterization
of legacy trench sites to underpin management and/or remediation decisions
and activities.

When considering corrective action, the following types of information are
necessary to enable site evaluation and underpin decisions:

— Baseline site characterization data, if available;

— The types of waste and associated contaminants;

— Information on changes over time to the site or trench conditions;

— Knowledge of the performance of any engineered barriers that may have
been utilized in the trenches;

— Assessments on the extent of water ingress and egress;

— Environmental monitoring data for all relevant media (e.g. soils, water, air,
airborne dust, vegetation).

The practice of site evaluation, which includes site characterization,
generally follows a process consisting of the following types of activity:

— Desk study;

— Walkover survey;

— The production of an initial conceptual site model (CSM);
— Non-intrusive site characterization;

— Intrusive site characterization;

— Revision of the CSM.
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The site characterization and the revision of the CSM often constitute an
iterative process; each phase of works provides additional information, which
can be used to target uncertainties in the understanding of the environmental
processes at the site.

The desk study and walkover survey allow the collation of all readily
available information and are used to produce the initial CSM and inform the site
investigation works. The CSM records what is understood about the site and its
surroundings and what is still unknown, and articulates the potential risks posed
by the site to people and the environment.

The CSM sets out the source—pathway—receptor linkages and the basis for
safety assessment and environmental modelling. Figure 16 provides an example
of two potential pollutant linkages at a legacy trench site, where the main source
of contamination is the waste in the trenches. Pathways include leaching of
contaminants from the waste and movement within groundwater bodies or surface
water through bath-tubbing, airborne dust, bioaccumulation, human intrusion
into the trenches, extraction of contaminant impacted groundwater, and waste or
soil being brought to the surface by burrowing animals. Typical receptors include
protected water bodies, as well as livestock and people living near the site.

Often, the CSM is a simple flow diagram or pictorial representation of the
system that illustrates the pollutant linkages. This diagram is then augmented with
other detailed data sets (e.g. hydrogeological groundwater models, monitoring
data). The CSM is a ‘living” document and will be continually updated as further
site characterization and assessment are completed. The initial version is used to
design the characterization programme, and later versions underpin contaminant
modelling and support decisions regarding management and/or remediation
options. It is important that all the knowledge and information used to develop
the CSM are maintained to ensure the integrity of decisions regarding the site.

Source Pathway Receptor

Trenches Groundwater Surface water

Source Pathway Pathway Receptor
Trenches Groundwater Irrigation well Reference

individual

FIG. 16. Schematic of potential pollutant linkages at a legacy trench site.
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Further guidance on the development of a CSM can be found in ISO
Standard 21365:2019 [29]. Section 4.4 provides further guidance on developing
the CSM for the purpose of environmental modelling and safety assessment.

4.1. RECONSTRUCTING THE HISTORY OF A LEGACY SITE

Management and, where necessary, remediation of any contaminated land
site require the collection of knowledge and information to inform and underpin
decision making. An important part of this process, especially for a legacy trench
site is reconstructing the site history. The robustness of the decision will rely on
the quality of the underpinning information and knowledge upon which it was
based. Consideration needs to be given to three knowledge and information
management areas:

(a) Desk based studies intended to recover or reconstruct the history of the site
(this section);

(b) Site characterization to gather new information to assess the impact of the
site on people and the environment (Section 4.3);

(c) Management and preservation of records to document actions and underpin
future decisions (Section 8).

A unique challenge for legacy trench sites is the extent of work that is
necessary to understand their history. Knowledge and information are needed on
the location and setting of the trench, the construction of the trench, the disposed
waste (i.e. the source) and trench operational decisions.

Gathering and maintaining knowledge and information can be particularly
difficult where there is no responsible organization identified for the site. It is
also likely that knowledge and information will be less available for those sites
that were operated with limited or no regulatory oversight.

Further information on undertaking a desk study can be found in
Refs [2, 30, 31].

4.1.1. Assembling existing information on the site history and waste
disposals

In most cases, basic information on the trenches and the surrounding
environment does exist. However, the availability of detailed information may
be scarce and/or unreliable. Information needs to be gathered on all potential
hazards at the site (e.g. radiological, chemical, ground stability).
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Information sources for the desk based study include the following:

— Excavation or engineering plans;

— Waste disposal records;

— Records providing information on the waste producer’s activities
(e.g. process, procedures);

— Existing site characterization and/or monitoring data;

— Photographic records, for example, aerial photographs or photographs taken
during site operations;

— Topographical survey data and mapping information;

— Documents recording past decisions;

— Historic and current regulatory requirements and/or agreements;

— Knowledge gathered by interviewing existing or former personnel;

— Operation permits, licences or authorizations.

If the legacy trench site is located close to where the wastes originated, the
past activities at the site are likely to reflect the types of waste disposed of in the
trenches. If records are limited or non-existent, it will be beneficial to collect
anecdotal evidence by interviewing existing or former site personnel. Knowledge
gathered through the interview process needs to be documented for future use.

As an example, at the LLWR site, UK, waste was historically
tumble-tipped into seven trenches (Fig. 1). A waste inventory was developed
for the trenches using disposal records for the site and the consigning operator,
historic photographs and drawings, knowledge recorded from current and past
employees at the site, and environmental monitoring and modelling. On the basis
of these records, the operator was able to develop maps of the trenches showing
radionuclide distribution. Although it was recognized that some uncertainty
remained, the radionuclide distribution map and other forms of evidence
(e.g. contaminant modelling) were used to underpin the Environmental Safety
Case and the options assessment that demonstrated that the disposed waste can
remain in the trenches [10].

Reference [32] provides guidance on the retrieval and restoration of waste
inventory information. This document sets out a stepwise and prioritized approach
for investigating and retrieving information, which includes the following:

— Assessment of the reliability of the inventory records;

— Implementation of data retrieval and the assessment methodology;
— Data verification and validation.

35



4.2. WALKOVER SURVEY

A walkover survey'® is a routine part of the site evaluation phase and further
guidance can be found in ISO Standard 18400-202:2018 [31]. When carrying out
a walkover survey on a known or potential legacy trench site, there are specific
features that need to be identified or that may indicate that trenches are present.

Apart from looking for markers that may delineate a trench, areas of
ground subsidence can indicate that the ground may have been disturbed during
the formation and placement of waste in a trench or that voids have subsequently
formed within the backfilled waste or cover material.

Another key feature to observe is whether there is any pooling or seepage
of surface water in or close to the trench area. This may suggest bath-tubbing,
which can bring contaminants to the ground surface around the trenches. Ideally,
the site needs to be visited after a prolonged rain event to observe whether this
phenomenon is occurring.

Walkover surveys can also be supported using aerial surveying technology,
including drones and historic aerial photographs. Viewing a site from an aerial
position can often identify features that cannot be seen from the ground. For
example, it may be possible to delineate the position of the trenches from large area
ground disturbances, evidence of subsidence, and variations in vegetation.

4.3. SITE INVESTIGATION

As highlighted in Section 4.1, information about a legacy trench site
may be inadequate or missing. Site investigation supports several aspects of
managing a legacy trench site: it provides information to support modelling
and assessment to ascertain whether the site poses a risk to people and/or the
environment; it is necessary to support remedial design and verification; and
monitoring may be needed before and after remediation. Site investigation helps
to fill in the gaps in site information and reduces uncertainty. Therefore, it is
important that good quality data are available to underpin decision making and
gain stakeholder support.

There are two aspects to consider when investigating a legacy trench site:
one is characterizing the trenches and their content and the other is characterizing
the surrounding ground and water bodies. If remediation is implemented,
characterization of the wider site will aid the determination of baseline conditions
that can be used in the development of remedial targets and support verification
of the remedial actions.

13 Also known as a site reconnaissance.
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This section provides information on non-intrusive techniques used to
understand the location, extent and content of the trenches and site investigation
techniques to characterize the environment around the trenches. A brief discussion
is provided in Section 4.3.2 on the characterization of trench waste whilst it
remains in situ. Waste characterization following retrieval and the approach to
predisposal activities are not discussed in this publication; waste characterization
is described, for example, in Refs [3, 13, 33-36].

Site characterization of contaminated land sites is a mature subject widely
discussed in the literature (for example, see Refs [31, 37-43]). However, the
following features of legacy trench sites make them difficult to characterize:

— Heterogeneity of the waste in the trenches;

— Mix of radiological, chemical and physical hazards;
— Presence of discrete items or packages of concern;
— Physical difficulty of investigation.

It is important that site characterization is not viewed as a one-off event.
Several site investigations may be needed, which build on the information
gathered in early investigations. A successful characterization programme is often
one that combines a range of different techniques (non-intrusive and intrusive
surveys). Following any site investigation works, the CSM needs to be updated to
support further site characterization and/or remedial design. Site characterization
may also be used to validate the success of the adopted remedial actions and
support any future work, including additional remediation, if required.

Site characterization is an expensive activity and needs to be carefully
planned and phased to ensure that the correct information is collected to
support the characterization approach and to address data gaps. ISO Standard
18400-101:2017 [44] provides guidance on the principles and key elements
of the sampling plan. The US EPA has developed the Data Quality Objectives
process [45] to support systematic planning for site characterization. The Data
Quality Objectives process is a series of logical steps used to plan for the
resource effective acquisition of data of sufficient quality and quantity to support
the goals of the study.
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4.3.1. Non-intrusive site investigation

Non-intrusive techniques, such as radiological or geophysical surveys, need
to be considered before undertaking a programme of intrusive site investigation.
There are several benefits to this approach:

— Non-intrusive techniques can be used to target further site investigation
activities.

— Non-intrusive techniques, including radiological surveys, are generally
quicker, can generate large data sets, are less expensive and safer to
implement than intrusive techniques.

— In many instances, the data gathered can be viewed in real time, which will
inform the next phase of works.

— The use of non-intrusive techniques minimizes the chance of disturbing
buried containers, which may lead to the release of hazardous materials into
the air or groundwater.

— Non-intrusive techniques do not create further waste materials.

Several non-intrusive techniques are particularly useful for investigating
legacy trenches, and they are generally more effective when used together rather
than in isolation. The two most commonly used approaches to non-intrusive
surveys are radiological and geophysical surveys.

4.3.1.1. Radiological surveys

Radiological surveys use portable detection equipment that responds
rapidly to radionuclide contamination. Techniques such as gamma surveys can
be used to gain an understanding of near surface radioactive contamination.
While many radionuclides associated with radioactive waste are gamma emitters,
alpha and beta emitting isotopes cannot be detected and require more complex
measurement techniques.

There are two approaches used for near surface soil characterization: direct
(point) measurements and scanning systems. Direct measurement systems can
provide absolute values for certain parameters or identify additional information
on the range of radionuclides present. These systems are generally bulky and are
used for stationary measurement for a set period. Scanning systems use mobile
equipment that can either be carried or mounted on a trolley or small vehicle.
These systems typically use sodium iodide detectors and focus on the total
activity of gamma emitting radionuclides. Therefore, large areas can be scanned
for a relatively low cost. The output survey provides rapid information about
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the relative levels of radioactivity in the near surface soils across the site. This
information can be used to focus intrusive sampling.

At legacy trench sites, the collected data may be correlated to
cross-contamination during disposal activities, subsequent disturbance of the
trenches, transport by infiltration water or groundwater, or bath-tubbing effects.
Reference [46] provides a review of methodologies for in situ characterization
using nuclear spectrometry techniques. References [41, 42] provide overarching
guidance on radiological surveys.

4.3.1.2. Geophysical surveys

Geophysical techniques can be used to measure near surface structures or
changes in ground chemistry as well as lithology. Geophysical techniques can
detect the presence of large buried objects, as well as the presence of voids and
subsurface water bodies. These techniques are often used at legacy trench sites
to determine the location and extent of the trenches. This can be challenging on
an operating site where the trenches have been excavated into disturbed ground
or filled areas, since it may be difficult to differentiate the instrument signal
of the trenches.

Table 2 summarizes commonly used geophysical techniques and their
specific application to legacy trench sites. Overarching guidance on geophysical
surveys can be found in Ref. [41] and detailed information can be found in
Refs [30, 47-49].

Surface and down-hole geophysical surveys were used to investigate the
location of the Windscale Trenches at the Sellafield site, UK. The six unlined
trenches cover an area of approximately 7000 m*> and were the main on-site
disposal for solid wastes in the 1950s. Although the records were poorly kept,
the waste inventory is known to include tritium, other fission products, actinides,
solvents and asbestos. The geophysical surveys provided some additional
information regarding the location and content of the trenches but were limited
because it was difficult to insert the probes into the dense and compacted ground
in the trench area [50].

A series of site characterization activities have been undertaken at the LFLS,
Australia, since the cessation of disposals in 1968. Non-intrusive characterization,
including ground penetrating radar, electromagnetic and electrical resistivity
tomography surveys, have been used to investigate and support understanding of
the trenches [51, 52]. The ground penetrating radar provided limited information,
and it was difficult to delineate the edge of the trench from the undisturbed
ground. The electrical resistivity surveys enabled delineation of the trench
structure and surrounding geology and provided information about the trench
content and the groundwater levels in the trenches. The electromagnetic survey
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TABLE 2. EXAMPLES OF COMMONLY USED GEOPHYSICAL
TECHNIQUES AND THEIR APPLICATION TO LEGACY TRENCH SITES

Technique Application
Ground penetrating  This technique is based on the transmission of electromagnetic
radar energy pulses into the ground and the measurement of the

Electrical resistivity
profiling

Electromagnetic
surveying (also
known as
electromagnetic
ground conductivity
survey)

Seismic refraction

Microgravity survey

amplitude and travel time of the signals as they return. This is a
useful technique for identifying disturbed ground, subsurface
features or structures such as foundations and concrete slab
thickness, voids and metal objects such as drums. In the case of
legacy trenches, it helps to delineate the trench boundaries and
highlight any specific waste containers close to the surface. Ground
penetrating radar performs best on dry sandy soils and poorly on
wet clays.

This technique requires the insertion of an array of electrodes into
the ground surface, through which an electrical current is passed.
By measuring the changes in electrical potential between the
electrodes, buried metallic objects can be identified, and changes in
ground conductivity related to groundwater chemistry or flow
direction may be determined. The technique is useful where

above ground structures impede the use of techniques that require
movement of the ground surface.

This technique uses electrometric induction to determine the
electrical properties of buried items and it can be utilized to detect
metallic objects, subsurface voids and subsurface features or
structures. The exact shape, size and contents of such objects
cannot be determined through this approach. However, the general
locations of these objects can be identified and, if isolated, their
size can be estimated. This is a non-contact technique where the
equipment is moved over the ground surface.

This technique is based on the refraction of seismic energy at
subsurface interfaces. The equipment comprises an array of
geophones and a seismic source. As the seismic waves encounter an
interface between different rock or soil layers, a portion of the
seismic energy is reflected. This enables the creation of a seismic
velocity cross-section, which enables subsurface structures, such as
trenches, to be identified.

This technique measures extremely small variations in the earth’s
gravitational field caused by the different densities of materials or
voids under the surface. It can be used to determine density
differences between the trenches and their surrounding material.
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demonstrated good correlation with the inventory records, which identified
the disposal of drums in specific trenches. The 2017 surveys were also used to
confirm that the location of the proposed pilot trench experiment was an area of
undisturbed ground.

4.3.2. Intrusive site investigation

The desk study, CSM and non-intrusive surveys provide an initial
understanding of the site. These site evaluation activities, especially the CSM,
will inform the design of the intrusive characterization programme. Intrusive site
investigation can primarily be used to gather information regarding the geological
and hydrogeological setting of the site. Intrusive investigation can also be used to
investigate the contents of the trench; however, a decision to disturb the trenches
needs to be justified against any potential increases of risks to people and the
environment and the generation of waste.

The information collected can be used to underpin modelling and remedial
design efforts. Understanding the geological and hydrogeological regime is
particularly important in the selection of remedial options that isolate or stabilize
the trenches in situ.

Undertaking an intrusive investigation requires thorough planning to ensure
that all aspects of health and safety and protection of the environment have
been addressed. Additional precautions, such as containment tents and hazmat
suits, may be necessary where there are higher uncertainties associated with
investigations close to or into the trenches. Intrusive works need to be discussed
with the regulatory authorities and may need approval prior to starting.

4.3.2.1. Intrusive investigations around the trenches and across the site

If there is high confidence in the results obtained from non-intrusive
techniques, intrusive techniques can be used next to trenches to confirm the
extent of the trenches and to understand the surrounding ground and groundwater
bodies. Groundwater wells adjacent to the trenches can provide useful data on
the movement of contaminants from the trenches. A wider intrusive investigation
of the site may also be beneficial to confirm the geological and hydrogeological
context of the trenches. In particular, such an investigation will be necessary to
develop an understanding of the groundwater bodies and their movement across
the site. Where the trenches are suspected to contain gas-generating materials
(e.g. high organic content material), wells will also be needed to monitor
ground gas evolution.
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Table 3 provides a summary of the commonly used intrusive site
investigation techniques. Further detailed information on intrusive site
investigation techniques can be found in ISO Standard 18400-102:2017 [53, 54].

Cone penetration testing is another useful technique for identifying
disturbed ground, conducting readings and taking samples. It is normally utilized
for assessing the different geotechnical properties in soils but can be used for
other purposes. In the case of legacy trenches, it can help to delineate the trench
boundaries (both vertically and laterally), highlight any waste containers and take
samples of the trench material. Cone penetration testing works through pushing
a cone into the ground from a static fixed vehicle. If the cone cannot successfully
push through or beyond any solid object encountered, then a new sampling
location will need to be found. Different cones can be vertically advanced, each
with a slightly different functionality, such as the following:

— A groundwater sampling cone can collect groundwater or leachate samples
from below the base of the trenches. The samples taken will then need to be
analysed in amobile or off-site laboratory for radioactive and non-radioactive
contaminants.

— A gamma cone can identify gamma emitting materials and help to produce
a vertical profile of the trench contents.

— A resistance cone measures resistance to pressure and therefore can provide
information on the different types of material that it passes through.

— A conductivity cone can detect the presence of water and, in some instances,
additionally provide an assessment of the level of contamination in the soil.

— Avvideo cone can, in certain situations, provide a visual view of the trenches
as the cone is advanced.

An important point to note is that intrusive investigations are likely to result
in material being brought to the ground surface. This material, if contaminated,
may subsequently be classified as radioactive waste or other hazardous waste
and would need to be managed accordingly. The potential production of waste
and its subsequent management need to be considered when choosing the site
characterization approach. The characterization process needs to be optimized so
that as little waste as possible is produced.

There have been a series of non-intrusive and intrusive site investigations
undertaken at the LLWR site, UK, dating back to 1939, when the site was developed
as a Royal Ordnance Facility [56]. Since 1939, approximately 650 boreholes
have been drilled either on or in close proximity to the site. These boreholes
were drilled for several reasons, including for geotechnical investigations and as
long term groundwater monitoring points. The boreholes that were not installed
as monitoring wells were subsequently backfilled with the drilling arisings and/or
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bentonite clay. The bentonite clay was used as a ‘plug’ between geological units
to prevent the creation of a preferential pathway for contaminant movement.
LLWR also has procedures in place for decommissioning boreholes in line with
regulatory guidance to prevent the creation of potential pollutant pathways. It
is recognized that the more recently drilled boreholes provide a higher quality
of information compared with previously drilled boreholes. These improvements
reflect the advances in drilling techniques, borehole logging methodologies and
the data quality objectives of the investigation programme. However, the data
from the older boreholes are still recognized as a valuable resource.

4.3.2.2.  Intrusive investigation into the trenches

Undertaking intrusive investigation into the trenches requires careful
consideration. The decision needs to be justified with a clear explanation to the
need and/or expected benefits, the uncertainties associated with undertaking the
work, and a plan on how potential risks will be managed.

Characterization of heterogeneous trench contents presents its own unique
challenges. Unlike contaminated soils, legacy waste trenches are more likely to
be heterogeneous with discrete objects. It is therefore difficult to use intrusive
investigation to collect a representative sample of the trench contents, and it
is likely that only qualitative information on the materials and their hazardous
properties can be collected. Realistically, it may only be possible to characterize
materials from a legacy trench if there is a decision to retrieve the wastes
from the trenches.

A key consideration is whether the potential health and safety risks to
workers are justified compared with the potential benefits from gathering
additional information from the legacy trenches. Radioactive and hazardous
materials could be accidently released into the atmosphere and/or workers might
be exposed. It is likely that discussions with the regulating authorities will be
necessary and the proposed works will need to demonstrate that risks to the
public and workers are as low as reasonably achievable (ALARA)'.

Another health and safety related consideration is whether the intrusion
into the legacy trench may compromise a waste package or container. This could
lead to the release of a hazardous material into the trench and potentially into the
environment via a groundwater or vapour pathway.

It is likely that a decision to intrude into a legacy trench has been taken
as a pre-activity to underpin a decision to retrieve the waste. The aim of this

14 For further information on the ALARA principle, see IAEA Safety Standards Series
No. SF-1, Fundamental Safety Principles [16], and the definition for optimization (of protection
and safety) in the IAEA Safety and Security Glossary [25].
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investigation would be to collect information on the type and volume of material
to inform predisposal and disposal activities.

There are many examples where an intrusive investigation requires
excavation through a layer of capping material (see Table 1). However, in
some instances, access to the waste may be comparatively simple because
the legacy trenches have been covered with concrete slabs or metal sheets
(e.g. RADON type facilities).

Window or windowless sampling, microdrilling and cone penetration testing
are likely to be the most suitable techniques to conduct investigations inside the
trench. Since these methods can create small boreholes, they will minimize the
risk of negatively disturbing the material in the trench. In a few instances, it may
be appropriate to remove an area of the trench cap via excavation, to enable a
visual inspection of the waste and facilitate targeted sampling. This approach
would require a greater degree of certainty regarding the trench content and
measures to ensure protection of people and the environment.

At the UK’s Harwell site, the Southern Storage Area comprised five unlined
shallow trenches excavated into the chalky soil and capped with soil. The trenches
included beryllium contaminated wastes originating from decommissioning of
beryllium fabrication facilities, solvents, mercury and radioactively contaminated
materials from site operations. A formal decision making process concluded that
all the wastes needed to be retrieved in order to facilitate an unrestricted reuse
of the site. An in-depth site characterization was needed to support the adopted
remediation approach and the associated waste management activities. Following
a desk study phase, an integrated non-intrusive and intrusive site investigation
took place. The adopted approaches included walk-over surveys, trial pits,
soil sampling, soil gas analysis, core sampling, geophysics, probe surveys and
groundwater sampling. The intrusive investigations into the trenches were
conducted using a double-layer contaminant tent, as well as personal protective
equipment with respiratory protection. Cores were collected using a heavy duty
window sampler, which provided undisturbed sample cores and minimized waste
generation. Boreholes were drilled on a 1.5 m grid to between 3.5 m and 6.5 m
below ground level [28].

4.3.3. Monitoring
Monitoring activities generally take place throughout the lifetime of
a legacy trench site or any contaminated land site. Monitoring is used before,

during and after remedial works and may be used in several ways, depending on
the circumstances of the site, including the following examples:
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— To provide baseline level data;

— To demonstrate that no further pollution is occurring;

— To validate the success of a remedial action (e.g. the continued decrease in
contaminants measured in a groundwater plume after the installation of a
cap or following removal of the waste);

— To support maintenance of a safety case to allow the continued presence of
the legacy trenches.

Typically, groundwater monitoring is the focus of a monitoring regime at
a legacy trench site. Ground gas monitoring may be necessary where the legacy
trenches contain materials that can degrade to release gases (e.g. decomposition
of materials such as wood, vegetation and clothing can generate methane and
volatile organic compounds). Surface monitoring and/or sampling may also be
important where bath-tubbing is known to occur, which can bring contaminants
to the ground surface.

If the post-remediation monitoring programme shows that the
remediation has been unsuccessful it may be necessary to undertake further site
characterization to understand the extent of the problem and support further
remedial activities.

4.4. SAFETY ASSESSMENT AND MODELLING

This section provides information and discussion on approaches for the
safety assessment'®, including risk assessment'® and environmental modelling
of the potential radiological impacts on people and the environment posed by
legacy trench sites.

Assessment and modelling will be iterative as additional information
becomes available, for example, from site characterization and monitoring data
or improvements in the interpretation of modelling results and model calibration.

Legacy trench sites are a unique subset of near surface disposal facilities
owing to the characteristics outlined in Section 2.2. It is important that these
features be adequately conceptualized and modelled to ensure appropriate
assessment of the potential risks posed by these sites.

15 The term ‘safety assessment’ is used by the IAEA to refer to all assessments performed
as part of the safety case [57]. This will normally include risk assessment [25].

16 Risk assessment is the assessment of the radiation risks and other risks associated with
normal operation and possible accidents involving facilities and activities. This will normally
include consequence assessment, together with some assessment of the probability of those
consequences arising [25].
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A notable feature of legacy trench sites is that they often contain a mixture
of radioactive and chemically hazardous wastes. Therefore, the safety assessment
of the legacy trench site would need to take into account both the radiological
and chemical impacts using suitable methodology and modelling tools (e.g. see
Refs [58—60]). The presence of other non-radioactive chemicals in the trenches
may also impact the degradation of wastes and/or containers and the speciation
and mobility of contaminants in the subsurface environment. For example,
high ionic strength pore waters may suppress sorption of radionuclides that are
retained in the soil matrix by ion exchange mechanisms [61]. In contrast, the
presence of miscible organic substances can enhance radionuclide mobility in
groundwater through the formation of non-retarded anionic chemical species
and colloids (e.g. see Refs [62—64]). Such scenarios can become conceptually
and computationally complex but nevertheless may become important
pathways in the model.

4.4.1. Safety assessment

A safety assessment for legacy trench sites typically follows the same
approaches used for near surface radioactive waste disposal facilities. The
aim of the safety assessment is to evaluate the performance of the disposal
system and quantify its potential radiological impact on human health and the
environment [57]. The assessment usually considers the potential radiological
impacts of a facility during its operation and after its closure. However, for a
legacy trench site, the assessment is focused on evaluating the existing situation or
to support a safety case to implement remedial activities (future situation). Where
a predictive assessment is carried out, the output is compared with the respective
regulatory requirements (e.g. reference levels). A risk assessment forms part of
the safety assessment and is used to assess the risks posed to human health or the
environment from the potential exposure to a contaminant. Recommendations on
safety assessment are provided in the IAEA Safety Standard Series Nos SSG-29,
Near Surface Disposal Facilities for Radioactive Waste [15], and SSG-23, The
Safety Case and Safety Assessment for the Disposal of Radioactive Waste [57].

The IAEA developed a harmonized, iterative methodology for assessing
the impact of near surface disposal facilities within the Improvement of
Safety Assessment Methodologies for Near Surface Disposal Facilities project
(ISAM) [65]. The follow-up project, Application of Safety Assessment
Methodologies for Near Surface Radioactive Waste Disposal Facilities (ASAM),
focused on evaluating the post-closure safety for waste disposal facilities and,
where appropriate, the selection of corrective actions [66, 67]. The ISAM
methodology (reproduced in Fig. 17) has gained widespread acceptance and
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FIG. 17. The ISAM project methodology. Reproduced from Ref. [65].

has been proved to be a versatile tool for a range of applications, including the
assessment of legacy trench sites (e.g. see Refs [12, 65, 68]).

References [65, 69] provide a description and test cases of assessment
methodologies used for near surface disposal facilities, including a review of
relevant source term models, contaminant release mechanisms, exposure pathways
and radiological impact assessments. Many elements of these methodologies are
directly applicable to the assessment of legacy trench sites. For a legacy trench
site, these methodologies may need to be supplemented to include site specific
factors and pathways and may require the use of non-standard scenarios,
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calculation procedures and/or models. These topics have been examined in
the IAEA MODARIA'!” programmes. Of particular interest is the BIOPROTA
project, which aims to address key uncertainties in the long term impacts to
people and the environment as a result of waste management practices. In 2018,
the BIOPROTA project published an update to the BIOMASS methodology;
the methodology provides guidance on the consideration of the biosphere in
post-closure safety assessments for solid radioactive waste disposal [70].

4.4.2. Modelling

Mathematical models are the mathematical interpretation of the conceptual
model and can be used in several ways to support safety assessment and risk
assessment and the development of a remediation solution. Models can be used
as tools in the following applications:

— Quantitative description of the site condition (e.g. flow regime, contaminant
source term, contaminant transport, geochemical conditions);

— Modelling contaminant transport (e.g. testing hypotheses on parameters
and processes controlling the transport and fate of radionuclides from the
contaminant source);

— Identifying gaps in site investigation or monitoring activities (e.g. the model
predicts a plume into an area where there are currently no groundwater
monitoring boreholes);

— Validation of hydrogeological parameters (e.g. the model contaminant
concentrations are significantly different from the field measured
contaminant concentrations);

— Planning future site investigation activities (e.g. using the model to identify
which pathways and parameters have the greatest impact on the potential
risks posed by the site);

— Evaluating the performance of the current facility (e.g. to ensure safety and
regulatory compliance or to enable greater efficiencies);

— Enabling exemption and clearance of material with low levels of
radioactivity;

— Evaluating the performance of proposed remedial options;

— Optimization of site monitoring systems.

7 MODARIA stands for Modelling and Data for Radiological Impact Assessment. The
MODARIA programme ran from 2012 to 2015, and the MODARIA 1II programme ran from
2016 to 2019 (see https://www-ns.iaea.org/projects/modaria/modaria2.asp?s=8&1=129). Work
is currently ongoing to develop the scope of a future MODARIA programme.
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|. Conceptualization and
model development

II. Verification, calibration
and sensitivity analyses

lterative process

Ill. Prediction, reporting
and post-audit

FIG. 18. Main stages of the model development and application process (based on Refs [71-74]).

Figure 18 outlines the main stages in the model development and application
process. This methodology is valid for all the model applications listed above
and is suitable for any type of contaminant transport models (e.g. atmospheric
dispersion or surface water contaminant transport models).

The TAEA has provided support to Member States on environmental
modelling through several programmes. The most recent were the EMRAS'® and
MODARIA programmes. The report from the EMRAS programme summarizes
the outcome of testing models used in different contaminant transport
scenarios [70, 75].

There is commercially available software, as well as free and open source
software, that can be used to model potential radiation exposure and environmental
impact from radiologically contaminated sites, including legacy trench sites.
Examples of modelling platforms include GoldSim' and AMBER®. GoldSim
was used to model contaminant transport as part of the safety assessment for
the RADON type facility at Saakadze, Georgia [76]. GoldSim was also used to
assess the groundwater, gas, coastal erosion and human intrusion pathways for
the Safety Case at LLWR, UK [77].

8 EMRAS stands for Environmental Modelling for Radiation Safety. The EMRAS
programme ran from 2003 to 2007, and the EMRAS II programme ran from 2008 to 2011
(https://www-ns.iaea.org/projects/emras/emras2/default.asp?s=8&1=63).

19 https://www.goldsim.com/Web/Products/GoldSim/Overview/

20 https://www.quintessa.org/software/ AMBER
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Examples of radiological assessment tools include NORMALYSA (NORM
And LegacY Site Assessment)’!, RESRAD (RESidual RADioactive)** and
RCLEA (Radioactively Contaminated Land Exposure Assessment)®. RESRAD
was used to calculate radiation dose rates to receptors for a range of medium and
long term management options under consideration at the LFLS, Australia [78].

The groundwater pathway is a key exposure route when modelling disposal
facilities and this is also often the case for legacy trench sites. Many resources
outline the basic principle and approaches to modelling groundwater flow**
(e.g. see Refs [79-84]) and pollutant fate and transport® (e.g. see Refs [85-87]).
Examples of groundwater transport models include PAGAN (Performance
Assessment Ground Water Analysis of low-level Nuclear waste) [88],
MODFLOW (Modular Three-Dimensional Finite-Difference Groundwater
Flow)* [89] and MT3D-MS (Modular 3-Dimensional Transport model — Multi
Species) [90] and ConnectFlow?’ [91]. The PAGAN code was used to derive the
upper bound estimates for strontium-90 transported from legacy trenches within
the Chornobyl Exclusion Zone [92]. The VisuaMODFLOW code, which is the
combination of MODFLOW and MT3D, which is the predecessor to MT3D-MS,
was used to model the groundwater pathway for the legacy trenches at the Ezeiza
site in Argentina (see Appendix I, Section I.1). ConnectFlow was used to model
groundwater flows as part of the Safety Case for LLWR, UK [77].

Assessment results, based on either measured or modelled data, will require
evaluation in terms of risk and dose criteria, as relevant to the local regulatory
regime. This is likely to involve a consideration of features, events and processes
and of how these may change over time. Uncertainties will need to be addressed
and sensitivity analysis is an important part of this (see Section 4.4.2.2).

4.4.2.1. Conceptualizing the site
For the purpose of conducting a safety assessment, the further development

of the CSM and the creation of exposure scenarios is one of most critical and
important phases of the assessment [65, 72].

2 http://project.facilia.se/normalysa/index.html

22 http://resrad.evs.anl.gov/

2 https://www.gov.uk/government/publications/rclea-software-application

24 Groundwater flow models calculate the direction and rate of groundwater movement
through an aquifer or confining units in the subsurface.

%5 Fate and transport models calculate the chemical fate of contaminants as they move
through the groundwater.

26 https://www.usgs.gov/mission-areas/water-resources/science/modflow-and-related-
programs?qt-science center objects=0#qt-science center objects

7 https://www.nammu.co.uk/
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Building on the source—pathway-receptor methodology (see Section 4), the
CSM can be used to describe the site in terms of features, events and processes®.
The relationship between the features, events and processes determines the
contaminant transport and fate and their impact on human health and the
environment®. Thus, the model consolidates the current understanding of the key
processes influencing the legacy trench site (now and in the future) and describes
the possible response and evolution of the trenches and related impacts. This
may, for instance, include consideration of climate change, degradation of the
waste form or types of intrusion or physical disturbance.

Typically, the CSM is subdivided into the near field®, far field®' and
biosphere subsystems, and then the features, events and processes are modelled
within and between the subsystems. Two methods that are frequently used to
map the interactions and pathways of features, events and processes are the
interaction matrix approach and the influence diagram approach [65]. Both
approaches provide a formalized systematic process enabling visualization of the
interactions and pathways.

It is important to recognize that the CSM for a legacy trench site will have
differences compared with one prepared for a modern operational disposal facility.
For a legacy trench site, key pathways may include groundwater bath-tubbing,
biomigration and direct exposure resulting from the poor construction of the
facility. At a modern facility, the key pathway may be groundwater migration.
An example of an important feature for a legacy trench could be the absence
of a trench cover; a process could be the degradation of the trench cover;
and an event could be inadequate controls to limit site access, leading to the
exposure of a defined reference individual to contaminated material in the
legacy trench. This feature, event and process combination could also lead to a
higher probability of an intrusion scenario. Another legacy trench site process
may be the presence of decaying organic material in the trenches. This could
affect the geochemical conditions (e.g. redox, solution chemistry, pH, organic

28 Features, events and processes are often referred to as ‘FEPs’.

2 This includes physical features, events and processes that could directly or indirectly
influence the release and transport of radionuclides from the repository or subsequent radiation
exposures to humans, as well as other factors [65].

39 The IAEA Safety and Security Glossary [25] defines the near field as “The excavated
area of a disposal facility near or in contact with the waste packages, including filling or sealing
materials, and those parts of the host medium/rock whose characteristics have been or could be
altered by the disposal facility or its contents.”

31 The TAEA Safety and Security Glossary [25] states that far field is “The geosphere
outside a disposal facility, comprising the surrounding geological strata, at a distance from the
disposal facility such that, for modelling purposes, the disposal facility may be considered a
single entity and the effects of individual waste packages are not distinguished.”
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content) and have an effect on the release rate and mobility of contaminants
to groundwater. Systematic descriptions of radionuclide release, transport and
exposure mechanisms and factors related to the above pathways can be found in
Refs [65, 69]. Appendix II provides further detail on key exposure pathways and
scenarios for legacy trench sites.

The level of complexity of the CSM needs to be consistent with the
assessment context, including the assessment objectives, the availability and
the quality of site data, as well as access to modelling expertise and resources.
In conditions of limited site data and at the preliminary (screening) stages
of assessment, use of relatively simple conceptual and mathematical models
(analytical, semi-analytical, compartmental models) is often justified. Such
models are most useful for getting upper bound (worst case) estimates of
radiological impacts. However, simplifying assumptions in models need to be
used with caution, as assumptions that are conservative for one pathway (or
scenario) may be non-conservative for another.

The development of the CSM is iterative and adaptive and needs to respond
to the increase in information and experience over time. For example, the early
assessment of the Chornobyl Red Forest radioactive waste burials assumed
that groundwater migration was the primary pathway and used a simple source
term model, which assumed that all the radioactive inventory in the trenches
was in a mobile form. As a better understanding of the site was developed
from the site characterization and monitoring studies (2000-2009), a complex
source term model was devised, which accounted for radionuclide association
and release from the fuel ‘hot particles’ in waste material. In addition, the
geochemical evolution of the site due to degradation of organic matter buried
inside the trenches was recognized as an important factor causing attenuation of
strontium-90 migration [61, 93]. The most recent safety assessment has identified
that external exposure to the legacy trenches and biomigration of radionuclides
are also important pathways. These results have subsequently been addressed in
the planned remedial measures for the site [94].

A discussion of the general approaches and key issues for developing CSMs
for safety assessment can be found in Refs [65, 73, 74, 79].

4.4.2.2.  Uncertainties

As discussed in Section 2.2, there are many uncertainties that need to be
addressed in the assessment of a legacy trench. Uncertainty is recognized as a key
issue in the development and application of safety assessments and environmental
modelling for radioactive waste repositories (e.g. see Refs [57, 74]). The ISAM
project methodology notes that “The identification of sources of uncertainties as
well as the types of uncertainties are necessary in order for the analyst to find
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the best way to quantify and consequently improve the degree of confidence
he or she has in the safety analysis” [65], and distinguishes the following types
of uncertainty:

— Scenario uncertainty: uncertainty related to the long term future behaviour
of the disposal facility. It includes human use of the land, geo-hydrological
processes, intrusion and other long term processes. To address this
uncertainty, it is necessary to analyse a comprehensive range of scenarios
that cover the likely evolution of the site.

— Model uncertainty: uncertainty in how physical and chemical processes
are represented in a mathematical model. In order to address this type of
uncertainty, several alternative conceptual and/or mathematical models can
be explored in parallel.

— Data and parameter uncertainty: uncertainty that stems from the potential
lack of reliable site specific parameters that are needed to run a mathematical
model. This type of uncertainty can be addressed by using bounding
estimates or probabilistic modelling framework.

— Subjective uncertainty: uncertainty arising from the need to rely on expert
judgement owing to lack of data, lack of knowledge concerning future
conditions and parameter values (and distributions), or any aspects of the
system under study that are not well understood by current science.

Conservative analysis

In this approach, conservative (reasonably pessimistic) parameter values
are chosen to ensure that the modelled impact resulting from the source term
(e.g. the legacy trenches) is not underpredicted. Therefore, modelling provides an
upper bound estimate of the likely dose or risk from the legacy trench site.

There may be cases where a conservative analysis predicts impact from
the source that is clearly unrealistic. In these instances, an analysis approach
that provides a greater level of detail is needed. Caution is needed, because
an unrealistically conservative impact assessment of a site may result in an
over-predicted impact, which may lead to unnecessary remedial activities with
associated health and safety, environmental and financial impacts.

Sensitivity analysis

Sensitivity analysis is carried out by systematically altering model
parameters within the plausible range and assessing the effect on the model
output. In this way, the most sensitive and hence key model parameters can be
identified. Sensitivity analysis also allows the prediction of the range of potential
impacts from the site, rather than a single value. In other cases, insensitive
parameters can be flagged which may save time in evaluating unnecessary model
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components. This procedure can provide feedback to model the parameterization
process, site characterizations and monitoring programme, and the development
of remedial options [65, 74]. The two primary methods of sensitivity analysis
are as follows:

— Bayesian updating for model calibration. In this approach, the model
parameters that do not allow adequate reproduction of historical data are
assigned reduced or even zero probabilities. Thus, the uncertainty of the
a priori model parameters is revised during model calibration, resulting in
a posteriori model parameters with reduced uncertainty [74, 84].

— Probabilistic Monte Carlo simulation. In this approach, the model
parameters are treated as uncertain variables, which are characterized by
relevant statistical probability distributions. The Monte Carlo method is
used to propagate the uncertainty in the input parameters to generate the
model output. The Monte Carlo method is used to generate many sets of
random input parameters to enable the model to generate a range of outputs
derived from the calculated combination of the many inputs. The statistical
characteristics of model outputs can then be analysed (e.g. mean, median
values and/or confidence intervals).

Additional discussion of methods used in modelling to address uncertainty
can be found in Refs [65, 74, 80].

5. DECISION MAKING AND THE END STATE

Legacy trenches do not typically conform to current standards for disposal
facilities, but that does not automatically mean that the material inside the
trenches has to be recovered or that major interventions are necessary. Excavating
and removing large volumes of radioactively and chemically contaminated
material from legacy trenches for disposal elsewhere is likely to involve
logistical and technical challenges, including risks to workers and potential
environmental impact.

Decision making on the need for corrective action to achieve an acceptable
state for a site will generally focus on one or more of the following questions:

— Is the existing condition of the trench unsafe or unsatisfactory, or does the

trench have the potential to give rise to an unsafe or unsatisfactory condition
in the future? (See Section 4.4.)
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— What are the options for intervention? (See Section 6.)

— Is intervention needed to respond to societal concerns or demands? (See
Section 7.)

— Does the applicable regulatory body require action? (See Section 2.5.)

— What is the intended future use and end state of the site?

It is recognized that the challenge of defining the site end state is not just
a technical challenge; the process requires the consideration of environmental,
social and economic factors and the inclusion of interested parties in the
decision making process.

This section outlines how decision making for the management of
legacy trenches can be integrated with the determination of an agreed site
end state, with the aim of optimizing the remediation approach to achieve an
acceptable condition. It is based on the strategy of employing early, risk based
decision making to ensure that remediation is proportionate to the level of risk
and to ensure that its objectives are met in ways that minimize waste generation
and worker dose.

5.1. END STATE OBJECTIVES

The term ‘end state’ is defined as a “predetermined criterion defining the
point at which a specific task or process is to be considered completed” [25].
For the purpose of this publication, this definition is clarified as the site specific
condition to be achieved by decommissioning and/or remediation that reflects the
intended future use of the site and is appropriately protective of people and the
environment. This definition is in line with the IAEA guidance concerning the
determination of environmental remediation end states [4], and that developed
by the UK Nuclear Decommissioning Authority (NDA), who has spent recent
years updating the site end state strategy for its nuclear sites that include legacy
trenches. The NDA states that the “site end state describes the condition to
which the site (land, structures and infrastructure) will be taken at the end of the
decommissioning process” [95].

The first task for any site end state project is to ensure that all interested
parties, including the project team, understand what the end state means in
the context of their site. In some instances, the end state could be linked with
the release of the site from regulatory controls, meeting a specific regulatory
milestone, the transfer of liabilities between organizations or the completion of
monitored natural attenuation.
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The site end state is broader than just the future use of the site. It
includes the following:

— The physical state of the site (e.g. the inventory of waste and/or land
contamination remaining at the site) and the visual appearance and
associated infrastructure.

— Where necessary, the controls*® to protect people and the environment from
any residual hazards.

— When and how the site can be used. The use may be restricted or unrestricted;
restrictions may be for a defined period or may be permanent.

For example, a site may be used for industrial purposes whether land
contamination is present or not. In this instance, the site end state would differ
because controls would be needed if the land contamination remained at the site
to ensure that the site remains safe for the intended use.

Traditionally, the next use of the site has been a primary factor in defining
the site end state; however, for legacy sites, other factors may also be prominent
in the decision making process. These factors include the environmental setting
and the distance to urban areas; economic opportunities for reuse; social context,
including local acceptance; availability of funding; availability of waste routes;
and political context. The preferred site end state option will be selected through
a process of optimization that takes into account the range of factors that are
relevant for the site. However, it is important to acknowledge that retaining a
legacy trench at a site is likely to have an impact on the potential future uses
for the site. This is also true for any site with a waste disposal facility. At the
strategic level, the options of the site end state are the following:

— Managed in situ in perpetuity;

— Closed waste management facility;

— Legacy trenches are removed, and associated ground and groundwater
contamination is remediated.

32 Physical controls; this includes engineered controls (e.g. capping layers, subsurface
containment walls, fences) and non-engineered controls (e.g. depth to contamination, natural
geological feature).
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There are four technical approaches to address a legacy trench site to meet
the preferred end state; these can be summarized as follows:

— In situ management without intervention — where underpinned by a safety
case and acceptable on the principles of best available technique (BAT)
and/or ALARA.

— In situ management with intervention — where necessitated by the
principles of BAT or ALARA to break source—pathway-receptor linkages;
for example, capping based on human intrusion risk, engineered in-ground
barriers based on groundwater risk, or treatment to encapsulate by grouting,
vitrification or injection (chemical and/or biological).

— Ex situ excavation for on-site disposal; material is removed, conditioned
and disposed of in an engineered waste disposal facility on-site. The facility
may be a newly constructed facility or a repurposed existing facility such as
a former basement.

— Ex situ excavation for off-site disposal®’.

Depending on the selected site end state, there are two approaches to ex situ
excavation, as follows:

(a) Selective removal of contamination ‘hot spots’ based on human intrusion
risk, presence of specific contaminants (e.g. long lived radionuclides,
mercury) or mobility or risk to groundwater;

(b) Comprehensive excavation.

Where a legacy trench site is part of a larger nuclear or industrial site, it
will be necessary to consider the end state for the trench area in the context of the
whole site end state. It may be appropriate to consider different strategic options
for different areas of the site to facilitate the next use. The site end state will require
integration of the end state for facilities and contaminated land areas to form the
overall site end state. To achieve this balance, it might not be possible to select the
preferred end state for every facility or contaminated land area but instead to reach
an optimized solution that balances the overall preferred site end state.

Where national, local or site policies or strategies are not mature, it may be
difficult to define the site end state. For example, a national waste policy might
not exist, or on a large site there may still be uncertainty regarding ongoing use
of the site for nuclear purposes. In such cases, it may be preferable to select an
interim state rather than an end state. An interim state can be defined as “typically

33 Off-site disposal is where the waste is removed from the generating site and disposed
of at a disposal site located elsewhere.
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a stable state that marks a stepped reduction in risk or hazard, and may be
associated with a reduction in regulatory controls” [95]. Interim states are natural
milestones and decision points and typically indicate a reduction in risk or
hazard. The use of interim states is likely to affect the implementation approach,
affordability, lifetime cost and timescale of achieving the site end state. It may be
necessary to optimize the selection of interim states to ensure that they bring an
overall benefit to achieving the end state.

An example of the use of an interim state is the current approach used to
manage the Windscale Trenches at the Sellafield site [50]. It is expected that
decommissioning, remediation and waste management activities will be ongoing
at the Sellafield site until 2120 [96]. Therefore, improvements to further limit
the potential ingress of rainwater were made to the Windscale Trench site to
enable an interim use of the capped area itself and ensure ongoing protection of
people and the environment. Other reasons that may require the selection of an
interim state include the lack of a suitable waste route or insufficient resources to
complete the work.

5.2. ASSESSMENT FRAMEWORK FOR DECISION MAKING

There is currently limited published guidance specifically on decision
making to support identification of the site end state, although there is growing
experience in Member States. The IAEA has recently published guidance on the
determination of environmental end states [4], and guidance published by the
NDA [97] and the US DOE [98] is also useful for end state decision making.

Figure 19 presents the end state decision making process in the context of
the remediation process (see Section 2.4). This diagram is aligned with Ref. [4]
and GSG-15 [2].

An assessment approach needs to be established that is proportionate but
sufficiently structured to provide confidence to interested parties that the decision
is robust and underpinned. An essential part of the process is the definition of
assumptions and constraints; all assumptions and constraints need to be clearly
documented as part of the decision making process.

Assumptions enable the management of uncertainties in the decision making
process. Assumptions are a way of fixing a variable to allow an option to be
defined and assessed. Typical options in the context of legacy trench site decision
making include the following:

— Regulatory requirements will not change over time;

— Key skills and resources will be available as necessary;
— A viable waste route is available if material needs to be removed from the site.
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FIG. 19. Decision making process in the context of the remediation process.
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A constraint restricts what can be achieved. Constraints do not limit the
range of options, they only restrict the implementation of the option. Constraints
can be ‘hard’ or ‘soft’, and it may be possible to change or remove a constraint.
A soft constraint is something that could be relatively easy to change. For
example, there is not enough space to apply a certain remedial technology — this
constraint could be removed if additional land could be made available. A hard
constraint is something that may be difficult, or impossible, to change. For
example, a regulatory requirement. However, there may be instances where
the value of removing even a hard constraint can provide long term and/or
wide reaching benefits. This is the case in the UK, where outdated legislation is
being changed to support a pragmatic approach to regulating nuclear sites at the
latter stages of decommissioning and remediation (see Refs [99, 100]).

Identifying the preferred option can occur when uncertainties have been
reduced to a level where there is confidence (from interested parties) that the
optimal solution can be determined. The preferred option is the option that
provides the optimal solution when comparing the benefits and detriments of
each option (see Section 5.3).

It is important to recognize that if the uncertainties are too large to manage,
then a decision cannot be made. In these instances, the decision making process
may be postponed until additional information can be obtained, and an interim
state will be defined and implemented.

Where the site end state is not likely to be achieved for many decades
owing to the nature and complexity of the anticipated site activities, there is a
risk of selecting the preferred option too early. If this occurs, uncertainties
may not have been adequately resolved, optimization may be constrained and
options that have not yet been envisaged could be ruled out. In these cases, it
may be appropriate to set an end state at a strategic level to provide direction
for the overall decommissioning activities. As the uncertainties are reduced, the
end state can be defined at a tactical level. This approach has been necessary for
the sites being managed by the NDA in the UK [95]. The UK experience suggests
that at the tactical level, the site end state cannot be defined until approximately
15 years before it is achieved. Within these timescales, the political context of
the site is expected to be stable, waste routes are identified and characterization
activities are mostly completed. However, the next use of the site may still be
unknown, unless there is a commercial driver for reusing the site.

5.3. OPTIONS ANALYSIS

Careful consideration needs to be given to identifying the
factors — sometimes termed attributes — used to assess end state options.
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Although there may be a ‘standard’ list, these factors need to be specific for the
decision being made. In line with the principle of optimization and sustainability,
factors need to cover social, environmental and economic aspects, as well as
technical requirements.

Examples of social factors can include the following:

— Supporting the reuse of the site for the local community;

— Creating the largest number of jobs for the local community during the
remedial works;

— Removing blight** associated with the site.

Examples of environmental factors include the following:

— Nuisance caused by transport of materials to and from the site;
— Improvement in the diversity of flora and fauna;
— Preventing migration of contaminants to groundwater resources.

Examples of economic factors include the following:

— Delivering lowest lifetime costs;
— Presenting the lowest financial risk by using proven technologies.

Examples of technical factors used to assess the options include the following:

— Meet the requirement to break a pollutant linkage (see Section 4);
— Can be implemented with certain equipment;
— Can be implemented in a preferred timescale.

It is worth noting that some factors could be classified into more than one
category, depending on how they are defined. Different categories could also
be used; for example, factors with organizational impact (i.e. internal impact)
such as resource needs, and external impacts, such as environmental benefits.
The specific terminology and grouping of factors will be influenced by the

3 1In this context, ‘blight’ refers to the perception of contaminated land and whether
the presence of the site impacts on whether people wish to live near the site. Concerns may
be associated with the visual appearance of the site and the real or perceived health and safety
risks. A proxy for measuring this impact is to look at the rate of property sales and the property
prices in the area.
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project team and the interested parties and needs to be agreed before undertaking
the assessment.

Sources such as Refs [7, 97, 101, 102] provide a starting place for
the development of a list of factors. Factors must be discrete to avoid double
counting. It may also be appropriate to exclude factors that do not discriminate
between options. However, it may also be necessary to include these factors if
they are required to support the specific needs of interested parties.

The options assessment process may be phased to reduce the number
of options being considered and, where necessary, support the development
of options or suboptions. The initial screen assessment can be used to
do the following:

— Clarify uncertainties and associated assumptions;

— Remove options that do not meet the constraints;

— Identify options that require additional information or further analysis;
— Develop the approach for future detailed options assessment.

The factors may be scored qualitatively or quantitatively on the basis of the
type of factor, the available information and the assessment methodology being
used. There are several methodologies or tools available for decision making,
including direct evaluation, the linear additive method, multi-criteria decision
analysis® and cost-benefit analysis*®. References [98, 103—109] provide a wider
discussion about the selection of decision making methods and tools and include
summaries of commonly used methods and tools. The method selected needs to
be proportionate to the complexity of the decision.

5.4. ITERATIVE APPROACH

Although Fig. 19 illustrates a predominately linear process, the process of
defining the site end state will be iterative and adaptive to accommodate new
information and changes in the context of the decision and/or assumptions. This
iterative process is likely to be more pronounced when the site is complex and/or
decommissioning and remediation activities will take many years. As discussed
above, the use of interim states can help to manage the iterative nature of the
process, especially when there are large uncertainties.

In the early stages of determining the site end state, the work will be focused
on studies to collect missing information. As the work progresses, the focus of the

35 Often referred to as MCDA.
36 Often referred to as CBA.
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work may lead to the development of a greater understanding of the contaminant
behaviour and the development of additional features, events and processes. In
some sites, research and development may be needed to further underpin the site
end state options. The process needs to be documented as a means of establishing
a decision record to ensure due process and demonstrate transparency to support
engagement with interested parties. This record can also be preserved to assist in
future corrective action evaluations.

The term ‘adaptive site management’ is used in North America to describe
the iterative and adaptive approach to managing complex or difficult to remediate
sites. The USA ITRC (Interstate Technology and Regulatory Council) provides
guidance on the remediation management of complex sites and has documented
a process for adaptive site management that provides an example of a structure to
remediate complex sites [111, 112].

5.5. PERFORMANCE OF CORRECTIVE MEASURES

Following the completion of physical works to achieve the site end
state, monitoring may be necessary to evaluate the performance of remedial
measures. Indicators are used as a method to confirm that the corrective actions
have achieved their intended purpose. It is therefore important to create a site
condition baseline prior to implementing the corrective actions to provide a basis
to assess the effectiveness of the remedial measures. At a legacy trench site,
performance indicators may include a reduction in contaminant concentration at
a compliance point, a reduction in leachate production and the stability of trench
cover contours.

In some cases, it can be difficult to measure the effectiveness of corrective
action over a short time frame. For example, experience has shown that
monitoring and safety assessments are an alternative approach to demonstrate
the reduction of long lived radionuclides compared to validation measurements
following the completion of the remedial activities. It is important to discuss the
performance measures with interested parties to ensure that there is agreement
over which indicators will be used and the type of results that are expected over
certain timescales.

37 The USA ITRC uses the following definition for the term ‘adaptive site management’
as defined by the US National Research Council: “an approach to resource management in
which polices are implemented with the express recognition that the response of the system
is uncertain, but with the intent that this response will be monitored, interpreted, and used to
adjust programs in an iterative manner, leading to ongoing improvements in knowledge and
performance” [110].
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6. REMEDIATION

Remediation is defined as “Any measures that may be carried out to reduce
the radiation exposure due to existing contamination of land areas through
actions applied to the contamination itself (the source) or to the exposure
pathways to humans” [25]. Any measure to break a pathway can be considered as
remediation; for example, restricting access to the site or placing an impermeable
cap over the legacy trenches to limit rainwater infiltration. However, the term
‘management’ rather than ‘remediation’ can be used to indicate that the site will
continue to be actively monitored and that the site end state or site closure has not
been achieved.

Remediation and/or management approaches at legacy trench sites will
need to take into account both the legacy trenches and any impacted ground and
water bodies. If there is currently little or no contaminant impact to the ground
and groundwater surrounding the trenches, remedial activities will be focused on
the legacy trenches themselves. In this instance, either waste could be retrieved
(see Refs [3, 13] and Section 6.1) or remedial activities could improve the legacy
trenches to enable the waste to remain in situ (see Ref. [12] and Section 7.2).
Where the surrounding environment has been impacted by the migration of
contaminants, remedial activities will also need to address soil and groundwater
contamination (see Refs [72, 113—118] and Section 6.3).

It is important to consider all the available applicable technologies before
starting remediation. Applying an inappropriate remediation approach could
have a detrimental effect on the environment and misuse funds, especially if
additional works are subsequently needed to rectify the situation. Adopting a
phased approach to any remediation programme, including the consideration of
smaller scale pilot studies, can also enhance the chances of success.

Table 4 provides a summary of where the different technologies have been
applied internationally to remediate legacy trench sites. The following sections
provide a discussion of the remedial approaches and their application.

6.1. WASTE RETRIEVAL

At several legacy trench sites, the trench content has been retrieved and
conditioned for storage and/or disposal. A key driver for this approach could be
the need to reuse the site. For example, at the Southern Storage Site in Harwell,
UK, all the wastes and contaminant impacted soils were removed and the site has
subsequently been reused for residential housing [28]. Waste retrieval has also
been adopted at several sites in the USA. At the Oak Ridge Reservation, there
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TABLE 4. SUMMARY OF TECHNOLOGIES USED TO REMEDIATE
SELECTED LEGACY TRENCH SITES

Approach Technology type Site

Waste retrieval Not applicable Harwell (UK), Rocky Flats (USA), Los Alamos
(USA), Oak Ridge (USA), Idaho National
Laboratory (USA), Ezeiza (Argentina)

In situ management Engineered Maralinga (Australia), Centre de la Manche
barriers (France), Sellafield (UK)?, LLWR (UK)?, Oak
Ridge (USA), Maxey Flats (USA), West Valley
(USA), Beatty (USA), Sheffield (USA), Ezeiza
(Argentina)

In situ Maralinga (Australia), Oak Ridge (USA)
stabilization

In situ treatment Oak Ridge (USA), Rocky Flats (USA),
Idaho National Laboratory (USA)

Monitored natural Red Forest (Ukraine)
attenuation

Hydraulic control —

* This is viewed as an interim state prior to the application of the final remediation

option.

are many legacy trench sites; differing remedial approaches have been applied at
different sites including excavation. For example, at the K-1070-B burial ground
site, six trenches and the surrounding soil were excavated to approximately 3 m
below ground level to protect groundwater [119]. Retrieval works were completed
in 2019 to remove waste from the Pisky-1 decontamination waste storage facility
in Ukraine [120]. The site is located outside the Chornobyl Exclusion Zone and
was established for the disposal of wastes generated from the cleanup of the
surrounding territory. Pisky-1 was selected as a pilot project, following the safety
assessment of the eleven decontamination waste storage facilities [9, 121].

It is very likely that exhumed waste will require pretreatment
and/or treatment and conditioning prior to storage and/or disposal. Reference [13]
provides guidance on waste retrieval approaches and Ref. [3] provides guidance
on the technical considerations for waste processing activities.
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6.2. IN SITU MANAGEMENT OF WASTE

Decision making underpinned by a safety case may support either the
ongoing management or closure of the site with corrective actions. In situ
corrective actions can be organized into four categories: engineered barriers;
in situ waste stabilization; in situ waste treatment; and water collection and
extraction. Further information on these approaches can also be found in Ref. [12].

6.2.1. Engineered barriers

Surface caps are a common approach for the containment of contaminated
materials and wastes [122]. Caps are placed over the trenches to isolate them
from natural erosive processes and rainwater infiltration. Caps can also help to
control any gas or vapour emissions and limit intrusion from burrowing animals.
The design of the cap will vary depending on the waste inventory and the local
climatic and hydrogeological conditions. Caps may primarily consist of clay, local
soil, concrete, geomembrane or they may be multilayered in design. Different
types of surface cap have been applied at many sites, including Sellafield (UK),
Maxey Flats (USA), Maralinga (Australia), Chalk River (Canada) and Centre
de la Manche (France). At the Maxey Flats site, the trench materials were
firstly allowed to subside naturally to a stable condition and then a permanent
engineered cap was placed over the area [123].

Impermeable cut-off walls are subsurface vertical barriers designed to
direct or impede groundwater flow. They may be used to direct contaminated
water from the legacy trenches or to direct up-gradient groundwater away from
the legacy trench site. Although they do not prevent the vertical migration of
contaminants, they can inhibit lateral migration from the trench area. Their
implementation is highly dependent on the physical properties of the geology and
the specific depth required to control the contaminant migration. Such cut-off
walls may include sheet piling walls, biological barriers, cement based grout
curtains, soil freezing and bentonite slurry walls. At the West Valley site in the
USA, a 250 m long groundwater barrier wall was constructed along two sides
of the waste trench area. This barrier wall involved the excavation of a trench
into undisturbed soil, which was then backfilled with a combination of native
soils combined with bentonite to form a slurry, thus forming a low permeability
barrier [124]. At LLWR, UK, in 1984 tritium was discovered in groundwater
samples to the east of the railway drain on the east of the site. This is indicative
of groundwater flow through the legacy trenches to the east. To eliminate, or
reduce, such flows, a cement bentonite slurry cut-off wall on the north and east
of the trenches was installed in 1989 and extended alongside the trench in 1995.
The performance of the cut-off wall is monitored through both surface water and
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groundwater monitoring. The cut-off wall is expected to be extended around the
disposal area and will act as a barrier for lateral migration both into and out of the
disposal area [125].

Below ground barriers constructed of impermeable material can be
emplaced beneath the waste form. The purpose of such barriers is to prevent
the vertical migration of contaminants into the groundwater. The installation
of such barriers will be greatly influenced by the physical characteristics of the
soil. Examples of below ground barriers include liners (a technology commonly
utilized at conventional waste landfill sites), grout injection and polymeric
barriers. However, the installation of below ground barriers is difficult and may
involve excavation of the waste, which may pose a risk to workers.

6.2.2. In situ stabilization

Stabilization technologies are aimed at reducing the mobility of
contaminants and preventing their migration from the source area [12]. In situ
stabilization can be used to stabilize the waste if the waste containers have
degraded and no longer provide containment. These technologies are often split
into two subareas, namely, in situ encapsulation and compaction.

In situ encapsulation involves the injection of grout or a polymer to
immobilize any contaminants within the waste form. This approach, if effectively
implemented, can create a monolithic structure that provides stability inside the
trenches and limits the mobility of water through the wastes. However, it can be
difficult to implement this technology to ensure that the encapsulant fills all the
voids in the waste trenches. This technology was applied to legacy Trench 5 and
Trench 7 in the Melton Valley at the USA Oak Ridge Reservation [126—128]. The
original remedial approach for this area was in situ vitrification. However, it was
later determined that in situ grouting with a cement based substance would be
more effective and less expensive.

In situ compaction, on the other hand, can be used to reduce the volume
of solid and semi-solid materials such as sludges, soils and other bulk materials.
By reducing the voidage in the waste, the potential for settlement and potential
damage to capping layers is reduced. This, in turn, improves the longevity of
the cap and the subsequent risk posed by water penetrating into the waste. At
LLWR, UK, compaction of the waste was partially achieved during placement,
with 800 000 m? of the waste sent to the site occupying 500 000 m® of space in
trenches. Construction of the final cap is expected to cause additional compaction
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of the waste, and by surcharging® ahead of construction, it is expected that the
voidage will be minimized.

Solidification of semi-solid materials in situ can be achieved by slowly
increasing the weight of material placed above the wastes. This will drive the
water out of the waste, allowing settlement and/or compaction. Alternatively,
cementitious material can be added through soil mixing or injection to solidify
the waste and reduce settlement.

Compaction and solidification also reduce the permeability of the material,
limiting the amount of infiltration and groundwater movement.

6.2.3. In situ treatment

Typically, in situ treatment technologies are applicable to the treatment
of contaminated ground and groundwater, although some techniques have been
applied to treat legacy waste trenches. In situ treatment technologies allow
contaminated materials to be treated without extraction, transport or future
redisposal. Their aim is to reduce the hazard posed by a legacy waste trench
by immobilizing, destroying or removing contaminants. The success of in situ
waste treatment technologies and techniques is difficult to verify owing to their
limited application.

Physical and chemical treatment technologies can be used to chemically
convert or separate contaminants in the trenches and/or the impacted ground
surrounding the trenches. Flushing, for example, can extract contaminants
from legacy trenches by injecting an extraction fluid, which is subsequently
recovered. Chemical oxidation or reduction is undertaken by injecting chemical
agents into the contaminated area to immobilize or destroy the contaminants.
The objective is to transform any radionuclides into a less soluble form and to
destroy any associated organic contaminants. At the Idaho National Laboratory
(USA), unsaturated zone vacuum extraction and treatment were used to remove
organic contaminants from the Radioactive Waste Management Complex
trenches [129—-131].

Thermal treatment relies on the application of high temperatures to reduce
the mobility of contaminants. With in situ vitrification, high temperatures can be
utilized to melt contaminated soil and sludges. A vitrified glass matrix is formed
upon cooling, thus immobilizing any contamination. This method can be applied
to waste trenches if the wastes themselves are predominantly composed of soil.
Like physical and chemical treatment technologies, it would not work for bulk
wastes. At the Maralinga weapons testing site in Australia, a series of waste

38 Surcharging consists of applying load on the ground surface to accelerate consolidation
of the materials in the ground.
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pits were treated through in situ vitrification. However, because of an explosion
during the vitrification process, this treatment was halted, and it was decided to
exhume the wastes and place them in capped trenches [132].

6.2.4. Hydraulic control

Hydraulic control measures can be utilized to mitigate the spread of
contamination by changing the localized hydraulic gradient. When contamination
is deep, the impacted groundwater can be withdrawn through extraction wells
or through near surface drains and ditches if the groundwater intercepts these
features. This approach is more likely to be successful when applied to the
more accessible surface drains and ditches. When the application is for deeper
groundwater, there is a greater necessity to have a robust understanding of the
local hydraulic conditions. This understanding will ensure that any extraction
wells are suitably positioned, and that the most appropriate pumping rates
are chosen. Impermeable cut-off walls can also provide a certain level of
hydraulic control.

6.3. REMEDIATION OF GROUND AND GROUNDWATER

If the end state for the site involves the removal of the legacy trenches,
any underlying or adjacent contaminated soil or groundwater may also need
remediation. However, if the legacy trenches will remain in situ, it may only be
necessary to demonstrate that any residual adjacent contamination, including
potential future releases, is within regulatory limits and fulfils the requirements
of the safety case. The remediation approach needs to be commensurate with the
desired site end state and end use.

Several of the technologies described in Section 6.2 can be used to support
the remediation of contaminated ground and groundwater. For example, an
impermeable cut-off wall can be used to funnel contaminated groundwater either
to an extraction point to allow ex situ treatment or towards a permeable reactive
barrier for in situ treatment. In an ex situ approach, the groundwater is extracted
and passed through a treatment plant, which is specifically designed to remove
the contaminant(s) of concern. Typically, for dissolved metal contaminants such
as cadmium, mercury or strontium-90, an ion exchange resin is used to remove
and concentrate the contaminant. The resin is then disposed of as solid waste. At
the Chalk River Laboratories site in Canada, an in situ permeable reactive barrier
comprising clinoptilolite is being used to attenuate a strontium-90 groundwater
plume [133]. Impermeable below ground barriers have been installed to funnel
the groundwater through a permeable reactive barrier. The strontium-90 is bound
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to the reactive material, thereby reducing the concentration and migration of
strontium-90 in the local groundwater.

Many sources describe the various approaches for remediating contaminated
ground and groundwater, including those published by the IAEA and the Nuclear
Energy Agency of the Organization for Economic Cooperation and Development
(e.g. Refs [50, 72, 114-118, 134]) and on-line resources (e.g. Refs [135-137]).
Table 5 provides a brief summary of remedial approaches and associated
technologies used for radioactively contaminated ground and groundwater. Note
that remedial technologies can be grouped in many ways; Table 5 combines the
approaches used in Refs [114, 115]. Table 5 also records where the technology is
applicable to non-radioactive contaminants.
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7. ENGAGING INTERESTED PARTIES

An interested party®® is defined as “A person, company, etc., with a concern
or interest in the activities and performance of an organization, business, system,
etc.” [25]. The need or expectation that interested parties are engaged will vary
from country to country and from site to site. In some cases, engaging interested
parties will be driven by the site operators, who see the benefits of proactive
engagement and working in a transparent manner. For other sites, engaging
interested parties will be driven by political or societal demands. Several countries
(e.g. USA and UK) include engaging interested parties in key site decisions as a
regulatory requirement.

Depending on the location of the legacy trench site, the type of interested
party may vary, but in general, they are likely to comprise site employees, the
public (individuals and community groups), indigenous and first nation groups,
governmental agencies or regulatory bodies (national, regional and local), the
media and environmental groups.

During any engagement process to support decision making, it is important
to clearly explain the role and responsibilities of the participants. Engagement
will enable the needs and aspirations of interested parties to be considered in the
outcome of the decision. However, it needs to be clear who the decision maker is,
as they are responsible and accountable for the final decision.

The general principles of engaging interested parties will not be covered
in this publication, as they are discussed elsewhere [147—155]. This section
will highlight the potential concerns that interested parties may have about a
legacy trench site and discuss the benefits of engaging interested parties in key
decisions for the site.

7.1. EXPECTATIONS AND CONCERNS

Any site where there is or could be an impact to human health or the
environment may raise the concerns of interested parties, and attention given to a
site may build expectations that some form of remediation may occur.

39 The term ‘stakeholder’ is used in the same broad sense as ‘interested party’. However,
the “term stakeholder has disputed usage, and it is misleading and too all-encompassing for
clear use. In view of the potential for misunderstanding and misrepresentation, use of the term
is discouraged in favour of interested party” [25].
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The following expectations have been commonly raised by interested
parties regarding legacy trench sites:

— The site will be cleaned up to remove all waste and contamination and allow
any use of the site;

— The next use of the site will bring jobs to the local community;

— There will be jobs for the local community to support the remedial works;

— Funding will be provided to support other community initiatives.

Similarly, the following common concerns have often been raised by
interested parties regarding a legacy trench site:

— What is the reason for previous secrecy surrounding the site?

— What might be contained in the legacy trenches?

— Have harmful substances leaked and moved out of the trenches?

— How safe are the legacy trenches in their existing condition?

— How will the decision be made about the future of the legacy trench site?

— How will the views of all the interested parties be included in the decision
making process?

— Why is remediation only being considered now, after the site has been there
for many years?

— What are the different remediation options available and how will each
option affect them?

— How will the best remedial options be selected, and will factors other than
cost be taken into account?

— Who will check that the right remedial option has been selected?

— How will residents or the local community be affected whilst the remedial
works are taking place? For example, will there be an increase in truck
movements?

— If waste is removed, where will it be disposed of or stored?

— Who will fund the remedial works, and will this divert funds from other
initiatives that could impact them?

— Who will make sure that the funding is spent appropriately?

— Can the land be reused after the remediation?

— If controls are still needed at the site, who will maintain the controls and
how will they be funded?

— Ifthe legacy trenches are not removed, will there be assurance that hazardous
materials are not leaving the trenches?

Many of these concerns would also be raised for remediation projects
dealing with contaminated land or even with the siting of new radioactive waste
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disposal sites. A unique challenge for a legacy trench site is to demonstrate that
there is enough information to justify either ongoing management or closure of
the site with the trenches remaining in situ.

It is important to listen, record and respond to all concerns raised by
interested parties to ensure the support for any remedial approach or end
state for the site.

7.2. BENEFITS AND CHALLENGES

It is desirable that all interested parties will be positive about the
assessment, monitoring and, where appropriate, the remediation of a legacy
trench site. Activities to reduce uncertainty and ensure the safety of people and
the environment will help to reduce the concerns of interested parties.

Rather than being an obstacle, there are many benefits to undertaking a
formalized engagement programme to facilitate dialogue between interested
parties and decision makers. Such a programme will provide the site owner, or
other responsible party, with the ability to do the following:

— Establish and build trust or rebuild trust where it may have been lost;

— Maintain transparency of the decision making process to avoid invalidation
of the decision;

— Minimize the potential for unforeseen issues that may slow or even stop
progress at a site (e.g. an interested party requests an independent review of
the technical information);

— Build confidence in the decision making process and the final decision to
avoid additional work or a decision being overturned;

— Gain the support and perhaps endorsement of the selected remedial options;

— Facilitate the process of risk communication to enable interested parties to
make an informed decision;

— In some countries, meet the regulatory requirements regarding the
engagement of interested parties.

Despite the positive aspects of engaging interested parties regarding the
remediation of legacy trench sites, the process may cause anxiety that did not
previously exist, particularly if the local community was not previously aware
of the existence of the site. Conducting engagement activities under these
circumstances can result in a different set of challenges; for example, the following:

— The local community struggles to accept that the situation may change and
prefers to maintain the current situation.
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— Providing answers to the local community in cases where there was no
previous awareness of the legacy trench site, especially if there are concerns
regarding the performance of the legacy trenches.

— Explaining that past practices, while not necessarily the same as modern
standards, were good practice at the time.

— Managing lack of understanding and mistrust of the use of environmental
modelling. For example, addressing concerns that modelling could be
misused to support an option that was considered favourable for other
reasons.

— Rectifying inaccurate or false messages from the past and rebuilding trust.

— Changing past engagement approaches — which may have occurred as a
reaction to a problem — to a proactive approach that seeks to avoid an issue
arising.

— Demonstrating that innovative or optimized approaches may be more
practical than purely applying proven technology.

— Dealing with negative public perception regarding risks from radioactivity.
It may also be necessary to explain the potential risks from hazardous waste
and/or other contaminants and how these compare with those from the
radioactive wastes and/or contaminants.

— Dealing with concerns about impacts (real or perceived) on human health
and the environment.

— Ensuring that funding is maintained to engage interested parties.

The potential challenges that may be encountered during an engagement
programme are not a reason to avoid engaging interested parties. Conducting a
dialogue allows both the responsible party and the stakeholders to express their
respective views. This approach can help to foster good relationships, although
it is important to recognize that this does not guarantee a consensus decision
and/or that support for the selected option will be reached quickly. Where there is
misunderstanding or a fundamental difference of opinion, engagement can lead
to delays and associated cost increases. Therefore, early engagement mitigates
these types of risk.

7.3. COMMUNICATION CONSIDERATIONS

Although some concerns from interested parties may be anticipated, others
will not be known or understood until the engagement process has started. The
communication process encompasses two aspects: the information that the
decision maker wishes to communicate and the issues that the interested parties
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wish to raise and understand. These two aspects need to be brought together
within the engagement programme.

The site owner and/or decision maker will ideally communicate the
following information regarding the legacy trench site:

— The characteristics of the site, including an understanding of the trench
inventory and potential impacts from contamination to people and the
environment.

— The uncertainties in the decision making process and how these will be
addressed.

— The proposed remedial options and how these have been identified.

— The process of assessing the benefits and detriments of the options to enable
the identification of a sustainable and optimized remediation option.

— The possibility that contamination may be left in the ground after the
remediation for some or all of the options.

— The benefits and detriments of the options relative to the interested party.
These options may have impacts that are either positive or negative,
depending on an individual viewpoint. Explaining the impact of no
remediation is also important.

— In some instances, the legacy waste trenches may be located in a larger
site, which itself is undergoing decommissioning and cleanup. In such a
case, it will be necessary to explain how the timing and approach to any
remediation of the trenches may fit into the overall site end state strategy.

It may be challenging to explain to interested parties that remaining waste
and/or contamination still presents a level of risk, even if it is a very low risk.
Risk communication is therefore probably one of the most important aspects of
stakeholder engagement and is discussed further in Refs [147, 150, 156].

7.3.1. Communication as part of the decision making process

Current good practice is to assess potential remediation options within
a formalized decision making process. A key part of this process is the use of
workshops to engage interested parties.

Workshops enable engagement of a range of interested parties at the same
time as well as demonstrating transparency in the decision making process.
A workshop is an effective way to collect feedback directly from interested
parties on the proposed remedial options. In a workshop setting, interested parties
can hear about the benefits and detriments of each option and ask questions,
raise concerns and give support for an option. A workshop may include an
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evaluation and scoring process to support direct input from interested parties
into the decision.

For a large scale project, weighting and sensitivity factors may be applied
to the attributes during the scoring process. In this instance, the inclusion of
interested parties in the assessment workshop ensures transparency, builds
trust and leads to a greater level of understanding of the final decision.
Decision making software (e.g. Hiview3, Expert Choice) can help to provide a
visual demonstration of the effects that different weighting and sensitivity can
have on the various remediation options, thus allowing an optimized approach to
be both understood and supported.

Other approaches that can be used to communicate with interested parties
or gain their input include the following:

— Site tours.

— Public meetings.

— Technical forums and training sessions.

— Project information centres. These may be accessible in one location
throughout the project or ‘pop up’ at different locations.

— Questionnaires and opinion surveys.

— Web based meetings.

— Newsletters.

— Web sites.

— Advisory boards or stakeholder group.

Ideally, the person(s) leading the engagement programme will be a qualified
communication and engagement expert in the decision maker’s organization.
When this is not possible or a greater level of independence is needed, personnel
from an academic institution or independent consultancy can be used. This is to
ensure that technical information is conveyed in a way that is accessible to all
interested parties. In some cases, it can be difficult for technical experts to know
the best way to present technical information at an appropriate level. Therefore,
the skills of a communication expert are essential to ensure that all interested
parties can understand the information and make an informed decision.

There are good examples of proactive engagement of interested parties
at legacy trench sites. For example, at the Fernald Preserve site, the US DOE
Office of Legacy Management’s activities include the ongoing communication
of groundwater monitoring results and the construction of the Fernald Preserve
Visitors Centre (see Ref. [157]). The Fernald Preserve Visitors Centre exhibits
tell the history of Fernald Preserve, including the remediation of the legacy
trenches, ecological restoration at the site and the ongoing site management
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activities. The Fernald Preserve Visitors Centre provides an important focal point
and educational resource for the local community.

A formal engagement process was used at the Sellafield site in the UK
during the assessment of remedial options for the trenches [50]. The process
followed the BAT process [102] in order to demonstrate that the most appropriate
management strategy was being adopted. The input of interested parties to the
assessment process was collected via a workshop. Workshop participants included
representatives from the local and regional government offices, the site operator’s
management team, an independent peer review team, the site stakeholder group
and the NDA. Representatives from the Office of Nuclear Regulation and the
Environment Agency (EA) attended the workshop as observers; they provided
comment and challenge but did not participate in the option scoring exercise.

Further information on communication and consultation with interested
parties is provided in IAEA Safety Standards Series No. GSG-6, Communication
and Consultation with Interested Parties by the Regulatory Body [151].

8. RECORD MANAGEMENT

In the context of this publication, record management is the collection,
organization and maintenance of records. Record management is an essential
activity for any site where risks may be posed to people and/or the environment.
For legacy trench sites, the need for ongoing good record management is perhaps
more apparent, because the existing records are often either inadequate or absent
(see Section 4.1).

Record management is essential to support ongoing management of a site
and ensure that information is not lost following remediation, for achieving
the site end state and after site closure. Where controls are necessary at a site,
adequate records contribute to the maintenance of the controls and provide a
baseline if any further work is needed at the site (e.g. reports describing remedial
activities, records of land use restrictions and monitoring data).

Preserving decision making records is critically important to ensure that
confidence is maintained and there is clarity regarding the context and justification
of the decision. Without this information, decisions could be undermined or work
could be repeated unnecessarily.
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Knowledge management* is more than just keeping records — it
includes managing, sharing and recreating knowledge*' and can include human
resource management and training. In the context of knowledge management,
records such as documents, drawings, maps, databases and manuals are termed
explicit knowledge.

Guidance on knowledge management, including record management,
is well developed, especially in the context of disposal facilities. This section
provides a brief overview of the subject, with related discussion specific to
legacy trench sites. Further detailed information about knowledge management,
including record management, can be found in Refs [23, 24, 32, 158-166].

8.1. DATA MANAGEMENT SYSTEMS

Establishing a data management system can be a major undertaking for any
industrial site or waste management site. This can be even more complex for a
legacy trench site where the format of the data may have become damaged or
obsolete and/or the scope and quality of information collected is different from
what is currently needed.

The original format of site records is likely to be diverse and include paper,
disks, microfilm, maps, photographs, drawings, electronic files and emails. This
information needs to be retained in a formalized data management system so that
it can be safely stored, viewed, retrieved and, when necessary, updated. Such
a system ensures that the collected information can be maintained for a period
commensurate to the agreed site end state or following site. It is also essential
that the system provides easy access to the information that states any ongoing
institutional control requirements [50].

The system used whilst the site is being actively managed may be different
from that used when the site has been closed. For example, a relational database
is often used to store, integrate and interrogate the many forms of data, which
is useful during active management of a site. If the database is linked with a
geographic information system®, it is easier to visualize and interpret the data.
This can support the development of remedial designs and monitoring networks,
as well as facilitate engagement with interested parties. Once the site end state

40 The IAEA defines knowledge management as “An integrated, systematic approach to
identifying, managing and sharing an organization’s knowledge and enabling groups of people
to create new knowledge collectively to help in achieving the organization’s objectives” [25].

# “The term ‘knowledge’ is often used to refer to bodies of facts and principles
accumulated by humankind over the course of time” [25].

42 Often referred to as GIS.
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has been achieved and/or the site has been closed, records will be moved to an
archive for long term storage. Good practice recommends that national archives
are maintained by an enduring organization, such as a government body. In the
UK, Nucleus is the national nuclear archive, which is being managed by the
NDA [167, 168].

8.2. TRANSFER AND MAINTENANCE OF RECORDS

Prior to archiving, or if a national archive does not exist, it can be
challenging to define who will keep and maintain records and, if applicable,
decide when they may no longer be needed and could be discarded. The custodian
of the records could be the original owner or operator of the site, a new owner
who has subsequently taken over responsibility, a nationally appointed custodian
or a governmental department.

Table 6 identifies key activities or decision points during the lifetime
of a legacy trench site and highlights potential questions and the associated
information that needs to be maintained. The research conducted by the
Australian Nuclear Science and Technology Organisation (ANSTO) for the
LFLS particularly highlights the importance of records made prior to the start
of operations to provide a baseline of the environmental characteristics of the
site [169, 170].

TABLE 6. KEY ACTIVITIES OR DECISION POINTS IN THE LIFE
CYCLE OF A LEGACY TRENCH SITE

Activity or decision point Potential question Information needed
Site selection and Why was the site chosen? Historical records, aerial
characterization What was the original status photographs, institutional
of the site? files, site selection decisions,
baseline environmental
report.

Operation of legacy trench What was the operational Records of type of disposal,

site period? What standards or ~ volumes, inventory, dates of
acceptance criteria were disposal and locations within
used? the trench footprint area.
Cessation of site activities Did disposals cease after Records of trench
nuclear related site activities management during any
were complete? decommissioning activities.
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TABLE 6. KEY ACTIVITIES OR DECISION POINTS IN THE LIFE
CYCLE OF A LEGACY TRENCH SITE (cont.)

Activity or decision point

Potential question

Information needed

Change of trench facility
operator

Control period of the site

Post-operation decision
making

Site characterization

Management and
remediation

Post-remediation monitoring

Stakeholder engagement

Did trench disposals
continue?

Did the site undergo a
period of control?

Why did disposals cease?
What management and
remediation decisions were
made upon site closure?

Was there a site
characterization
programme?

What, if any, management
and remediation approaches
were adopted for the
trenches?

Has there been any
post-remediation
monitoring?

Was there a stakeholder
engagement programme?

Evidence of the transfer of
records and knowledge and
their continued maintenance.

Evidence of the transfer of
records and knowledge to a
potential new custodian.
Records related to
environmental monitoring.

Records that define the
reasons and decision to stop.
Records of proposed options
and decisions.

Records of all site
characterization data.

Records and knowledge of
the adopted option and how
it was deployed.

Records of monitoring
programme.

Evidence of stakeholder
concerns and whether they
were considered in the
decisions made.

Common causes of data loss include the update of data storage technology,
intentional or accidental deletion of electronic files, misplacement of physical
records and damage to storage media. These issues can be prevented by storing
duplicates at two or more physical sites and/or utilizing different storage media.
The transfer of records from one organization to another, including from an
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operator to the regulatory body, can also create the risk of records being lost.
Careful planning and validation are needed to ensure that information is not lost
during the transfer process. It is important that the potential for record loss is
acknowledged and appropriate mitigation measures are put in place.

9. CONCLUSIONS

Legacy trench sites present a unique group of contaminated land sites.
Legacy trench sites can pose an additional challenge compared with other
contaminated land sites because of the heterogeneous nature of the disposed
waste. These characteristics create challenges throughout the life cycle of
the site, especially during site investigation, environmental modelling and
remedial activities.

Uncertainties regarding the inventory, construction and operation of the
trenches requires ingenuity and dedication to ensure that the potential risks to
people and the environment are understood. Experience at legacy trench sites
clearly demonstrates the importance of inventory records. Understanding the
inventory is key to assessing the potential risks posed by the site. Where records
exist for legacy trench sites, it is unlikely that they meet the documentation
requirements of a modern disposal facility. Multiple record sources can be used
to create an inventory for the site. However, a key learning point is that even if
available records do not mention a contaminant, the presence of the contaminant
cannot necessarily be ruled out. Additional investigative work may be necessary,
such as an understanding of the operational practices of facilities sending waste
to the trenches. For example, it appears to have been common practice at some
sites not to record tritium on the records although monitoring has confirmed
that it is present.

Establishing the inventory is likely to require extensive resources. Even
with this work, uncertainties can remain owing to missing, incomplete or poor
quality records. A balanced decision is necessary to decide how much resource
will be used to establish the inventory or whether the uncertainty can be managed
in other cost effective ways.

Site investigation can be challenging at any contaminated land site,
especially where multiple past practices were employed, leading to additional
complexities. The benefit of obtaining additional sampling data needs to be
balanced against the risk to current workers and the potential risk of creating
conduits, cross-contamination or contaminant mobilization. It is good practice
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to consider non-intrusive methods as part of the site characterization at a
legacy trench site.

Caution needs to be exercised in the conservatism used in risk assessment,
which may lead to an overprediction of the impact that the site poses to people
and/or the environment. This can subsequently lead to unnecessary remediation
activities. It is essential that the principle of optimization is used to ensure that a
balanced approach is taken for the end state decision.

The experience described in this publication illustrates that, just as for
other contaminated land sites, there is no ‘one size fits all’ solution for legacy
trench sites. Management and remediation strategies can vary from long term
monitoring to ensure natural attenuation, to waste retrieval, depending on
the physical characteristics of the site (e.g. inventory, hydrogeology) and the
context of the site (e.g. national strategy, societal-economic context, attitude of
interested parties).

International experience on the management and remediation of legacy
trench sites continues to grow. A particular challenge, which is not unique to
legacy trench sites, is how to define the site end state. The site end state comprises
the physical state, the controls (where necessary) and the potential uses. The
decision making process is iterative and needs to be clearly recorded to allow
decisions to be reviewed and understood in the future. Aside from the technical
challenges, social and economic factors have a great influence on the outcome.
Decision making can take place only when the uncertainties have been reduced
to meet technical requirements and ensure stakeholder confidence. A strategic
site end state and/or interim states may be used to enable progress at the site.

It is important to recognize that legacy trench sites exist in many countries
around the world and there needs to be continued engagement in the international
community to strengthen the approach and resources to continue to manage
these sites safely.
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Appendix I

CASE STUDIES

I.L1. ARGENTINA, EZEIZA RADIOACTIVE WASTE
MANAGEMENT AREA

I.1.1. Site setting and description

The National Atomic Energy Commission of Argentina (CNEA) was
created in 1950 to oversee the development of applications for the peaceful
use of nuclear energy. The scope of CNEA includes the management of LLWs,
research and development, production of radioisotopes for medical and industrial
applications, uranium mining and processing, fuel element manufacture and the
operation of three nuclear power plants.

CAE was created as a nuclear research facility and covers approximately
830 hectares (one hectare is 10* m?). The site is located approximately 35 km
from the city of Buenos Aires and close to the Ezeiza International Airport. The
site comprises research reactors, production plants for radioisotopes and nuclear
fuel, and a facility for the management and storage of spent fuel and other
radioactive waste.

AGE covers eight hectares, and forms part of CAE. AGE began operation
in 1969 and carries out waste management activities including treatment,
conditioning and final disposal of low level solid and liquid radioactive waste.
AGE comprises a semi-containment system for solid radioactive waste, a
semi-containment system for very low level and very short lived liquid radioactive
waste, two deep underground silos for structural radioactive wastes and sealed
sources, and other waste handling and storage facilities (see Fig. 20). In 2001,
CNEA decided to conclude all permanent disposal operations at the site. AGE
continues to be used for the storage of conditioned low and intermediate level
radioactive wastes, awaiting the construction of an appropriate repository.

I.1.2. Operational history of the site

The Semi-containment System for Solid Radioactive Waste comprises two
trenches. The term ‘semi-containment’ is related to the assumption that, because
of its design, a gradual natural degradation of the barriers would occur, resulting
in the progressive release of contaminants over time. This approach to waste
facility design was common practice in the 1960s. The trenches contain waste
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FIG. 20. Site layout of Area de Gestién Ezeiza (Ezeiza Radioactive Waste Management Area).
Figure courtesy of Divisién Area Gestion Ezeiza.

FIG. 21. Schematic of the longitudinal section of the T1 trench, showing the placement of
the drums.

from nuclear power plants, research and medicine centres, and industry sites
across Argentina.

Trench No. 1 (T1 trench) was commissioned in 1969; the trench is 140 m
long and 10 m wide and contains 3400 conditioned waste drums. The trench has
no engineering and was initially excavated to 2.5 m below natural ground level.
The drums were placed on their sides on top of each other in the trench. Repeated
flooding events occurred during the initial operation owing to rising water level
in the underlying aquifer. Therefore, the excavated trench could no longer be
used, and the drums were stacked vertically to a height of 1 m above the natural
ground level (Fig. 21).

In 1980, a cover was applied to the first part of the T1 trench, and complete
closure occurred in 1988.
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FIG. 22. Photograph showing the Semi-containment System for Solid Radioactive Waste at
Area de Gestion Ezeiza. Trench No. 1 (T1) is covered and Trench No. 2 (T2) is partially covered.
Photograph courtesy of Division Area Gestion Ezeiza.

Trench No. 2 (T2 trench) was commissioned in 1989 and operations
ceased in 1999. The trench is 120 m long and 20 m wide and has a capacity
of 5600 drums. The trench was constructed at ground level onto compacted
calcareous silty soil with a levelled broken stone bed and a 30 cm concrete
perimeter retaining wall. Approximately a third of the trench was filled and
covered, and the rest of the trench remains uncovered. Between 1995 and 1999,
drums continued to be placed in the uncovered portion of the T2 trench.

The covers for the last section of the T1 trench and the first third of the
T2 trench both comprisedcompacted calcareous silty soil formed into a mound.
The mound was covered with a bituminous material, a layer of sand, a 200 um
polyethylene sheet and another layer of compacted calcareous silty soil. Finally,
the mounds were covered with soil and seeded with grass (Fig. 22).

CNEA suspended solid disposals to AGE in 1999, and in 2001 all waste
disposal operations ceased. Leading up to these decisions, it was recognized
that there were changes in the environmental and socioeconomic context of the
site. An increase in annual rainfall and the artesian nature of the Puelche aquifer
brought the local groundwater aquifer closer to ground level, potentially enabling
greater contact with the waste facilities. Social and economic demands resulted
in the development of land close to AGE [171].

In 2000, there were concerns from interested parties that the site could
potentially be contaminating the underground drinking water sources. A court
proceeding took place and CNEA was required to undertake an environmental

95



study on AGE with independent assessment from the Nuclear Regulatory
Authority (ARN).

Degradation of the uncovered drums in the T2 trench was observed as they
remained exposed to the harsh weather conditions. In 2004, ARN authorized
closure of the T2 trench, with specific requirements defined for the uncovered
section of the trench. However, in 2005 the judge overseeing the court proceedings
ordered the removal of the drums in the uncovered section of the T2 trench. In
2010, these drums were conditioned and packed into overseas containers and
moved to the Long Term Storage Deposit. The Long Term Storage Deposit is
located outside AGE but within CAE and was especially built for waste storage
until the construction of a new waste repository [172, 173].

Extensive site investigation, monitoring and environmental modelling were
carried out between 2003 and 2007. These works were supported by the IAEA
and also via a technical assistance project with the US DOE®,

I.1.3. Regulatory context

In 1994, through Decree 1540, a national nuclear regulatory body was
created, ARN, making the regulatory functions independent. The T1 trench was
operated without a licence (from 1969 to 1988) and the wastes contained in the
trench are considered to be historic wastes [174]. The T2 trench was operated
between 1989 and 1995 without a licence.

In 1995, ARN issued AGE an operating licence, for which it required the
responsible entity, CNEA, to present the corresponding mandatory documentation.
All wastes disposed of prior to 1995 are considered to be historic wastes [174].

1.1.4. Drivers for site assessment

In 1999, the driver of the assessment was the closure of the T1 trench
and the T2 trench, as both trenches had completed their operational phases. At
the time, CNEA had recognized the changes in the environmental conditions
and socioeconomic context of the site and hence identified that further safety
assessment of the site was required.

# The Site Characterization, Monitoring and Modelling project was started in 2003 and
sponsored by the Joint Coordinating Committee for Radioactive and Mixed Waste Management
(JCCRM) within the framework of the Technological and Scientific Cooperation Agreement
between CNEA and US DOE, with the collaboration of Florida State University [172].
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I.1.5. Site evaluation

During the initial evaluation stage, limited information was available
regarding the construction of the T1 trench and the waste inventory. To support
the safety assessment, the trench design and conservative estimates of the
inventory were prepared from data archived in the AGE database, handwritten
daily reports and historic maps and photographs. This information was supported
through interviews with the former and current employees at the site.

The major site investigation works were carried out during 2003 to 2007.
The activities included the following:

— Geophysical surveys, including ground penetrating radar, vertical electrical
sounding resistivity surveying and electro-magnetometry;

— Borehole drilling to establish geological and hydrogeological ground
conditions, collection of samples and installation of groundwater monitoring
boreholes;

— Hydrogeological studies, including pumping tests;

— Soil and sediment analyses, including contaminant concentrations and
groundwater flow and transport parameters;

— Groundwater monitoring, including the installation of continuous phreatic
level meters;

— Groundwater sample analyses;

— Estimations of distribution coefficients (K;) of different radionuclides
of interest (uranium, strontium, cobalt, caesium and plutonium) using
sediments collected from the site.

The safety assessment was undertaken using the ISAM methodology [65].
The objective of the assessment was to determine the radiological consequences
of the semi-containment systems for solid wastes for the post-closure period
in the long term. The assessment was applied to normal and intrusion release
scenarios with an initial assumption of a 50 year institutional control period.
The interpretation of the results of the assessment suggested that the period of
institutional control needs to be longer than 50 years, primarily owing to the
human intrusion scenario.

A hydrogeological conceptual model has been produced for the site
to create a flow and transport model. The code Visual MODFLOW (Modular
Three-Dimensional Finite-Difference Groundwater Flow) 4.1 was used, which
allows the modelling of a three dimensional aquifer system. This enabled the
calculation of the concentration of the chemical species dissolved in an aquifer
within the modelled area covering AGE and the surrounding area.
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A dosimetric model was used to relate the concentration of radionuclides
with the doses received by the exposure group from the ingestion of drinking
water. These wells were located between the T1 trench and the Aguirre stream. The
model was run to identify when the peak dose to the critical group would occur.

The safety assessment was completed and issued to ARN in 2007. ARN did
not accept this assessment, because it considered that the radiological inventory
could be improved and optimized. Additionally, ARN requested an increase
of the radionuclides considered in the inventory from 10 to 24. The additional
radionuclides included several radionuclides from nuclear power plants and
four uranium isotopes added by the National Radioactive Waste Management
Programme. With this objective in mind, a radiological characterization plan of
the waste was carried out to obtain a new inventory.

Meanwhile, in agreement with ARN, a second safety assessment was
carried out to evaluate the site during normal operation. The two events that were
considered owing to their probability of occurrence were a flooding disruption
scenario and an aircraft crash disruption scenario. The assessment was carried
out using a conservative preliminary inventory. In 2012, ARN approved this
second safety assessment of the solid waste semi-containment systems (T1 and
T2 trenches). As yet, no physical works have yet been carried out to close the
site. Monitoring and improvements to the environmental modelling and safety
assessment are ongoing. The normal release and human intrusion scenarios will
be considered in the definitive safety reassessment when the full radiological
inventory is completed.

In recent years, the radiological characterization plan has focused on the
characterization of the drums from the uncovered section of the T2 trench to
improve the inventory estimations for the safety assessments. One hundred and
fourteen drums were selected for radiological characterization from the 1789
drums that were conditioned and moved to the Long Term Storage Deposit.
The drums have been gamma scanned and sampled to allow scaling factors
to be developed.

1.1.6. Anomalies present in trenches T1 and T2 during their operation

The results of the monitoring carried out since the start of the environmental
characterization of AGE indicated the presence of tritium and uranium in the
aquifer downstream of the T1 trench. It was assumed that these contaminants
came from the deeper southern section of the T1 trench, where the waste drums
are expected to be in contact with the groundwater. The plume is limited to a
localized sector downstream of AGE and is within the CAE site boundary. Access
to this area is restricted, as it forms part of CAE and hence it cannot be accessed
by members of the public.
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The monitoring results show that in the direction of groundwater flow,
there is a decrease in the concentration of tritium and uranium. Figure 23 shows
the modelled tritium plume overlaid on the aerial satellite image of AGE and the
surrounding area and Fig. 24 shows the decrease in tritium concentrations with
distance from the trenches.

In recent years, there has been a decrease in the concentration of tritium in
monitoring well TS5 but some increases in tritium concentrations in monitoring
wells T4, T3, T2 and T1. Uranium is present but is now found only in
monitoring well T5.

The monitoring data show the release of radionuclides at irregular intervals
with a dependence on the oscillations of the groundwater level of the aquifer. In
general, the highest levels of tritium occur together with rises in the groundwater
level. The increases in groundwater level cause movement of the water and
consequently the transport of tritium. Hence, tritium enters the groundwater in
the form of ‘pulses’. The tritium activity can vary up to three orders of magnitude.

The concentration of tritium in the Aguirre stream has always been below
the limits of detection. The Aguirre stream is located 385 m down the hydraulic
gradient from the trenches and is a natural discharge point for groundwater.

FIG. 23. Modelled tritium plume associated with the Semi-containment System for Solid
Radioactive Waste (Trench No. 1). Groundwater samples were collected on 21 July 2016.
Figure courtesy of Divisién Area Gestion Ezeiza.
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FIG. 24. Decreased concentration of tritium activity with distance, measured with the
Semi-containment System for Solid Radioactive Waste (Trench No. 1). Groundwater samples
were collected on 15 May 2018. Figure courtesy of Division Area Gestién Ezeiza.

I.1.7. Remediation options and selected approach

Environmental studies at the site have verified that monitored natural
attenuation is a viable option for remediation. It is considered the most sustainable
option and the least invasive method for environmental remediation.

Depending on the conclusion of the current revision of the safety
assessment and ongoing monitoring, other remedial options may be considered.
These options would focus on improving the cover system of the trenches and
addressing the contaminant impact from the drums located in the deeper zone of
the T1 trench. The selected option will depend on a range of factors, including
the safety of the public and workers, technical feasibility and financial costs.

The option assessment will consider the full range of options,
including monitored natural attenuation, placement of a capillary barrier or
intrusion resistant cover, and excavation of the drums from the deepest section
of the T1 trench.

I.1.8. Implementation of the remediation approach
The implementation of remediation measures has not yet been confirmed.

Groundwater monitoring and evaluation continues at the site as part of
normal operations.
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The sector between AGE and the Aguirre stream is part of the area’s natural
hydrogeological system. There remains some uncertainty about the evolution of
this system in the long term, especially if there is a change in future land use. For
this reason, in 2015 the institutional control area for AGE was extended from
the original site boundary to the Aguirre stream. Therefore, all the institutional
control measures for AGE have been extended to this area, including additional
physical security, radiological protection and routine environmental monitoring.

1.1.9. Conclusions and lessons learned

AGE is typical of many legacy trench sites in that its location was based on
operational needs rather than identifying a suitable location on the basis of the
geological and hydrogeological setting. In addition, not enough forethought was
given to the potential expansion of Buenos Aires.

In the past 20 years, CNEA has undertaken many studies to underpin the
safety case for the operation and closure of AGE. This demonstrates the extent of
work that may be required to demonstrate that historic waste disposal sites do not
pose a risk to people or the environment.

A key challenge has been addressing updates to the regulatory requirements
as safety standards evolve. This demonstrates the value of maintaining good
working relationships with the regulators.

1.2. AUSTRALIA, LITTLE FOREST LEGACY SITE
I.2.1. Site setting and description

ANSTO is a statutory body of the Australian government and was created
in 1987 to replace the Australian Atomic Energy Commission. ANSTO’s nuclear
research site is located at the Lucas Heights campus. The site includes the
operational Open-Pool Australian Lightwater (OPAL) research reactor, neutron
scattering instruments, research laboratories and the High Flux Australian
Reactor (HIFAR), which is currently being decommissioned. ANSTO is also
responsible for the LFLS, which comprises trenches that were used for the
disposal of radioactive waste between 1960 and 1968.

The LFLS is located near the Lucas Heights campus, on the southern edge
of the Sydney metropolitan area in Australia (see Fig. 25 (a)).

ANSTO has carried out ongoing care, maintenance, surveillance and
monitoring at the LFLS. In addition, ANSTO has undertaken research activities
at the LFLS that have contributed to international research on legacy trench sites.

101



(a) (b)

FIG. 25. (a) Location of the Little Forest Legacy Site. (b) Aerial view showing the trenched
areas and the site boundary. Image courtesy of the Australian Nuclear Science and Technology
Organisation.

In recent years, a detailed research project has been implemented at the LFLS,
which has been reported in several publications (e.g. Refs [21, 27, 175-182]).

The LFLS is situated inside the ANSTO buffer zone. A general introduction
to the site can be found in Ref. [21]. The site occupies a section of land extending
just beyond the 1.6 km radius circle (buffer zone) around the former HIFAR at
Lucas Heights (Fig. 25 (a)). The suburb of Barden Ridge, located 2.5 km to the
east, is the nearest residential area to the LFLS, with the western parts of the
suburb of Menai approximately 3 km to the north-east. Future suburban expansion
and other developments in the general area surrounding the LFLS are expected.

The site is mainly covered by grass, which is mown on a regular basis. The
vegetation of the surrounding area is mostly native shale forest. The topography
of the site is gently sloping. Two sets of trenches containing the wastes occupy
the higher part of the site (see Fig. 25 (b) and Fig. 26). Two additional trenches
(S1 and S2) are located about 50 m to the south of the main trenched areas. These
were filled in 1967 (S1) and 1968 (S2).

The trenches were excavated in the shallow soil layers above a shale lens,
through which infiltration is limited, acting as a partial barrier to direct downward
movement of groundwater into the aquifer in the Hawkesbury Sandstone
below. There is some intermittent groundwater seepage at the shale—sandstone
interface that outcrops south-east of the LFLS [175]. The upper sandstone units
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of the Hawkesbury sandstone are generally weathered and strongly jointed
and fractured.

The LFLS is adjacent to several other waste disposal sites, including (on
the western boundary) a former municipal waste disposal site. Further west is
the Lucas Heights Waste Management Centre, which operates a major municipal
landfill. Immediately to the east of the LFLS is another impacted area, which was
formerly used for the disposal of night soil (sewage). A former industrial liquid
waste site used for the disposal of chemicals, including paints, grease, solvents,
tannery wastes, as well as specific hazardous industrial chemicals including
dioxin contaminated materials and residues from herbicide production, is located
to the north-west.

1.2.2. Operational history of the site
As shown in Fig. 26, the trenches were filled sequentially from 1960 to

1968. The trenches were approximately 25 m long, 0.6 m wide and 3 m deep, and
spaced 2.7 m apart, with the wastes covered by about 1 m of the local clay soil.

FIG. 26. Sequence of filling of the trenches at the Little Forest Legacy Site from 1960 to 1968.
Image courtesy of the Australian Nuclear Science and Technology Organisation.
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Records were kept of the disposal operations, providing a general indication of
the contents of each trench. Further information is given in Ref. [21].

The waste contained various radionuclides, including tritium, activation
products such as colbalt-60 (which was used in an irradiation facility at the
site) and fission products (caesium-137 and strontium-90). Actinides were
also disposed of, including uranium-238, uranium-235 and thorium-232 and
their decay products, and small (several grams) amounts of plutonium-239,
plutonium-240 and uranium-233. The wastes were generated from the research
into power reactor design that was being undertaken at the time. This research
activity also resulted in significant amounts of beryllium (approximately 1100 kg)
being disposed of into the LFLS trenches.

The wastes consisted of a variety of waste from the ANSTO laboratories
and waste packages consigned from other organizations, including radioactive
materials, contaminated equipment and beryllium and/or beryllium oxide
scrap [175]. Numerous containers of liquid waste were either being buried or
emptied into the trenches. Some items were incinerated on the site. Amongst the
items disposed of at LFLS were 760 drums of solidified sludge from ANSTO’s
effluent treatment plant. Further details of the wastes and estimates of the

FIG. 27. Waste materials emplaced in trenches at the Little Forest Legacy Site during
disposal operations. Photographs courtesy of the Australian Nuclear Science and Technology
Organisation.
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inventory are given in various sources [21, 175]. Figure 27 shows waste materials
placed into the trenches before backfilling occurred.

1.2.3. Regulatory context

Australia is governed by a Federal (Commonwealth) Government and
has several individual States and Territories. ANSTO is a Commonwealth
Government Agency and is subject to Commonwealth, rather than State, statutory
legislation. The Australian Radiation Protection and Nuclear Safety Act 1998 and
supporting Regulations are specifically relevant to ANSTO operations and the
LFLS. The Act is regulated by the Australian Radiation Protection and Nuclear
Safety Agency (ARPANSA), an independent Commonwealth Authority.

The LFLS was the first site to be licensed as a legacy site under the
Australian Radiation Protection and Nuclear Safety Act 1998. This occurred in
July 2016, following amendments to the Australian Radiation Protection and
Nuclear Safety Act. A condition was placed on this licence that required ANSTO
to develop a plan for managing the wastes and the facility over the medium term
(one to two decades) and subsequently over the longer term.

1.2.4. Drivers for site assessment

As highlighted above, the site was licensed as a legacy site in 2016 and
ANSTO was required to develop a plan outlining the arrangements for the future
management of the facility and its wastes.

For several years, a research project aimed at fully characterizing the site
and providing input to future management and possible remediation decisions
has been underway at the LFLS. The rationale and background of this project is
described in Ref. [21].

1.2.5. Site evaluation

To understand the waste inventory, there has been a great effort to review
historic records. The types of information available regarding waste disposals at
the LFLS include waste disposal cards (‘pink cards’), waste burial books and
photographs (see Figs 11 and 12). The pink cards contain descriptions of items
that were generated by the originator of the wastes. However, the available
pink cards cover only a small proportion of the approximately 50 000 disposed
items [176]. Although the information shown in the waste burial record is less
detailed than the pink cards, it contains entries for the majority of items disposed
of at the LFLS.
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The LFLS is being extensively characterized by a research project
coordinated by ANSTO and involving several other participants, including
research groups at several universities. Research outcomes include journal
papers on various topics, including the mobility of trittum [178], a general
description of the bath-tubbing effect and the dispersion of radionuclides to the
surface [177], the groundwater geochemistry [179] and possible mechanisms
causing plutonium mobilization [180]. Other recent papers discussed the possible
roles of microorganisms [181] and co-disposed organic chemicals, such as
tri-butyl phosphate [27], in radionuclide mobilization at the site.

A qualitative description of the bath-tubbing process was presented
in Ref. [177], where it was shown that the measured water level in one of the
legacy trenches responded rapidly to rainfall. The level could rise to the surface
during intense rainfall events. Figure 28 shows the conceptual site model; the
main feature is water overflowing at the end of the trenches during times of high
water levels. Since the trench water contains radionuclides such as plutonium and
americium, this has resulted in these radionuclides accumulating in the shallow
soil layers and on the ground surface. The fluctuating geochemical conditions
play a key role in mobilizing radionuclides from the trenches [182], but the
hydrology of the site is still under investigation.

FIG. 28. Conceptual model for the trench bath-tubbing scenario for the Little Forest Legacy
Site. Reproduced from a figure provided courtesy of the Australian Nuclear Science and
Technology Organisation.
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1.2.6. Remediation options and selected approach

As discussed above, the licence conditions as defined by ARPANSA include
a requirement for a site management plan, with options for the site end state that
may include remediation. The current ANSTO projects include characterization
of the site and assessment of available in situ remediation options, which may be
more cost effective in comparison with exhumation of the waste. In this project,
a test trench facility is being constructed to support the in-field evaluation of
remediation options, facilitate detailed studies of bath-tubbing processes and
enable model parameterization.

The remediation objectives and preferred management option have
not been decided for the site. Several options are under consideration,
including the following:

— Ongoing passive management and monitoring;

— In situ remediation, such as a geo-engineered cover;

— Decontamination of trench water by ‘pump and treat” methods;

— Stabilization of trench contents by in situ grouting;

— Exhumation of the trenches and possibly part of the surrounding area and
disposal in another site.

Further work is needed to bound the contextual uncertainties associated
with the decision, for example, the requirements of the national radioactive
waste strategy.

L.2.7. Implementation of the remediation approach

The site is still being characterized and modelled. A range of potential
remediation options are being assessed.

1.2.8. Conclusions and lessons learned

The costs and benefits of the potential options are presently being
evaluated as part of ANSTO’s investigations of the site. As part of this work,
an experimental trench facility in the vicinity of the legacy trenches has been
constructed. Future activities will be focused on the experimental trenches,
including hydrological studies and tracer tests, as well as studies of engineering
interventions and in-trench chemical processes.
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[.3. CANADA, CHALK RIVER LABORATORIES
I.3.1. Site setting and description

The Canadian Nuclear Laboratories Chalk River Laboratories (CRL) site is
located in Renfrew County, Province of Ontario, on the south shore of the Ottawa
River (Fig. 29).

Land use in the region consists primarily of forestry, recreation and
tourism, with limited agriculture, trapping and mining. The area supports a wide
range of wildlife species, including various species at risk. The site consists of
gently rolling hills made of a mixture of exposed bedrock, glacial till, fluvial
sand interspersed with small lakes and marshes [183].

The CRL site itself covers 40 km* and is divided into a ‘built-up area’
adjacent to the Ottawa River and a ‘supervised area’ which comprises the
remaining, mainly wooded, property to the west (Fig. 30). The built-up area
contains reactors, laboratory buildings and other site support facilities. The waste
management areas are located in the supervised area.

FIG. 29. Location of Chalk River Laboratories site. Figure courtesy of Atomic Energy of
Canada Ltd.
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FIG. 30. Aerial photograph of the Chalk River Laboratories site looking north-west. The
Ottawa River and built-up area are in the foreground and the supervised area is in the distance.
Figure courtesy of Atomic Energy of Canada Ltd.

I.3.2. Operational history of the site

Construction at CRL began in August 1944. Nuclear research at the
Chalk River site began shortly afterwards in the Zero Energy Experimental Pile
(ZEEP) and National Research Experimental (NRX) reactor and other nuclear
research laboratory buildings. Support facilities such as analytical laboratories,
engineering workshops and stores, and services such as administration, radiation
protection, environmental and biological research, nuclear materials and waste
management were created, as needed.

In 1952, the NRX reactor suffered an accident that resulted in extensive
fuel failure, severe damage to the core and release of radioactive material.
Solid and liquid wastes, including reactor components, were taken to the waste
management areas. In 1954, the NRX reactor was returned to service.

The research focus shifted in 1954 from the production and recovery
of plutonium and uranium to the application of nuclear technology for
isotope production and electrical power generation based on the concept
of the natural uranium fuelled, heavy water moderated CANDU (Canada
deuterium—uranium) reactor. Various facilities were installed to support this new
mission. The National Research Universal (NRU) reactor was brought on-line in
1957 and was shut down in 2018.
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13.2.1. Waste management areas

Beginning in 1946, wastes generated at the CRL site were placed in
unlined trenches in the sand deposits in the supervised area and then covered
with additional sand to protect workers and prevent contamination from being
dispersed by the wind. In 1952, the NRX reactor accident resulted in 4500 m? of
cooling water being diverted to the sand trenches in the initial waste management
area. As a result, this earliest waste management area was no longer fit for its
original purpose, and a second waste management area was developed 750 m
farther to the west. The locations of various waste management areas are
shown in Fig. 31.

In 1956, additional engineered facilities, developed for specific types of
waste, were added with varying engineered containment. LLW continued to be
placed in trenches dug in the sand. ILW was placed in asphalt trenches to provide
some degree of isolation from the environment. Higher level and longer lived
waste was placed in ‘tile holes’ (concrete drainage tiles placed vertically below

FIG. 31. Chalk River Laboratories site layout including waste management areas. Figure
courtesy of Atomic Energy of Canada Ltd.
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the ground surface on a concrete base) to provide isolation and shielding for
workers. By 1959, the cap on one of the asphalt trenches for ILW had failed,
leading to the practice of using concrete for the trenches instead of asphalt. Brief
descriptions of each type of trench follow.

Sand trenches

Sand trenches were dug approximately 3 m deep and 2 m wide in the
superficial sand deposits that cover much of the CRL site. Waste was placed
directly into the trench, which was then backfilled with sand. Both solid and liquid
wastes were placed in the trenches, although the liquid wastes were generally in
containers at the time of emplacement. Figure 32 shows a typical waste trench.

Asphalt trenches

Reports from the 1950s indicate that a 1.8 m deep trench was dug in the
sand. A wooden box was built in the trench and asphalt was poured to form a
floor. Plywood sides were erected about 7.5 cm to 10 cm inside the wooden box
and the space between the wooden box and the plywood sides was filled with
asphalt. Wastes were placed inside, with sand filling the interstices. Asphalt was
poured on top to form a roof. The trench was then covered with sand. The failure
of one of the asphalt trenches in 1959 led to the change to concrete construction.

FIG. 32. Typical unlined waste trench with waste dug in the sand at the Chalk River Laboratories
site. Photograph courtesy of Atomic Energy of Canada Ltd.
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FIG. 33. Single width concrete waste trench constructed at the Chalk River Laboratories
site. Left: Empty. Right: with emplaced waste. Photographs courtesy of Atomic Energy of
Canada Ltd.

Concrete trenches

The first two concrete waste trenches were constructed of poured concrete
and were 1.8 m by 1.8 m by 60 m; the dimensions of the third trench were
2.4 m by 2.4 m by 60 m. Each trench was divided into 12 m sections. Figure 33
shows the first concrete trench prior to filling (left) and after filling, just prior to
subsequent burial (right). Later trenches were built to be twice as wide.

1.3.3. Records description

Historical records play an important role in environmental remediation at
the CRL site. They provide input for hazard and risk assessments and contribute
to various activities, including the following:

— Making end state decisions;

— Planning remediation project technical details, such as remote or contact
handling waste retrieval methods;

— Ensuring worker safety during implementation of the remediation project;

— Determining waste categories and volumes for post-project waste disposition
pathways.

Historical records at CRL include the following:
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— Disposal slips. These records were filled out by the waste generator, the
person who, presumably, would have had the greatest and most accurate
knowledge of the waste package and what it contained. Figure 34 shows an
example of a Waste Disposal Slip.

— Waste management area logbooks. Logbooks were kept by waste
management area personnel. Waste packages were documented as they
were received by the waste management area for disposal.

— Monthly reports to Health Canada. The waste management area supervisor
completed a monthly summary report of the amount of activity deposited
in a given facility. This report was sent to Health Canada (regulator) (as
opposed to the Atomic Energy Control Board — the name of the nuclear
regulator at the time).

— Internal quarterly division progress reports (e.g. Engineering Division,
Biology Division, Maintenance and Construction Division).

— Environmental Panel Reports. Reports of oversight bodies have descriptions
of waste management practices of the day. If approval for a particular
practice was given, the conditions governing that practice were also given.

— Memoranda and miscellaneous correspondence. Historical memos and
letters have documented waste management practices that were used in
the past (e.g. the timing or location of ‘special burials’). Occasionally,
larger projects required special permission for one-off special disposals.
For example, internal correspondence between the head of the Operations
Branch and the head of the Waste Disposal Branch would give an indication

FIG. 34. Waste Disposal Slip from the historical records at the Chalk River Laboratories site.
Image courtesy of Atomic Energy of Canada Ltd.
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of the content of the special disposals and any special instructions regarding
that disposal.

Historical photographs. The timing and location of specific burials can
often be bracketed by examining time sequence photographs. This is
particularly easy to do if aerial photographs are available. The Provincial
Ministry of Natural Resources maintains a photograph library that contains
aerial photographs from before the construction of the site. They have has
also been routinely taking photographs since then. The Atomic Energy of
Canada Ltd and Canadian Nuclear Laboratories have also been taking both
aerial and ground photographs since the 1940s. These photographs have
been useful in detecting ground disturbances in the outer wooded areas due
to CRL activities, which may require remediation. They have also revealed
the practice of using filled waste trenches as burning areas and have shown
the location of asphalt trenches that are not marked on waste management
area maps. The use of the earliest waste management area as a series of
infiltration trenches for cooling water, following the NRX reactor accident
in 1952, is also documented in historical photographs.

Nuclear Material Accountability Forms. Fissile materials on the CRL site
have always required strict tracking and accounting. The movement of these
materials around the site and out to disposal areas is and has always been
carefully documented. These forms can give an indication of how much
fissile material is in a certain location.

Maps and/or drawings. Drawings exist for the very first disposal into the
ground at CRL in February 1946. The drawings are supposed to indicate the
location of waste trenches and other special burials. The maps have been
updated periodically over the years, but at irregular intervals, and changes
to the waste management areas are known to have occurred without the
drawings being updated. Engineering drawings also exist for engineered
waste disposal structures such as ILW bunkers and tile holes.

Operational records from waste treatment facilities. Several infiltration
pits were used from approximately 1955 to 1995. Inventories of many
contaminants can be estimated from records that operational production
groups produced to record wastes from their processes.

Technical and scientific reports. Over the years, staff have performed
scientific experiments, pilot scale process mock-ups, run reactors, produced
isotopes and processed irradiated fuel. As they engaged in these activities,
they wrote reports to describe their work (the equipment and chemicals
used) and the outcome of the activities. The waste generated from these
activities ended up in waste trenches, liquid waste tanks and other ‘special’
burials. These reports are particularly valuable for the years prior to 1956,
when disposal records were destroyed in a fire.



— Radiation protection surveyor logbooks. Radiation protection surveyor
logbooks are prepared to document the safety of workers while undertaking
radiologically hazardous work. These logbooks usually document
radioisotopes, or at least gamma radiation fields, that may be present at a
particular location, from which contamination levels can be inferred.

— Modern day groundwater monitoring reports provide information on what
is escaping from the legacy trenches, indicating types of waste that were
emplaced in the earlier operational phases of the trenches.

I.3.4. Uncertainty associated with historical records

Owing to the time period in question, many knowledge gaps and
uncertainties exist. The state of the records, issues with using the records and
associated uncertainty include the following:

— Non-existent records. Waste items were occasionally placed in pits or
specially dug holes in the ground, with no records left to indicate their
location. These items show up as anomalies when non-intrusive geophysical
surveying is performed. Test pits to explore these anomalies often, but not
always, reveal benign items with little or no associated hazard.

— Miisleading records. In the past, different disposal facilities were called
different names by different groups. lllegible handwriting can make disposal
records hard to read. Locations of wastes, as shown on historical maps,
are not always entirely accurate. Updates to drawings or maps were made
infrequently or not at all.

— Incomplete records. Commonly, disposal slips recorded dose rates from the
waste packages (e.g. 0.3 mSv/h) and did not provide any indication of the
isotopes producing the radiation field. The waste description is often simply
“truckload of waste”. Contaminants may only be identified as “gross alpha”
or “gamma” with no further identification. Information that was provided
focused on that needed for the safety of operators emplacing the wastes
or working nearby in the waste management areas. Recording information
for future waste retrieval and disposal was not a concern at the time. Even
if the burial of radiologically contaminated waste was recorded, most
documentation contains little or no non-radiological, chemical information.
That information was not recognized as valuable at the time. Neither the
Waste Disposal Slips (Fig. 34) nor waste management area logbooks had a
place to record the chemical information.

— Loss of records. Prior to 1956, waste management records were stored in
a wood frame building (most buildings on-site were wood framed at the
time). In 1956, a fire burned the entire building and the records that were
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FIG. 35. Fire destroys the wood frame building containing waste disposal records in 1956 at
the Chalk River Laboratories site. Image courtesy of Atomic Energy of Canada Ltd.

stored therein (Fig. 35). Still, there is evidence that records existed prior to
1956 because about half a dozen disposal slips have survived from that time
period.

I.3.5. Managing and mitigating uncertainty

Methods to reduce the uncertainty inherently associated with older records
from early operational time periods have been implemented at CRL. These
methods include the following:

— Field sampling and analysis. Extensive characterization activities, both
intrusive and non-intrusive, are carried out to get information for planning
and decision making. Data collection includes radiological activity and
concentration quantification. Locations of wastes in the field are also
determined with greater accuracy than that provided in the waste records.

— Scientific records. A search of the technical and scientific reports from the
1940s and 1950s examined the site activities that were taking place at the
time and hence inferred the wastes that were being sent for disposal. This
search yielded both radiological and non-radiological information, as well
as information on bulk waste forms, such as fume hoods and other large
equipment (e.g. solvent extraction equipment, tanks).

— Using a CSM to indicate problem areas. The use of CSMs supports the
development of the site end state and planning for remediation activities.
If the location of contaminant sources is known, a CSM and the use of
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predictive models can help to determine the contaminant concentrations
in places that are harder to access (e.g. wetlands). This information is
subsequently used in the environmental risk assessment.

— Inference from records of other waste management areas on the site. The
inventory for Waste Management Area A (the earliest waste management
area, which operated from 1946 to 1954) can be inferred to a large extent
from the inventory of Waste Management Area B (operated from 1953 to
1963) for those activities that spanned both time frames. In other words, the
post-1956 records can be used to infer inventories prior to 1956, if the same
processes were being performed before and after that date.

— Planning conservatively for remedial action implementation. Legacy
records will never provide all the desired information to remediate a site.
Risks associated with not having all the information have to be managed by
having mitigating actions in place. Decisions to remediate may be optimized
to account for information gaps. Mitigations to ensure the safety of field
operations may include hold points under specified conditions, defence in
depth tactics, etc.

— Fingerprinting* based on operational knowledge. Major contributors to
waste in the past were the NRX and NRU reactors. Much of the waste on the
site would have originated from one of the two reactors, and consequently
they are expected to have similar ratios of contaminants. In some instances,
hard to measure radioisotopes of significance may be inferred from reactor
core inventory analyses (e.g. the activity ratio of ceasium-137 relative to
zirconium-93 or antimony-126 or caesium-35).

1.3.6. Conclusions and lessons learned

For various reasons, the historical waste record at CRL is incomplete
or inaccurate. Often, insufficient historical information is available to make
informed environmental remediation decisions. Consequently, historical
information often needs to be supplemented with data obtained from alternative
sources (e.g. operational activities that produced records from which the wastes
generated can be inferred, current field investigations).

The uncertainty associated with historical waste inventories can be managed
using mechanisms such as the CSM and contaminant transport modelling and risk
assessments. This approach is necessary because, as it is not possible to have all
the required information, such mechanisms and the use of conservative decision
making will allow progress towards site cleanup.

4 Also known as scaling factors or vectors.
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4. MEXICO, CENTRO DE ALMACENAMIENTO DE DESECHOS
RADIACTIVOS

L.4.1. Site setting and description

Centro de Almacenamiento de Desechos Radiactivos (CADER) is the
radioactive waste storage facility operated by the National Institute for Nuclear
Research. The site receives LLW and ILW generated from medical, industrial and
research activities.

The CADER site is located in the municipality of Temascalapa in Mexico,
approximately 35 km from Mexico City. Several population centres are within a
1-8 km radius from the site.

The CADER site has a total area of 16.4 hectares and is divided into an
uncontrolled area and a radiologically controlled area. The uncontrolled area
comprises administrative and operational areas that are not related to the areas
of radioactive waste storage. The controlled area contains five trenches (0, 1, 3,
5 and 7), 29 pits and three waste storage buildings (named I, II and III). Both the
pits and the trenches are now closed. Figure 36 shows the site layout; the waste
trenches are located in the north of the site and are separated by a field from the
administrative area and the radioactive waste storage buildings.

Land use within a 10 km radius around CADER is mainly agricultural.
The site is underlain by basalt spill, tuffs and lapilli rock. The geological and
climatic conditions prevent the development of any significant surface water
bodies, although there are streams and ponds. The underlying groundwater body
is approximately 260 m below ground level. Groundwater is used for drinking
water by the local population.

1.4.2. Operational history of the site

The CADER site began to operate as a disposal site in 1970. The disposal
method was burial of radioactive waste (with or without conditioning) in
trenches. Disposal operations ceased in 1989; since 1991, the site has operated as
a waste storage facility.

The trenches were excavated directly into the natural soil and according
to available information, the trenches do not have any engineering features.
The exception to this rule is the concrete pits that were used to dispose of
disused radioactive sealed sources. There are three concrete pits located in the
footprint area of Trench 1 and Trench 26 with the footprint area of Trench 5. The
approximate dimensions of the trenches vary from 174 mto 185 min length, 1.5 m
to 3.5 m in depth and are 1.3 m wide. The trenches are backfilled and covered by
mounds and concrete caps to support water runoff with the soil excavated from
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FIG. 36. Site layout of the Centro de Almacenamiento de Desechos Radiactivos. Figure
courtesy of J. Anguiano (National Institute for Nuclear Research) and J. Martinez (Comision
Nacional de Seguridad Nuclear y Salvaguardias).

the trench. The ground around the trenches slopes to the north-west, and at the
lower end of each trench there is a water collector for sampling purposes.

The types of radioactive waste that were buried in the trenches include
uranium tailings, contaminated steel rods, compacted solids, biological materials,
liquids, gelled liquids, waste sludges, contaminated soils, contaminated
equipment and parts, contaminated resins, contaminated debris, activated
components and spent sources (both immobilized and not immobilized).

1.4.3. Regulatory context

Secretaria de Energia de México (Ministry of Energy) is legally responsible
for the storage, transport and disposal of nuclear fuel and radioactive waste.
Secretaria de Energia de México is also responsible for approving the guidelines
and programmes regarding nuclear industry activities, including those related to
radioactive waste management. There have been several attempts to develop a
national policy and strategy for the management of spent fuel and radioactive
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waste; an attempt was undertaken between 2012 and 2015 with support from the
European Commission [184]. Without a national policy and strategy, neither the
responsible organization nor the long term strategy for the site and the radioactive
waste currently in storage has been defined.

At the time that the site commenced operations, Comision Nacional de
Seguridad Nuclear y Salvaguardias (CNSNS) had not been created, and there
was no legal framework regarding radioactive waste management. According
to available information, the first licence granted for the CADER site was for
radioactive waste disposal. The licence was issued in October 1983 and the
trenches stopped operating in 1989.

As a result of an extensive site study performed by the Electricity Federal
Commission, it was concluded that the site was not suitable for a disposal facility
owing to geological and demographic issues. As a consequence, in 1993 CNSNS
changed the licence from a disposal site to a storage facility, where the burial
of waste was explicitly prohibited. Since 1993, the site has been operating as a
radioactive waste storage facility with a licence in force that has to be renewed
every two years. The licence covers the operation of the three storage buildings
and the surveillance of the closed trenches.

1.4.4. Drivers for site assessment

Since 1996, CNSNS has included a series of actions in the site licence related
to better understanding of the status of the site. This has included the requirement
to implement an annual environmental radiological monitoring programme.

1.4.5. Site evaluation

The main site evaluation works were undertaken in 2004. The starting point
for the characterization of the trenches was an analysis of the existing inventory
records, complemented with a sampling and measuring programme to validate
the available information. The aim of the intrusive investigation was to obtain
information on the waste condition and inventory and potential contaminant
migration. This information could be used to understand whether the trenches
posed a risk to people or the environmental and the technical requirements for
waste recovery.

A sampling and analysis programme was conducted that required intrusion
into the trenches in ten locations. Sampling was undertaken from different
trench locations, with samples collected both near the surface and at the trench
bases. Samples were collected from a range of different media, including
soil, drums, concrete, contaminated materials and uranium tailings. The
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radionuclides of interest were potassium-40, cobalt-60, caesium-137, radium-226
and uranium-235.

The visual inspection of drums indicated that some drums were in good
condition, whereas others were heavily damaged by corrosion. The damage to the
drums was believed to be partly related to the poor quality of the drum material,
the inclusion of liquids in the drums and water infiltrating into the trenches. All
the drums observed at the lower level sampling points were extensively corroded.

As may be expected, high contaminant concentrations were recorded
in waste samples. However, concentrations of contaminants measured in the
underlying soil were relatively low [185]. The results of the assessment concluded
that the trenches did not pose a significant impact on the environment. If the
waste is retrieved in the future, localized soil contamination could be removed
during remediation of the trenches.

The ongoing environmental radiological monitoring programme started in
1991 to monitor the trenches and the site’s operational activities to ensure that
there are no environmental impacts. The monitoring programme requires the
collection of air, soil, superficial water, potable water, ‘nopal’ (comestible cactus)
and sometimes bean samples. The samples are analysed for specific radionuclides,
such as caesium-137 and tritium, as well as gross alpha and beta activity. CNSNS
performs a verification environmental radiological monitoring programme, in
parallel to that of the licensee. CNSNS’s programme is aimed at comparing and
verifying consistency between the licensee’s and regulator’s results.

1.4.6. Remediation options and selected approach

Until a national policy and strategy on radioactive waste management is
developed and approved, a decision cannot be made on the long term future of
the waste trenches. Furthermore, without appropriate government funding, a
national waste repository or defined remedial criteria, it would be difficult to
implement waste retrievals and remediation at the site. Since the trenches remain
stable, retrieval and interim storage of the waste are likely to result in unnecessary
radiation exposure to workers. This approach would also incur greater financial
costs compared with directly disposing of the waste once a national disposal
facility is available. The ongoing environmental monitoring programme is
an essential requirement to ensure that the site remains stable and there is no
environmental impact until the long term future of the site is decided.
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1.4.7. Implementation of the remediation approach

The implementation of remediation has not yet been confirmed.
Environmental monitoring and evaluation continue at the site as part of
normal operations.

It is worth recognizing that any works undertaken at the site will involve
the support of interested parties. Therefore, it is important to actively improve
stakeholder confidence in the operation of the site during the current monitoring
phase and in preparation for any future works. The previous experience gained
during the remediation at the uranium mining and milling facility, Villa Aldama,
proved that building stakeholder confidence was an essential determinant to the
success of the project.

1.4.8. Conclusions and lessons learned

It is commonly said that “planning without acting is a dream but acting
without planning is a nightmare”. Mexico recognizes the need to establish a
national policy and strategy for waste management and the associated decisions
on funding and a national waste repository. Without these fundamentals, it is
difficult to plan the long term management of radioactive waste, including that
at the CADER site. Furthermore, whilst the trenches remain stable and there
is no impact to the environment, it is difficult to justify waste retrieval and
environmental remediation.

The situation at CADER illustrates that safety might not be the main driver
for the management approach and that non-technical factors can highly influence
the decisions regarding the future of a legacy trench site.
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I.5. UNITED KINGDOM, LOW LEVEL WASTE REPOSITORY,
HISTORIC WASTE TRENCHES

L.5.1. Site setting and description

The LLWR is the UK’s main facility for the disposal of solid LLW*. It is
owned by the Nuclear Decommissioning Authority and the site operator is Low
Level Waste Repository Ltd (LLW Repository Ltd). The repository comprises
historic waste trenches, operational engineered waste vaults, a railhead,
operational areas for waste conditioning, administrative facilities and currently
unused areas of land, some of which are identified for potential future vault
disposals. Some of the currently unused land contains structures and buildings
from the site’s former use as a Royal Ordnance Factory from 1941 to 1945.

The LLWR is an operational radioactive waste facility. This case study is
focused on the historic waste trenches, which were filled more than 25 years ago.

The LLWR is located approximately 400 m from the coastline near the
village of Drigg in west Cumbria. Figure 37 provides an aerial view of the site and
highlights the key areas within and around the site. The coastline is adjacent to
the site of special scientific interest, which is just off the edge of the photograph.
The site occupies around 110 hectares and waste disposal operations take place in
the 40 hectares at the north of the site.

The geology of the region around the site comprises Quaternary sediments
that overlie Triassic Sherwood Sandstone bedrock. The area around the LLWR
has been extensively investigated; approximately 650 site investigation boreholes
have been drilled on and around the LLWR. The heterogeneous nature of the
Quaternary sediments has significant implications on hydrogeology, contaminant
transport and coastal erosion.

Extensive intrusive investigation has been carried out at the site over many
years. This has led to the development of a detailed hydrogeological conceptual
site model (see Fig. 38 for a schematic representation of the model). The ongoing
monitoring programme continues to help to validate and refine the model.

A plume of tritiated groundwater contamination arising from the trenches
is evident in both shallow and regional groundwater moving towards the coast.
There is no water extraction between the site and the coast, and the discharges
from the LLWR are considered to pose no significant risk to the environment
or members of the public. The primary source of the tritium is the disposals of

#LLW is defined in the UK as: “Wastes having a radioactive content not exceeding
4 Gigabecquerels per tonne of alpha activity or 12 Gigabecquerels per tonne of beta/gamma
activity” [186].
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FIG. 37. Aerial view of the Low Level Waste Repository looking south, captured in March

2011. Photograph courtesy of Low Level Waste Repository Ltd. SSSI — site of special scientific
interest.

FIG. 38. The hydrogeological conceptual model of the Low Level Waste Repository, presented
in the 2011 Environmental Safety Case. The schematic is the east to west cross-section and

the arrows show the direction of groundwater flow. Figure courtesy of Low Level Waste
Repository Ltd.
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beta lights*® in the trenches. The 2011 Environmental Safety Case (ESC) includes
an assessment of the distribution and behaviour of the tritium plume to support
understanding of the hydrogeology and contaminant flow [10]. The tritium
plume was used as a marker to assist in the validation of groundwater models. In
addition, the monitoring results have been used to estimate how much tritium has
been released from the trenches.

A key focus for the safety assessment of the site is understanding
coastal environment and processes, given the proximity of the site to the sea.
Therefore, a substantial programme of scientific research and monitoring has
been implemented to understand the current coastal system and to provide
information for forecasting its future evolution. The results of both qualitative
evidence and quantitative modelling studies have concluded that erosion of the
vaults will begin on a timescale of a few hundred to a few thousand years and the
subsequent erosion of the vaults and trenches will be complete within one to a
few thousand years.

I.5.2. Operational history of the site

In the late 1950s, the site went into United Kingdom Atomic Energy
Authority ownership as a nuclear establishment and was repurposed for
radioactive waste disposals to support primarily the research activities on the
Sellafield site. Disposals started in 1959 and solid LLW was tumble-tipped and
buried in shallow trenches, similar to contemporaneous practice in the landfill
industry (see Fig. 1).

Between 1959 and 1995, approximately 800 000 m® of waste was
disposed of in seven trenches. Each trench was founded predominantly within
an underlying clay layer that was intended to form a low hydraulic conductivity
base. Bentonite was rotovated into the base of Trenches 5, 6 and 7 in areas where
the clay layer was absent.

These trenches are now covered by an interim cap, which incorporates a
plastic membrane to minimize water entry into the wastes. Leachate generated
inside the trenches is currently collected along their bases. Leachate flows by
gravity from the trenches to collection points and onwards to discharge to the sea
via holding tanks.

The disposal of waste in containers placed in an engineered concrete vault
began in 1988 and is ongoing in Vaults 8 and 9. A planning application has been
accepted by the local authority and supported by the environmental regulators for
the construction of Vaults 10 and 11, and the site is large enough to accommodate

46 Beta lights were often used for exit lights and comprise gaseous tritium in a glass vial
with a phosphor layer.
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the construction of further waste disposal facilities. Continued operation of the
site is expected until 2129 [187]. The site will be closed with the construction of
a single, gently domed multi-barrier low permeability engineered cap, which will
cover the trenches and the vaults. The final cap will be progressively constructed
and designed for stability and resistance to erosion and will have low visual
impact to fit into the local environmental setting. To minimize the visual impact
of the LLWR, a long term vegetation cover will be created around and on top
of the cap area.

The final status of the site will be a closed disposal site. The site will remain
under institutional control, and it is assumed regulatory control, for a period
of at least 100 years after the final disposals. From a sustainable development
perspective, the reuse of the site is considered to be beneficial. Therefore,
measures will be implemented to encourage appropriate interim uses of the site
during the institutional control period. Uses are likely to include the increase
of habitats to support biodiversity and limited recreational use. Longer term
institutional controls may continue over the site in the form of covenants, planning
controls and record keeping, in order to deter or prevent inappropriate site uses.

L.5.3. Regulatory context

The EA is responsible in England for regulating the disposal of LLW under
the Environmental Permitting (England and Wales) Regulations 2016 (EPR16).
The EA is responsible for permitting all landfill in England including LLWR
and three landfills that accept very low level radioactive waste*’. The Scottish
Environment Protection Agency (SEPA) is responsible for authorizing disposals
at the Dounreay Low Level Waste Vaults under the Radioactive Substance
Act 1993 (RSA93).

The Office of Nuclear Regulation regulates LLWR regarding matters of
nuclear safety. The site must comply with the requirements set out in the nuclear
licence conditions. LLWR has a nuclear site licence, although other landfills
accepting radioactive waste in the UK do not (e.g. the Augean facilities at
East Northants and Port Clarence). The reason that the LLWR has a nuclear site
licence is primarily a historic administrative process, rather than a technical need
to operate under a nuclear licence. The process of surrendering a nuclear licence
has not yet been tested for a radioactive waste facility and is not considered to be
a priority activity whilst waste is being disposed of at the site.

47 Very low level waste is defined in the UK as: “A sub-category of LLW, it comprises
waste that can be safely disposed of with municipal, commercial or industrial waste or can be
disposed of to specified landfill sites” [186].
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As part of the permitting process, LLW Repository Ltd submitted an
updated ESC in May 2011 to demonstrate that people and the environment are
protected from the hazards associated with disposals to the facility now and into
the future [10]. The ESC covers both the historic trenches and the operational
waste vaults. The EA then completed a comprehensive technical review of the
ESC to determine its adequacy as a submission against the permit requirements
[188, 189] and whether it met the principles and requirements set out in the UK’s
Guidance on Requirements for Authorisation of Near-surface Disposal Facilities
for Solid Radioactive Waste (GRA) [190]. In 2015, the EA issued a permit for
continued disposal of LLW into the engineered waste vaults.

Under the requirements of the current environmental permit for the site,
the EA expects the ESC to be maintained as a ‘live’ case, including annual
periodic and major reviews. The EA also expects a forward programme of work
to be developed with the aim of ensuring continued improvement to the ESC and
continued compliance with the requirements of the GRA.

1.5.4. Drivers for site assessment

The key drivers for the ongoing assessment of the site are the requirements
of the environmental permit and the nuclear site licence. The environmental
permit requires environmental monitoring and the maintenance of the ESC,
which includes closure of the trenches and the engineered waste vaults. LLW
Repository Ltd carries out an extensive monitoring programme. The results of
the programme are submitted to the EA annually [191].

L.5.5. Inventory

A key challenge faced in developing the ESC for the site was related to
the uncertainties in the waste inventory in the historic waste trenches. The EA
review of the 2002 ESC* concluded that better use should be made of the records
available in order to derive the trench inventory and the trench inventory should
not rely solely on the use of generic radionuclide fingerprints.

As part of the activities to improve the trench inventory, LLW Repository
Ltd commissioned ‘recall’ interviews with past and present staff to identify any
waste that may have been disposed of at the facility without accurate records to
supplement the understanding of the inventory.

% The term ‘post-closure safety case’ was used prior to the adoption of the term
‘Environmental Safety Case’.
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To provide greater accuracy in the representation of the trench inventory,
waste heterogeneity maps can be developed for key radionuclides and other
important materials such as cellulose.

Deriving the inventory for the waste trenches is complex because of the
variable extent and quality of the available information. The information in the
historic records met the requirements at the time, but it is recognized that today’s
requirements need a greater level of detail. The approach taken has been to derive
a trench inventory [192] that reflects both the quality of the available data and the
actual or potential significance of individual radionuclides in the performance of
the facility. To facilitate this approach, the available records were examined and
divided into two categories: key consignments and routine consignments.

Disposals were identified as ‘key consignments’ if the quality of the
information available was considered significant in terms on the inventory. The
data used for the inventory for these consignments were taken directly from
the disposal records. For these consignments, the quality of the information is
believed to be comparatively high, as it is based on better characterization.

All other disposals, where the quality of the information was considered
of lower quality than that for key consignments, were assigned as ‘routine
consignments’ and were more commonly received at the site. Radionuclide
fingerprints were derived from information gathered from the UK Radioactive
Waste Inventory for characterized waste streams that were believed to be similar
in nature. This allowed the disposal inventoried to be calculated by backfitting
the information to the reported disposal volumes.

The consignment data have been used to evaluate the following:

— The expected material types and volumes per trench;

— The impact on human health and the environmental impact of relevant
radionuclides according to the trench by trench inventories;

— The location and approximate concentration of important radionuclides;

— The location and volume distribution of key materials, including lead,
rubble, ferrous metal, soil, asbestos, cellulosic materials and wood.

The waste heterogeneity maps were also used to develop potential
remediation options using targeted retrieval of wastes (see Section 1.5.7 for
further information).

There was also evidence from the recall interviews that discrete items
had been disposed of at the site that individually contained significant levels
of radioactivity. It was possible to infer that these items were not widespread
enough to significantly affect the assessment of impacts or results of the ESC.

Although uncertainties remain regarding the trench inventory, this
uncertainty was accepted by the EA because of the nature of the historical
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disposal practices at the site. However, the EA expects the operator to make best
use of any relevant sources of information that may become available, with the
intention of reducing inventory uncertainty as far as is practicable.

I.5.6. Trench remediation options

One element of the ESC has been to evaluate whether waste retrieval
and/or remediation measures are necessary to enable site closure. The options
assessment considered a range of options and suboptions in the following groups
of technologies: full waste retrieval; selective waste retrieval; in situ solidification
and stabilization; ex situ solidification and stabilization; groundwater barriers;
and an impermeable cap.

The retrieval of all wastes in the trenches was screened out because it was
disproportionate in terms of cost, complexity, worker dose and environmental
hazard compared with the long term risk posed by the waste to the public and
the environment.

The conclusions of the inventory study and post-closure safety assessment
indicate that the radionuclides that give rise to post-closure risks via gas and
groundwater pathways are widely distributed throughout the trenches. The
modelling indicated that the calculated impacts are related to the radionuclide
average concentrations in large areas of the trenches. For the coastal erosion and
human intrusion scenarios, the radionuclides present in relatively small volumes
of certain wastes that are located in specific bays in the trenches dominate the
post-closure impacts. These impacts dominate the average calculated doses and
could potentially give rise to local impacts, above the average, across the site.
Therefore, selective retrievals of these wastes were considered as a potential
remedial option. Consequently, three retrieval options were formulated involving
excavation of bulk waste from specific areas of the trenches. The specific areas
were identified as areas where waste existed that could potentially negatively
impact the post-closure safety case. It was assumed that, following sorting,
the waste remaining would be retained and either returned to the trenches or
conditioned and emplaced in the engineered vaults. Table 7 presents the three
retrieval options and describes the potential improvements that they offer to
reduce post-closure impacts.

The assumptions that underpinned the expected amelioration of post-closure
impacts assumed that the retrievals would be one hundred per cent efficient in
the removal and sorting of the target wastes. Removal efficiencies below this
would provide amelioration of impacts on a pro-rata basis, but the actual retrieval
efficiencies that might be achieved are very difficult to quantify. Therefore, the
waste removal and sorting efficiency was an important source of uncertainty
when deciding whether selective retrievals from the trenches are necessary.
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TABLE 7. RETRIEVAL OPTIONS AND LEVELS OF AMELIORATION
(based on data from Ref. [193])

Option 1

Option 2

Option 3

Description

Volume

Objective

Amelioration

Target waste retrieval
of thorium sands
(monazite and thorite)
from two discrete
locations in Trench 2.

7 000 m® excavated
waste including
1 740 m® target waste.

Removal of highest
concentrations of
thorium-232, which
present the highest
localized dose rates
from coastal erosion
and intrusion
(excavation) cases.

Removes highest
localized dose rates at
the eroding cliff

(c. 1 uSv/h).
Recreational beach user
case for Trench 2 is
reduced from 0.011 to
0.001 mSv/a; the
average over all
trenches is reduced
from 0.006 to

0.004 mSv/a.

Retrieval of
radium-bearing process
wastes from regions in
Trenches 2 and 3.

36 800 m* excavated
waste including 768 m*
target waste.

Removal of highest
concentrations of
radium-226, which
present the highest
localized doses from a
possible intrusion
(building on spoil)
case.

Removes the highest
doses for the most
pessimistically located
human intrusion
building case (c. 20—
30 mSv/a). Human
intrusion building case
assessed on a

trench by trench basis
reduced from 3 to

0.05 mSv/a for

Trench 3 and from 1 to
0.25 mSv/a for

Trench 2; average over
all the trenches is
reduced from 0.76 to
0.14 mSv/a.

Retrieval of
thorium-bearing wastes
more widely dispersed
in Trenches 4 and 5.

82 200 m® excavated
waste including
2 731 m’ target waste.

Removal of more widely
dispersed thorium-232,
which, after remediation
of Trenches 2 and 3,
presents the next highest
impacts.

Reduces dose along both
Trenches 4 and 5 from
0.009 to 0.004 mSv/a;
average over all the
trenches is reduced from
0.006 to 0.004 mSv/a.
Assuming options 1 and
3 are enacted, the
average dose from
recreational beach use
over all trenches is
reduced from 0.006 to
0.002 mSv/a. For all
three options enacted, it
is reduced to

0.001 mSv/a.
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TABLE 7. RETRIEVAL OPTIONS AND LEVELS OF AMELIORATION
(based on data from Ref. [193]) (cont.)

Option 1 Option 2 Option 3

Results Factor of ten reduction ~ Factor of about ten Assuming options 1, 2
in maximum annual reduction in maximum and 3 are enacted, then
dose. intrusion building case  there is a reduction of
Reduction of assessed  dose. assessed risk of ~60%.
risk of 30%. However, However, the However, the assessed
the assessed risk is maximum assessed risk is already below the
already below the dose is already at the annual risk guidance
annual risk guidance annual dose guidance  level®.
level®. level®.

Annual risk guidance level of 107°, which is equivalent to a dose of 0.02 mSv/a (see
Ref. [190] for further details).

Annual dose guidance level of 3 mSv/a for prolonged exposure (see Ref. [190] for further
details).

Options 1, 2 and 3 would reduce doses and assessed risk; however, it is
important to note that the assessed doses and risk levels were already below those
required by the GRA [190]. This output was then included into the optimization
process where the options were further assessed against a broad range of
factors including worker dose, conventional health and safety risks, financial
cost and environmental impact. The options assessments concluded that the
feasible scale of dose or risk reduction, below what are already low doses or
risks by comparison with the regulatory requirements, was small compared with
detriments of implementing the retrievals.

1.5.7. Development of remediation options

The focus on the development of remediation options at the site is
to maintain safety during the continued site operations and to eventually
enable site closure.

Since 2010, LLW Repository Ltd has improved the perimeter drainage
infrastructure of the trenches and the measurement capability of the trench probes.
After collecting three years of data, the trench water balance model was updated
to provide better quantification of the volume of rainfall entering the trench
disposals. This work showed that the interim trench cap was not performing as
well as assumed in the 2011 ESC. Subsequent intrusive investigation work showed
that this was primarily due to damage to the membrane during construction of
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the interim cap. This subsequently led to a programme of work to assess the
need to improve the interim trench cap before the placement of a final cap. The
calculation of the trench water balance can also help to validate the performance
of any other remedial measures prior to the installation of the final cap.

In order to continue to demonstrate optimization, consideration of alternative
management approaches will continue as new information or new technologies
become available. However, the current optimal approach is to construct an
engineered final cap and cut-off walls and repair the damaged interim trench cap
membrane. This could deliver improved long term environmental protection.
The function of the cap is to limit infiltration into the waste and thereby reduce
the volume of leachate generated in the trenches; to provide a barrier to reduce
radon release; and to restrict, in the long term, potential for intrusion into the
trenches. Figure 39 shows a schematic of the key engineering features for the site
closure. This final capping process has received planning permission. The project
to emplace a final cap is part of the Repository Development Programme and in
total it is expected to cost approximately £86 million. The works will be split into
twelve phases over the coming decades.

Phase 1 of the Repository Development Programme, comprising the
emplacement of the first strip of the final cap to cover the northern area
of the trenches and Vault 8, received financial approval from the Nuclear
Decommissioning Authority in August 2016. It is anticipated that construction of
the first strip will be completed in 2028. Meanwhile, work will also be undertaken
to repair areas of the current interim cap over the trenches. It is anticipated that

FIG. 39. Schematic of the key engineering features for the closure of the Low Level Waste
Repository, UK. Figure courtesy of Low Level Waste Repository Ltd.
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repairs to the interim cap on the trenches will be completed over a similar time
frame. Overall, phase 1 comprises the following works:

— Perform enabling works (including tree clearance, screening for local
stakeholders, construction of the cap shoulder, importation of materials,
preparatory works for a large construction project lasting 7-10 years);

— Surcharge the north end of the trenches;

— Increase the stack height of waste containers in Vault 8 using waste
containers from Vault 9;

— Complete the cap profile;

— Install the first strip of the final engineered cap;

— Repair the rest of the interim trench cap.

During the work, optimization and engineering assessments will be ongoing
to address the monitoring approach before, during and after construction of the
first stage of the final cap.

1.5.8. Conclusions and lessons learned

There are several lessons learned and conclusions drawn for the
management of the historic trenches in this case study:

— Best use should be made of any relevant sources of information that may
become available, with the intention of reducing inventory uncertainty as
far as is practicable.

— Anecdotal evidence obtained from former site employees can be a valuable
source of information on the past practices and inventory.

— The inventory studies provided information that allowed decisions to be
made on whether trench remediation was necessary. The scale of dose or
risk reduction in the long term needs to be compared against a broad range
of factors, including worker dose, conventional health and safety risks,
financial cost and environmental impact in the short term.

— Ongoing assessment of the site is a key requirement of the environmental
permit and the nuclear site licence. This may require remediation options to
be implemented for non-operational areas of the site.

Environmental monitoring can be used to assess the performance of the
site. For the LLWR, it has been identified that to deliver long term environmental
protection, an extensive programme of capping is needed. This will take several
years to be delivered but is expected to limit infiltration into the wastes, reduce
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the impacts of radioactive gas release and, in the longer term, limit the potential
for intrusion into the wastes.

[.6. UKRAINE, RED FOREST RADIOACTIVE WASTE TEMPORARY
STORAGE SITE

1.6.1. Site setting and description

The Red Forest (Ryzhi Les) Radioactive Waste Temporary Storage Site
(RWTSS) was created in the aftermath of the accident at the ChNPP, primarily to
dispose of contaminated trees and soils from the surrounding forest.

The State Specialized Enterprise ‘Central Enterprise on Radioactive Waste
Management’” (CERWM) is currently responsible for site maintenance and
remedial measures. The State Agency of Ukraine on Exclusion Zone Management
is responsible for managing the Chornobyl Exclusion Zone. Safe management of
radioactive waste storage sites, such as the Red Forest RWTSS, situated within
the Chornobyl Exclusion Zone, are within the overall responsibility of the State
Agency of Ukraine on Exclusion Zone Management.

The Chornobyl Exclusion Zone is a restricted area comprising an
inner 10 km zone and the remaining 30 km zone. It is assumed that within
the 10 km zone, controls will remain in place for several hundred years to
enable the decommissioning of Unit 4 of the ChNPP to achieve radiologically
safe conditions.

The Red Forest RWTSS is situated in the 10 km zone and is approximately
1.5 km from the plant. The site is situated within the highly contaminated
‘western trace’ of the radioactive fallout, which was formed immediately
following the explosion of Unit 4 on 26 April 1986. A specific feature of this trace
is the presence of a large amount of micrometre sized ‘hot particles’ formed by
the destruction of the nuclear fuel in the explosion of the ChNPP Unit 4 reactor.
The important radionuclides associated with fuel particles include caesium-137,
strontium-90, plutonium isotopes and americium isotopes.

At the time of the accident, the territory adjacent to the ChNPP was covered
by 3040 year old pine forests. As a consequence of the accident, the forest
trees received a radiation dose of up to 10-100 Gy, which is a lethal dose for
pine trees. The trees turned red-brown, and hence the forest has been known as
the ‘Red Forest’ since then. Between 1987 and 1988, the civil defence troops
carried out the in situ burial of the Red Forest. The primary objective of these site
cleanup measures was to reduce external dose rates for workers involved in the
construction of the sarcophagus and other works at the ChNPP site, as well as to
mitigate the risk of wildfire in the dead pine forest.
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The types of waste buried at the site include radioactive contaminated trees,
topsoil, forest litter and some building debris (e.g. residential houses known as
dacha), which were bulldozed into the trenches or into mounds. Upon completion
of the cleanup operations, the territory with the waste burials was covered by a
30-50 cm thick ‘clean’ soil cover layer. The cover layer was formed from the
sandy soil excavated from the trenches during their construction, as well as soil
imported from nearby sand pits.

In 1989, forest planting (pines, birch trees) was carried out at the waste
burial site to prevent wind resuspension and water erosion of the soil cover layer.
As a result, the site is currently covered with an approximately 26 year old pine
forest with mixed birch trees and bushes.

The radioactive cleanup work between 1987 and 1988 was not properly
documented. The location of the trenches was not marked out on the ground
and the radioactivity inventory was not accurately measured. Since 1991,
characterization works at RWTSS have been undertaken to map the individual
waste burials and to estimate the radioactivity inventory of the buried wastes.

The Red Forest RWTSS is situated in the central part of the first terrace of
the Pripyat River (Fig. 40). The ground surface is largely flat, varying in height
from 112 m to 115 m above the level of the Baltic Sea. The site is underlain
in many places by human made deposits, such as soils and construction debris
replaced during the cleanup operations. This is underlain by sandy Quaternary
(Upper Pleistocene and Holocene) deposits to depths of 30 m below ground level,
which are subdivided into alluvial and aeolian suites of deposits. Underneath

Cooling pond

Red Forest Site
(Sector 2.4}

0 o5 1
kilometers

FIG. 40. Location of the Red Forest Radioactive Waste Temporary Storage Site. Figure
courtesy of D. Bugai, Institute of Geological Sciences, Kiev.
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FIG. 41. Regional geological cross-section of the Chornobyl nuclear power plant (ChNPP)
territory (reproduced with permission from Ref. [194]). Key: 1 — sands; 2 — silts; 3 — basal
till; 4 — clay; 5 — marl; 6 — inter-bedding of sands and silts; 7 — peat and peaty sand;
8 — boreholes (numbered); 9 — inferred fault; 10 — boundaries between suites; supposed
(upper) and established (lower); 11 — boundaries between depositional facies; 12 — facial
replacement; 13 — groundwater level (generalized). Indices: O, — Holocene; Q;_ , — Upper
Pleistocene—Holocene unstratified; Q;— Upper Pleistocene; Q, ,— Lower Pleistocene—Middle
Pleistocene unstratified; N, — Pliocene; P, — Eocene; kv — Kyiv, bc — Buchack. Genetic
types of deposits: a— alluvial; mw — meltwater, eol — aeolian; e — presumably waste mantle;
sw— slopewash. Facies: ob — overbank,; ch — channel; a-ch — abandoned channel.

these, lies the regional aquitard layer composed of marls (carbonate clays) of
the Kiev suite of the Eocene epoch. Figure 41 shows the regional geological
cross-section of the territory and indicates the location of the Red Forest and of
the ChNPP. Further detailed information on the geology and geomorphology of
the territory can be found in Ref. [194].

The site is characterized by generally unfavourable hydrogeological
conditions for radionuclide retention. The groundwater table is shallow, and the
local sandy deposits have a high permeability and low sorption capacity. The site
is located in the area of transit of the regional groundwater flow system from the
region of the elevated Chistogalovka moraine hills to the main discharge point of
the Pripyat River.

The depth of the groundwater table in the Red Forest RWTSS varies,
depending on the specific location and season, from 0 m to 4 m below ground
level. In the north-west part of the area, seasonal wetlands can be observed, for
example, after a snowmelt in spring (see Fig. 3).
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1.6.2. Operational history of the site

An area of approximately 12 km® known as the ‘zone of emergency
cleanup’ was subject to cleanup activities following the accident. The Red Forest,
known as Sector 2.1, covers approximately 8% of the emergency cleanup area.
The Red Forest RWTSS was created between 1987 and 1988.

A total of 61 waste burials have been detected in Sector 2.1 comprising
8 clamps® and 53 trenches. The trenches were excavated directly into the local
sandy soil. The length of waste burials ranges between 20 m and 410 m, with a
typical length of 100200 m. The width of the burials varies between 8 m and
12 m, and depths are between 1.5 m and 3 m. The height of the clamps ranges
between 1.3 m and 2.6 m [195].

In addition to the radionuclides present in the waste trenches and clamps,
radioactively contaminated material is contained in the topsoil and subsoil
(0.05 m to 0.5 m) layers. The residual surface contamination or hot spots are the
result of the emergency cleanup activities in 1987 to 1988, which were carried
out quickly and in difficult conditions.

1.6.3. Regulatory context

The regulatory agency is the State Nuclear Regulatory Inspectorate
of Ukraine. Red Forest RWTSS is a licensed site for temporary storage of
radioactive wastes, along with several other similar RWTSS sites within the
Chornobyl Exclusion Zone.

The disposal facilities and the RWTSS within the Chornobyl Exclusion
Zone are managed and maintained by the CERWM. The licence requires
the CERWM to undertake monitoring and maintenance works, as well as to
identify and implement measures to improve the radiation safety of the waste
storage sites. Such measures may include retrieval and redisposal of wastes to
engineered facilities. Any proposed remediation activity at the site is documented
as a ‘Technical Decision’. The Technical Decision is developed in consultation
with stakeholders, which may include peer review support from the IAEA, and is
approved by the regulatory authorities.

1.6.4. Drivers for site assessment

The site licence requires ongoing monitoring, assessment and, where
possible, safety improvement of the site.

4 A “clamp’ is the term used in Ukraine to describe an above ground mound of waste
material.
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1.6.5. Site evaluation

The following sections provide an overview of the site investigation and
assessment works completed for the Red Forest RWTSS.

16.5.1.  Previous characterization projects

The Red Forest RWTSS was surveyed from 1991 to 1992 by the VNIPIPT
Institute (Moscow) [195]. During this survey, individual waste burials were
mapped (Fig. 42), and their volume and inventory of radionuclides were
estimated. Hydrogeology conditions and groundwater contamination by
radionuclides in the vicinity of waste burials were studied.

Since 1994, the Institute of Geological Sciences (Kiev) has carried out
groundwater monitoring studies at the Red Forest RWTSS as part of radioecology
studies funded by the Ministry of Chornobyl Affairs of the Ukraine.

Between 1999 and 2012, comprehensive radioecological studies were
undertaken, which included assessment of the type and extent of groundwater
contamination, radionuclide speciation inside the waste trench and radioactivity
accumulation in vegetation. The studies included many experiments conducted
at an instrumentation laboratory installed at trench number 22 (T-22) of the Red

FIG. 42. Location of the waste burials in the Red Forest Sector 2.1 Radioactive Waste
Temporary Storage Site. ‘T’ denotes a trench and ‘B’ a clamp (based on data of Ref. [195]).
Figure courtesy of D. Bugai, Institute of Geological Sciences, Kiev.
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Forest RWTSS. The work was carried out by a team of international radioecology
experts under the Chornobyl Pilot Site Project (1999-2004) and the Experimental
Platform in Chornobyl project (2005-2012) [93, 196-200]. The projects were
funded by the Institute for Radioprotection and Nuclear Safety, which is a
technical research organization sponsored by the French government.

1.6.5.2. Trench characterizations

The Red Forest RWTSS was surveyed in 1991 to 1992 by the VNIPIPT
Institute (Moscow) [195]. The field procedures used by the VNIPIPT Institute to
locate and investigate the waste burials included the following:

— Visual inspections, for example, noting soil subsidence and vegetation
anomalies;

— Using georadar equipment;

— Dirilling of 1 m deep survey boreholes on a regular grid along the 40 m spaced
profiles;

— Measurement of gamma dose rate inside the survey boreholes.

From the gamma dose rate measurements, subsurface regions containing
radioactive waste materials were identified®® and their volumes were estimated.
The caesium-137 activity concentration of the waste material was calculated
from the gamma dose rate measurements using an empirical formula. Empirical
correlation coefficients®' were then used to calculate the activity concentrations
of other radionuclides, such as strontium-90, plutonium-239 and plutonium-240,
present in the fuel-containing waste.

On the basis of the results of the characterization studies, the median value
of the total gamma and beta activity of waste materials (e.g. trees, soil) in burials
in the Red Forest RWTSS was 1.6 MBq/kg, calculated as of 2000. The main
radionuclides that contributed to the activity were caesium-137, strontium-90 and
plutonium-241. The median value of the total alpha activity of waste materials
was 80 kBg/kg and the main contributing radionuclides were plutonium-238,
plutonium-239, plutonium-240 and americium-241.

The total amount of waste in the trenches and clamps in the Red Forest
RWTSS was estimated at 150 000 m>. In addition, about 50 000 m? of waste was
contained in the contaminated topsoil layer hot spots. The total amount of waste

50 Material was classified as radioactive waste if the gamma dose rate exceeded the
relevant activity criteria for LLW.

I An approach similar to the use of scaling factors (also known as fingerprints or
vectors) for waste characterization.
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material in all RWTSS sectors encompassing the whole area of post-accident
cleanup is estimated at 1.5 million m® [200].

1.6.5.3.  Hydrogeological studies

The studies of the VNIPIPT Institute [195] established that 37 out of 49
trenches and the lower sections of 2 out of the 8 clamps were seasonally flooded
to some extent by groundwater. In some of the trenches, the groundwater table
was 1 m to 1.5 m above the base of the waste burials. These hydrogeological
conditions support the leaching and migration of radionuclides from waste
burials to the groundwater system.

Detailed hydrogeological studies of the Red Forest RWTSS site were
carried out at an instrumentation laboratory installed at trench 22-T [93, 200].
These studies included characterization of the structure and hydraulic properties
of the near surface sediments, groundwater level regime and regime of moisture
flow in the unsaturated zone.

16.5.4.  Groundwater transport of radionuclides

Comprehensive monitoring studies of groundwater contamination were
carried out between 1999 and 2012 at an experimental site at trench 22-T. Data
from trench 22-T indicated high mobility of strontium-90 in groundwater, with
concentrations of approximately 1000n—10 000n Bq/L, relatively low mobility
of caesium-137 with concentrations of approximately 0.01n—0.1n Bg/L, and
low mobility of plutonium-239 and plutonium-240, with concentrations of
approximately 0.001n Bg/L; where n denotes a number in the range from 1 to
10 [93, 199]. The strontium-90 plume in the aquifer, with concentrations of
approximately 1000-2000 Bgq/L, extends approximately 10 m downstream
from the trench. Further information on the migration of strontium-90 from the
trenches can be found in Ref. [199].

16.5.5. Radionuclide transfer to vegetation

Besides the hydrogeological migration of the radionuclides, studies
also recorded the biogenic migration and accumulation of strontium-90 and
caesium-137 in the biomass of the plants growing at the burial sites. The average
pine tree plantation density for the Red Forest RWTSS area was estimated at
3300 trees per hectare [201]. The radionuclide biomigration processes from
waste burials were studied in detail between 2000 and 2005 at the experimental
site situated in the vicinity of trench 22-T [196, 201, 202]. Biogenic migration
causes significant fluxes of radionuclides from the trench to the ground surface.
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1.6.6. Overview of environmental modelling risk assessment studies

The risk assessment and modelling history of the Red Forest RWTTS
encompasses nearly a 30 year period. Initial risk assessment analyses were
focused on the groundwater pathway from the radioactive waste dumps and the
related off-site risks caused by radionuclide transport to the Pripyat—Dnieper
River system [195, 203, 204]. These analyses have shown that oftf-site risks caused
by the groundwater pathway from strontium-90, which is the main contaminant
of concern for this pathway, are generally low. This is a combined result of
strontium-90 decay, the long radionuclide travel time in the subsurface, and the
dilution of radioactive discharges in the Pripyat River surface water system.

The understanding of the source term model and relevant exposure
pathways was significantly enhanced between 2000 and 2009 by research projects
funded by the Institute for Radioprotection and Nuclear Safety. In particular,
bioaccumulation of radionuclides (mainly strontium-90 and caesium-137)
growing on the top of the trench was identified as an important radionuclide
redistribution process in the waste site system [196, 202]. Studies carried out
between 2005 and 2009 resulted in the development of a more sophisticated
conceptual source term model, which accounted for geochemical evolution of
organic waste material in the trench and for biocycling of radionuclides in the
waste site system [93, 196].

Latterly, the focus of modelling and risk assessment analyses has shifted to
consideration of the biouptake pathway from the trenches, atmospheric transport
of radioactivity (forest fire scenario), recycling of activity to the topsoil with
biouptake, and external exposure from the contaminated vegetation [94, 205].

A recently completed European Commission funded technical assistance
project focused on risk assessment and the development of a risk based
radioactive waste management strategy for the Chornobyl Exclusion Zone
RWTSS (see Refs [94, 205]). The project was carried out by a consortium of
European Commission consultants, while the beneficiary and end user of the
project were the State Agency of Ukraine on Exclusion Zone Management
and the Central Enterprise on Radioactive Waste Management. The developed
remediation strategy for RWTSS was coordinated and approved by the State
Nuclear Regulatory Inspectorate of Ukraine.

The safety assessment calculations were performed for a set of reference
persons, including an unprotected on-site worker, a settler outside the 30 km zone,
a settler inside the 30 km zone (e.g. Chornobyl town resident) and an inadvertent
self-settler (e.g. settler in the RWTSS area). The risk assessment considered all
relevant pathways (e.g. groundwater pathway, atmospheric pathways, external
exposure, internal exposure due to consumption of contaminated foodstuffs).
The scenarios analysed included both normal evolution and accidental scenarios
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(e.g. forest fire, tornado, intrusion scenarios). The time frame of assessment was
1000 years or until the maximum dose is reached through the relevant pathway.
It was assumed that for the 10 km zone of the ChNPP, the institutional control
(e.g. restricted public access) would be maintained for the next 500 years.
This assumes 200 years of decommissioning and removal of radioactive debris
followed by 300 years of institutional control of near surface disposal facilities.

1.6.7. Remediation options and selected approach

In the years following the accident at the ChNPP, the remediation approach
proposed for the RWTSS was to retrieve all waste burials and collect the
contaminated topsoil in the emergency cleanup zone. These wastes would then
be disposed of at purpose built facilities at the ‘Vector’ complex in the Chornobyl
Exclusion Zone. The volume of this material was estimated at 1.5 million m?.
This approach was based on formal consideration of the RWTSS inventory
as ‘radioactive waste’ (according to activity concentration criteria) with all
applicable radiation safety requirements.

However, recent studies have concluded that, from the perspective of
safety for workers and the population, retrieval and redisposal is not a practical
solution. The risk assessment analyses have led to the following conclusions
[94, 205, 206]:

— For the majority of waste burials, robust institutional control (e.g. restricted
public access) within the boundaries of the current 10 km radius zone of
the Chornobyl Exclusion Zone over a period of about 500 years would
be sufficient to ensure protection of the population, workers and the
environment from the radiological impacts of the RWTSS. After this
assumed institutional control period, the estimated residual radiological
risks are sufficiently small, so that most land use restrictions may be lifted.
In particular, the non-nuclear industrial use of RWTSS sites by unprotected
workers would be possible (e.g. the estimated doses are less than 1 mSv/a).

— The retrieval of a few selected waste burials and/or topsoil contamination
hot spots, including those situated within the Red Forest RWTSS, may be
justified in some specific cases. For example, to improve workers’ and
visitors’ safety, where the waste burials are situated in areas of prospective
construction works and/or frequented by visitors. The need to remediate
such individual waste burials will be evaluated on a case by case basis, in
accordance with an overall dose optimization principle.

— Some waste burials containing higher level radioactive materials may
still represent a residual risk (more than 1 mSv/a) for some scenarios
(e.g. residential scenario) after the assumed institutional control period.
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These residual risks can be potentially mitigated by retrieval of the waste
material. However, as long as there is no high frequency presence of staff
or visitors in the immediate vicinity of such waste burials, there is no need
for any early waste retrieval operations. The benefits of deferring waste
removal can be achieved because of the continuing decay of the activity
inventory of these waste burials.

1.6.8. Implementation of the remediation approach

The approach to managing RWTSS in the Chornobyl Exclusion Zone
described in Section 1.6.7 was approved by regulatory authorities, and it is
currently being implemented by the CERWM.

1.6.9. Conclusions and lessons learned

The presented case study can be instructive in several aspects. The poor
knowledge management practices in the early phase of the creation of the RWTSS
led to the loss of information on the location, design and inventory of waste
burials. This resulted in the need to subsequently conduct costly characterization
works, both in terms of financial cost and health and safety risks to staff, that
have spanned several decades.

The remedial measures conducted at RWTSS at different periods resulted
in several unforeseen negative side effects. The cleanup at the ChNPP site in
1987-1988 reached its primary objective of reducing the external dose rates by a
factor of about ten. However, the creation of subsurface waste trenches resulted
in serious groundwater contamination issues in the subsequent years. Similarly,
while planting of the forest on top of the trenches, carried out between 1988 and
1989, reached its primary objective of stabilizing soil cover and minimizing dust
resuspension, the side-effect was an intensive radionuclide transfer to vegetation
from the buried contamination. This shows the importance of basing remedial
measures on a comprehensive assessment accounting for all potential migration
and exposure pathways and for possible interplay between these factors.

The Red Forest RWTSS case study shows that a risk based approach to
planning remedial measures can lead to drastic change of the site management
strategy, significant optimization of remedial efforts, reduction of waste volumes
and a decrease in the use of other resources.
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I.7.  UNITES STATES OF AMERICA, MAXEY FLATS NUCLEAR
DISPOSAL SUPERFUND SITE

L.7.1. Site setting and description

The Maxey Flats Disposal Site> (hereafter Maxey Flats) is a closed LLW
disposal site owned by the Commonwealth of Kentucky. The site was licensed to
the Nuclear Engineering Company Inc. (NECO) in 1963 for the disposal of LLW.
The site was officially closed in 2018 after completion of remediation works,
including the installation of an engineered cap.

Maxey Flats is located in Morehead, Kentucky. The overall site occupies
approximately 310 hectares of land, which includes a buffer zone of 93 hectares.
Approximately 136 000 m* of LLW was buried in an area of approximately
18 hectares, which is designated as a restricted area. Within the restricted area,
approximately 11 hectares were used for the construction of the disposal trenches.
The restricted area also contains storage and warehouse buildings, liquid storage
tank buildings, gravel driveways and a parking area.

The local area is characterized by a series of hills and flat topped ridges
and the disposal site is located on a spur of one of the ridges. The site is bordered
to the east, south and west by steep slopes descending approximately 100 m to
the valley floor. The land around the site is sparsely populated and primarily
comprises woodland and open farmland.

The underlying geology comprises predominantly interbedded sandstones
and mudstones.

1.7.2. Operational history of the site

Maxey Flats operated between 1963 and 1977 and approximately
127 000 m* of waste was disposed of at the site. The site accepted waste from a
variety of organizations, including industrial sites, hospitals, research institutions
and laboratories, as well as Department of Defense and US DOE sites.

The waste was disposed of in 46 unlined trenches, which were up to 207 m
long, 21 m wide and 9 m deep. The trenches were used to dispose of both solid
and solidified liquid wastes. Solid wastes included wooden crates, concrete boxes,
metal drums and loose wastes, which were tumble-tipped into the trenches. The
trenches were covered with 1-3 m of soil.

A series of structures known as ‘hot wells’ were also constructed for the
disposal of small volumes of higher activity waste. These structures comprised a
3—4.5 m concrete coated steel pipe and were capped with a concrete slab.

52 https://cumulis.epa.gov/supercpad/cursites/csitinfo.cfm?id=0402139
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The disposed waste material was quite variable and included material
contaminated as a result of neutron activation, approximately 250 000 kg of source
material, 430 kg of special nuclear material®® and at least 63 kg of plutonium.

Six further trenches were excavated after 1977 to receive waste material
generated on-site as a result of the waste disposal operations.

An environmental monitoring programme was started in the early 1970s.
The results of the monitoring indicated that radionuclides were leaching from
the waste and migrating through the shallow groundwater. This information
supported the commonwealth’s decision to direct the Nuclear Engineering
Company Inc. to stop operations in 1977. The Nuclear Engineering Company
Inc. was responsible for the disposal licence and remediation of the Maxey Flats
site. The disposal licence was terminated in 1979 and responsibility for the site
was returned to the commonwealth.

Between 1979 and 1986, private organizations were hired to stabilize
and maintain the site. This included environmental monitoring activities, the
installation of a temporary cover that spanned the 11 hectare trench area and the
installation of surface water controls.

In 1986, the site was placed on the National Priorities List** by the EPA.
After a five year period of stakeholder consultation, site evaluation and planning,
the EPA issued the Record of Decision, which set out the remedial plan for the
site to enable site closure.

The physical remedial works were completed in 2016 and the EPA
Certification of Completion was received in 2018.

I.7.3. Regulatory context

Prior to the inclusion of the site in the National Priorities List, regulation
of the disposal activities was the responsibility of the commonwealth. As
a National Priorities List site, the EPA took responsibility for ensuring that
the site met the national regulatory requirements under the Comprehensive
Environmental Response, Compensation, and Liability Act (CERCLA), whilst
the commonwealth is the tri-party regulator and long term site steward.

Since the completion of remediation, four five-year reviews [207] have been
conducted to confirm that remedial measures are still performing as expected and
the site is being maintained appropriately. The project records from the CERCLA
intervention are managed by the US DOE Office of Legacy Management.

53 Plutonium, uranium-233, enriched uranium and uranium-235.

5% The National Priorities List is managed by the EPA and comprises hazardous waste
sites that are to be dealt with under the Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA; also known as Superfund).
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1.7.4. Drivers for site assessment

The key driver for assessing the site was the results of the environmental
monitoring programme, which identified contaminant migration through leaching
and movement through the shallow groundwater body.

In 1987, an Administrative Order by Consent was signed by 82 parties to
initiate an impact assessment and remedial feasibility study for the site.

1.7.5. Site evaluation

Groundwater monitoring and surface water sampling has consistently
been undertaken since the early 1970s. The site monitoring and development
of the hydrogeological model indicated that the emergence of leachate from the
trenches is via the bath-tubbing effect.

Additional monitoring and site investigation were undertaken in the late
1980s to underpin the Record of Decision™ [5], which sets out the remedial plan
for the site. Twelve radionuclides and eleven non-radioactive contaminants were
identified from the soil, groundwater and surface water samples collected from
the site. Tritium was the most abundant and mobile of the radionuclides and was
identified as the primary contaminant of concern.

Environmental modelling and risk assessments were also conducted
to underpin the Record of Decision. Following the development of the site
conceptual model, modelling software such as MODFLOW and PATHRAE were
used to support the dose and risk assessment. The future resident was selected as
the potential exposure group.

1.7.6. Remediation options and selected approach

The EPA has developed guidance for the investigation and assessment
of remedial options, termed a feasibility study, for CERCLA sites [208]. The
following steps are included in this process:

— Options are identified and considered;

— Options assessment and/or evaluation is undertaken where applicable;

— Involvement of interested parties is ensured and other stakeholder
engagement activities are implemented;

— A decision is made.

35 Often referred to as the ROD.
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The feasibility study included a complete evaluation of the site’s
hydrogeology, current site conditions, a risk assessment, and alternatives for
remedial action. For Maxey Flats, 19 different remediation options were proposed
and assessed against each other.

The Record of Decision was issued in September 1991 and defined the
remedial solution for the site as follows:

— The installation of an interim cap with periodic replacement, as required;
— Maintenance and monitoring for natural stabilization;
— When stable, construction of a final cap, and monitoring in perpetuity.

Natural stabilization was selected as the preferred remedial approach
because, compared with other options, it was the method that was considered
least likely to compromise the integrity of disposed containers, such as
55 gallon drums.

In terms of remediation standards (e.g. cleanup criteria, end state criteria,
end uses), the maximum tritium contamination level for drinking water to the
nearest off-site resident was utilized as the remedial action objective. This
option was chosen because the primary contaminant (tritium, with a half-life of
12.3 years) will essentially have decayed in less than 100 years.

The components of the selected remedy in the Record of Decision
included the following:

— Demolition of on-site structures.

— Extraction and solidification of approximately 11 million litres of leachate
from the trenches.

— Excavation of additional disposal trenches at the site for the disposal of
solidified leachate, demolition wastes and site debris.

— Excavation of additional on-site disposal trenches for disposal of site debris
and solidified leachate.

— Installation and maintenance of an initial cap consisting of clay and a
synthetic liner.

— Relandscaping of the capped disposal area to support the management of
surface water runon and runoff.

— Installation of a subsurface barrier to manage groundwater flow, if necessary.

— Installation of a monitoring system to continuously assess infiltration into
the trenches and detect the accumulation of leachate, and thus verify the
performance of the remediation.

— Implementation of a monitoring regime to assess site water levels and rates
of subsidence.
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— Sampling and testing of groundwater, surface water and air for a specified
range of contaminants.

— Procurement of land adjacent to the site to form a buffer zone and minimize
deforestation, and prevent activities that could accelerate hill slope erosion
or impact the integrity of the remediation. The buffer zone would also allow
for frequent and unrestricted access for monitoring.

— Following the completion of the natural subsidence process, installation of a
multilayer engineered cap with a synthetic liner and soil cover.

— Undertaking five year reviews to assess the effectiveness of the remediation
and ensure the ongoing achievement of the remedial objectives.

— Implementation of institutional controls to restrict the use of the site and
enable maintenance and monitoring in perpetuity [209].

The remedial design for the cap included the use of a geonet for the drainage
layer, a 60 mm geomembrane and a geosynthetic clay liner (see Fig. 9).

Interested parties were included in the options evaluation process prior to
the final selection of an option. The local stakeholders included homeowners,
state environmental groups and workers of the cleanup organizations. Several
annual public meetings were held during the decision making process and the
implementation of remedial works.

I.7.7. Implementation of the remediation approach

The implementation of remediation was divided into the
following four phases:

(a) Initial closure period (22 months);

(b) Interim maintenance period (35 to 100 years);
(c) Final closure period (10 months);

(d) Custodial maintenance period (in perpetuity).

The initial closure period required the following activities and was
completed by 2003:

— Installation of an interim geomembrane cover.

— Demolishing site structures and disposing of the waste on-site. Where
possible, demolition materials were used for site landscaping activities.

— Extraction of the trench leachate, then solidification with cement into
earth-mounded concrete bunkers.

— Construction of an engineered drainage system to manage and minimize
rain infiltration into the trenches.
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— Subsidence monitoring of the trench area.
— Ongoing groundwater and surface water monitoring.

The Record of Decision assumed that the interim maintenance period
of between 35 to 100 years would be required for natural stabilization of
the trenches. However, the subsidence monitoring between 2003 and 2013
demonstrated that minimal subsidence had occurred. Groundwater monitoring
data were also collected regularly from 2003 in 83 sumps across the site. The
statistical analysis of the water level data demonstrated that water levels were not
increasing significantly and therefore the installation of a groundwater barrier
was not needed in this phase of works.

Therefore, permission was granted by the EPA to move to the final closure
period earlier than expected and to proceed with the installation of the permanent
earthen cap. The construction of the permanent cap was completed in 2016 and
followed the EPA guidance for cover layers [210]. Figure 10 shows the trench
site with the completed geomembrane cover.

1.7.8. Conclusions and lessons learned

The project costs have been estimated as US$ 15 million for the site
characterization activities and US$ 23 million for the planning and remediation
works. It is estimated that a further US$ 10 million will be needed for
post-remediation management, which includes long term monitoring and
maintenance of the site.

The following lessons learned from the project can be highlighted:

— The benefit of the stakeholder engagement approach used for CERCLA
sites enabled the support and agreement of 82 parties in agreeing an end
state for the site.

— Understanding the unique groundwater pathways (the bath-tubbing effect),
which took many years and iterations to determine, was the key to the final
remedy selection. In hindsight, the work may have progressed faster if
greater attention had been paid to the groundwater transport pathway earlier
on in the assessment.

— Uncertainties still remain regarding the waste inventory. More sampling of
the waste prior to the remedial activities may have helped to reduce these
uncertainties.

— The site characterization works were impacted by the presence of leachate;
therefore, the work to reduce leachate levels ought to have occurred earlier
in the work programme.
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— The value of planning and implementing through subsidence and water
monitoring was realized when the interim maintenance period was
significantly reduced.
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Appendix 11

KEY EXPOSURE PATHWAYS AND SCENARIOS
FOR LEGACY TRENCH SITES

II.1. GROUNDWATER PATHWAY

Typically, the most important pathway for legacy trench sites is the
groundwater pathway. The pathway is important when the groundwater body at
the legacy trench site is used in the following ways:

— Consumed directly as drinking water;

— Used for irrigation of agricultural land, with subsequent consumption of
agricultural products;

— Discharged to a surface water body (e.g. lake, river), where a defined
reference individual may have direct contact with the contaminated surface
water.

Figure 43 shows an example of a conceptual model of the groundwater
pathway for post-closure safety assessment of a near surface trench disposal
facility to the reference individual [69].

There may be an increase in impact through the groundwater pathway
at a legacy trench site due to the lack or degradation of engineered barriers
(e.g. bottom liners, caps). There may also be an increased impact via the
groundwater pathway where a legacy trench site is situated in hydrogeological
settings that do not comply with the modern standards for siting of near surface
waste disposal facilities (e.g. a site with a shallow groundwater table and/or
having trenches within highly permeable deposits with low sorption capacity).
For example, a number of trenches constructed in the Kiev region of Ukraine
following the accident at the ChNPP were constructed in sandy soils with a
shallow groundwater table [211].

II.2. GROUNDWATER BATH-TUBBING PATHWAY

In some environmental settings, infiltration of rainfall into a legacy trench
located in a low permeability geological formation may lead to accumulation of
water in the trenches. When this occurs, surface out-flow, or bath-tubbing, can
occur. This results in the release of contaminated pore water from the trenches
to the soil surface and transport by runoff mechanisms. This type of scenario has
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FIG. 43. Conceptual model for the post-closure leaching scenario for a near surface trench
disposal facility for the sandy geosphere disposal system. Figure reproduced from Ref. [69].

occurred at the Little Forest site in Australia, leading to soil contamination by
plutonium and americium [177], and has also been reported at the Maxey Flats
site, USA [212]. The contaminated soil can be the source of secondary exposure
of reference individuals (see Fig. 28 and Ref. [213] for further information).
For an operational site, this scenario may occur because the trench is open and
receiving wastes and there is no cap to minimize infiltration [69].
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I1.3. DIRECT EXPOSURE

Where the trench cap is absent or degraded and there are inadequate access
restrictions, the radioactive wastes at a legacy trench site could pose a risk
via direct exposure to the reference individual. The relevant pathways include
external exposure, inhalation and occasional ingestion.

Access to a legacy trench site could be accidental, when its location is
unknown, or purposeful. Activities such as road construction or forest clearance
could result in unintentional intrusion into an unknown legacy trench site.
Purposeful access into a legacy trench site may be motivated as an opportunity to
exhume scrap metal or other potentially usable materials present in the trench, or
as part of a planned activity. An example of this type of direct exposure occurred
in 2017 at the Veselovsky Pit legacy trench site in Ukraine. Several radioactively
contaminated steel objects and drums were excavated by scrap metal hunters. The
site had been forgotten and institutional control lost as a result of administrative
changes in the government [214].

I1.4. BIOMIGRATION

At unknown legacy trench sites, or sites with insufficient maintenance,
vegetation with deep rooting systems may develop over the site. In these
instances, vegetation can accumulate contaminants, including radionuclides, from
the trench and transport them to the surface. This type of scenario occurred at the
Chornobyl Red Forest radioactive waste burial site. In this scenario, the legacy
trenches were overgrown by an approximately 30 year old pine forest. The trees
accumulated radioactive contaminants (mainly strontium-90 and caesium-137)
from legacy trenches. The radionuclides were transported from the trenches to
the soil surface via the tree litter fall [196, 215]. Bioaccumulation of radioactivity
has resulted in increased external dose rates and risk of atmospheric resuspension
of radioactivity in the case of a forest fire.
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This publication draws together the experience of Member States in the evaluation,
management and remediation of legacy trench sites. It describes the overall process necessary
to facilitate such projects. The publication aims to provide the reader with an understanding

of how to characterize, assess and potentially remediate such sites, as well as guidance on
management aspects such as decision making and engaging with stakeholders. A key aim is
to highlight specific issues associated with these sites, which make them different from other
contaminated sites, and to direct the reader to relevant guidance. Case studies of legacy
trench sites that have been or are in various stages of assessment and remediation are also
presented. Relevant experience and lessons learned for these sites are embedded throughout
the publication.
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