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Preface

The Low Level Waste Repository (LLWR) is the United Kingdom'’s principal facility for
the disposal of solid low-level radioactive waste. The LLWR is owned by the Nuclear
Decommissioning Authority (NDA) and operated on behalf of the NDA by a Site
Licence Company (SLC) — LLW Repository Ltd.

We, LLW Repository Ltd, are committed to operating the LLWR as a safe and
efficient facility that provides a continuing option for the disposal of low-level
radioactive waste in the UK. This will be achieved consistent with good practice for
the near-surface disposal of radioactive waste, in accordance with environmental and
health and safety regulation and guidance, and in compliance with the terms of our
Nuclear Site Licence and Permit to dispose of radioactive waste.

This report is one of a series of reports that present the evidence underpinning the
2011 Environmental Safety Case for the LLWR — the 2011 ESC. The report has
been prepared by the Environmental Safety Case Project and is issued under the
authority of the Managing Director of LLW Repository Ltd.

ESC objectives

Under the terms of our Permit granted by the Environment Agency, we are required
to submit an Environmental Safety Case (ESC) for the LLWR no later than 1 May
2011 and at intervals thereafter as requested by the Environment Agency. The ESC:

. presents the arguments and evidence concerning the environmental safety of
disposals of solid radioactive waste at the LLWR, at present and in the future,
consistent with the Environment Agency’s Guidance on Requirements for
Authorisation;

. provides a basis for the environmentally safe management of the site by the
SLC, and regulation of the site by the Environment Agency, including setting of
conditions on its future management and acceptance of waste.

The ESC is addressed primarily to the Environment Agency and is intended to inform
and enable their regulation of the LLWR. It also provides a plan for the future
management of the LLWR and a baseline against which proposed changes in the
plan for the development of the facility can be tested. As such, it will be of interest to
our other stakeholders, both local and national.

ESC document plan
The ESC consists of documents at two levels:

. A single ‘Level 1’ report outlines the plan for the development of the LLWR and
the main arguments concerning environmental safety and how this is achieved.

. A series of ‘Level 2’ reports present the evidence that underpins our safety
arguments, including descriptions of our management framework, system
understanding, design and management choices, and assessments.

This is a Level 2 report. The ESC Level 1 and 2 reports are listed in the table at the
end of this Preface, which also shows for the Level 2 reports the set of arguments for
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which each report mainly provides evidence. The ESC is supported by a large
number of technical and scientific reports and references that we refer to as ‘Level 3’
documents.

Level 1 - The ESC
Presents the safety arguments

Arguments

Level 2 - ESC topic reports

Presents the evidence, evaluations etc Evidence

Level 3 — Supporting documents
LLWR and contractor technical reports
and external references

The ESC documentation concept
Scope and audiences

The 2011 ESC is based on an optimised ‘Site Development Plan’ developed under
our Environmental Safety Strategy. The Plan sets out our proposals and
assumptions on operations, remedial activities, vault design, capacity and future
waste disposal practice, closure design and management up to the end of
management and regulatory control. It provides a basis for our quantitative
assessments. The Plan is flexible, however, and will be amended as necessary in
the light of UK radioactive waste management needs, operating experience, results
of monitoring, future iterations of the ESC, regulatory and planning guidance and
decisions, and stakeholder views.

The safety arguments set out in the Level 1 report comprise arguments concerning
the development and safety of the Site Development Plan. The Level 1 report
focuses on the arguments in principle, referring to the more detailed and quantitative
evidence that is presented in the Level 2 reports. The main features and findings of
the supporting reports are presented, demonstrating that the Site Development Plan
is optimised, and that the assessed safety is consistent with the regulatory guidance
over the lifetime of the facility, including after closure. The Level 1 report is intended
to be complete enough to inform managers from the Environment Agency,
Government ministries and local government representatives and officials on the
environmental safety of disposal of radioactive waste at the facility. Itis also
intended to be an entry point to the safety case for the Environment Agency’s
technical staff and assessors.

The Level 2 reports present the evidence that underpins our safety arguments,
including descriptions of our management framework, system understanding,
optimisation, assessments and proposed conditions for acceptance of waste. The
Level 2 reports are primarily addressed to the Environment Agency’s Nuclear
Regulator for the site and technical staff, and may be of interest to experts in specific
technical fields. To fully satisfy themselves, however, for example, to find supporting
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information and details of the model formulations and data used, technical specialists
and reviewers in specific topic areas may need to refer to Level 3 documents.

We have also produced a Non-technical Summary of the ESC, to help a wider group
of stakeholders understand its nature, conclusions and implications.

Level 1

The 2011 Environmental Safety Case — Main Report [1]

Level 2

Management and
dialogue

Management and Dialogue [2]

System
characterisation
and understanding

Site History and Description [3]
Inventory [4]

Engineering Design [5]

Near Field [6]

Hydrogeology [7]

Site Evolution [8]

Monitoring [9]

Optimisation and
Site Development
Plan

Optimisation and Development Plan [10]

Assessments

Environmental Safety During the Period of Authorisation [11]
Assessment of Long-term Radiological Impacts [12]
Assessment of Non-radiological Impacts [13]

Assessment of Impacts on Non-human Biota [14]

Waste Acceptance [15]

Assessment of an Extended Disposal Area [16]

Audit

Addressing the GRA [17]

LLWR/ESC/R(11)10023 Page 3 of 81




The 2011 ESC Site Evolution

This page is left blank intentionally.

LLWR/ESC/R(11)10023 Page 4 of 81



The 2011 ESC Site Evolution

Executive Summary

A fundamental component of the environmental safety case for any radioactive waste
disposal facility is a demonstration of an understanding of the future evolution of the
site, its environmental setting, and related uncertainties, all based on sound science.
This provides important input to estimating the future performance of the facility and
the site. This document presents the understanding of processes that are important
to site evolution, and summarises the underpinning evidence.

Background

The Low Level Waste Repository (LLWR) is situated near to the Cumbrian coastline.
Historical evidence indicates that the coast has receded. Given this observation, and
an anticipated rise in sea level, it is expected that at some point in the future the site

will be disrupted through coastal erosion.

A programme of work, including expert workshops and review, has been undertaken
to improve understanding of coastal erosion. This topic is the main focus of this
report.

Global climate change

Projections of global climate change are based upon the latest predictions from the
international scientific community. There is continuing debate and research on this
topic. The pattern of future sea level will depend on international policy decisions
and action. Predictions of future sea level are influenced also by unquantified
modelling uncertainties. Hence, it is hot appropriate to assign probabilities to
individual cases of climate and sea-level change; rather ranges are quoted which are
indicative of a range of conditions.

Based on global climate change and sea-level patterns, projections for ranges of
future sea-level rise for the West Cumbria coast in the vicinity of the LLWR are
provided. These ranges, in turn, inform projections of potential future coastal change
near the LLWR.

Implications of climate change for coastal development in the vicinity of the
LLWR

Since the 1990s, the understanding of potential future coastal development has been
progressively developed. A range of studies has also been undertaken that focus on
historical and present coastal processes in the vicinity of the LLWR. These
processes are now considered to be well characterised through analysis of historical
maps and photographs, contemporary observations, interpretation and predictive
computer modelling. The following have been identified as key factors determining
coastal evolution and its impact on the site:

e the rate, as well as magnitude, of sea-level rise;

e the distribution of sediments of different grain sizes along the coastline, and of
material that may be eroded in the future from the cliffs and foreshore;
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< the local sediment balance, and in particular the potential for locations along the
coast to provide either a source or sink for sediment from the vicinity of the
LLWR.

Uncertainties have been identified and characterised as far as possible, and are
represented in the key outcomes (for example, timescales of disruption) by
expressing predictions within a range of timescales and potential magnitudes.

Based on qualitative evidence and quantitative modelling studies, we have concluded
that the disposal vaults will begin to be eroded on a timescale of a few hundred to a
few thousand years. It is not possible to clearly identify a ‘best estimate’ value for the
time of future site disruption within this range.

Disruption will primarily occur through cliff recession, rather than site inundation, as
recession is projected to lead to initial disruption of the facility before the sea-level
rises sufficiently to cause inundation. It is considered that erosion will proceed from
the coast, rather than disruption through estuary development or lagoon formation.

Projections also indicate that disruption will be by undercutting of the vaults. Once
undercutting has begun, the vaults will collapse and wastes will disperse onto the
beach and foreshore. It is considered that erosion of the vaults and trenches will be
complete within one to a few thousands of years. On this timescale, some parts of
the trenches may be subject to direct erosion and inundation, rather than
undercutting.

Implications of climate change for inland landscape evolution

Potential implications of climate change for evolution of inland features including the
LLWR final cap (which could be subject to erosion processes), and changes to
surface landscape components including vegetation, crops, surface water bodies
have also been assessed. The evidence indicates that erosion and other processes
will not be of sufficient impact to disrupt or significantly change the LLWR system
prior to site disruption as a result of coastal development.

Conclusions

A structured programme of work has been undertaken, involving leading experts in
the field, utilising historic records, current surveys and numerical predictive models.

Overall, many potential sources of uncertainty need to be considered when making
projections of future coastal change in the vicinity of the LLWR. These uncertainties
occur on the global, regional and local process scales, and in many cases are
coupled. Therefore, the outcomes of the projections need to be treated with caution.
While the analyses confirm that it is highly likely that the LLWR will be disrupted by
coastal erosion at some point post-closure, the timescales are best expressed within
broad ranges.

Based on the best available qualitative evidence and quantitative modelling studies,
we conclude that the disposal vaults will begin to be eroded on a timescale of a few
hundred to a few thousand years, with erosion of the vaults and trenches being
complete within one to a few thousand years.
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1 Introduction

1.1 Objectives

This report provides an overview of the underpinning characterisation and current
understanding of the future natural evolution of climate and landscape in the vicinity
of the LLWR. It summarises information and analyses concerning the expected
effects of global climate change, and associated regional and local climate change,
sea-level rise, coastal erosion and landscape evolution. The focus is on natural
processes that could lead to disruption of the facility, primarily coastal erosion, but
climatic changes that could affect the biosphere characteristics and the hydrological
and hydrogeological regime are also considered.

The information has been used to define a conceptual description of the projected
future evolution of the system. This is complemented with a discussion of the
uncertainties that apply and their implications, illustrated with alternative projections
for system evolution. An analysis is also made of the significance of key
uncertainties, the degree to which they are assimilated into the forward projections,
and hence a statement of the level of confidence in the projections.

As well as providing a clear basis on which to represent future changes to the site
and its environment in quantitative assessments of performance, the report also has
the objective of demonstrating that the understanding of the site and its development
is based on sound scientific understanding and analysis. In particular, the
understanding of the site evolution and related uncertainties must be sufficiently
robust to underpin our general claims for the future evolution of the site and its
environs, for example, in relation to the timescales for erosion of the site. Projections
made and uncertainty ranges identified need to be sufficiently defined to underpin the
models represented in performance assessment calculations.

This report is one of a series of reports that presents evidence underpinning the 2011
Environmental Safety Case for the LLWR —the 2011 ESC. The 2011 ESC is
designed to satisfy the requirements and conditions contained in the Environment
agencies’ Guidance on Requirements for Authorisation for Near-surface Disposal
Facilities on Land for Solid Radioactive Wastes —the GRA [18]. Box 1 identifies
primary Requirements and supporting guidance or conditions, as given in the GRA,
to which the subject matter of this report is especially relevant, and the information in
this report is intended to satisfy or illustrate.
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Box 1: GRA Requirements and guidance most relevant to this report

Requirement R11: Site investigation. The developer/operator of a disposal facility
for solid radioactive waste should carry out a programme of site investigation and site
characterisation to provide information for the environmental safety case and to
support facility design and construction.

R11 represents the primary source of requirements relevant to this report. A range of
other detailed requirements are also relevant, including (for example) the following.

6.4.14: Site characterisation should involve investigating specific properties of the
site and its surroundings in sufficient detail to support the environmental safety case
and may include the following:

- Local and regional borehole investigations;

- Characterisation of soil layers and Quaternary deposits;

- Characterisation of surface waters and sediments;

- Characterisation of surface and sub-surface flora, fauna and ecosystems;

- Development of regional and local geological, geotechnical, hydrogeological and
geochemical understanding;

- Development of the environmental baseline prior to facility construction;

- Where relevant, consideration of the need to include a phase of underground
investigation within the body of the host rock for the proposed disposal facility.

7.2.1(a): The environmental safety case should demonstrate a clear understanding of
the disposal facility in its geological setting (‘the disposal system’) as it evolves.

7.3.29 As far as possible, use standard approaches to establish the environmental
safety case, thus relying on appropriate expert judgement in gathering and
interpreting evidence and applying it to construct and use the qualitative and
guantitative models.

7.3.32: Take into account the potential for climate change. There is considerable
uncertainty regarding the rate, amount and even the direction of possible climate
change over different timescales, so consider a range of possibilities. The potential
consequences of climate change include changes in rainfall patterns (which can
affect watercourses and aquifers), changes in sea level, increased rates of erosion
including coastal erosion, glacial cycling and glaciotectonic movements.

1.2 Scope

For any surface disposal facility, on a timescale of thousands (or at most tens of
thousands) of years, it is likely that the facility will be damaged and ultimately
destroyed by human actions, natural processes or a combination of such, with
attendant dispersal of the waste'. Current scientific evidence, as presented in this
report, leads to the conclusion that disruption and dispersion by coastal erosion is the
likely fate of the LLWR.

For this reason, the radioactive wastes that may be placed in a surface disposal facility are
limited. Itis UK policy that, as far as practical and consistent with environmental safety
requirements, low-level radioactive waste (LLW) should be disposed in surface or near-
surface facilities.
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Understanding how and when this may occur requires a range of processes to be
investigated. The focus of this report is on:

e climate changes, including the influence of greenhouse gas emissions (because
this dictates the future change in sea level that is a critical factor in understanding
the possible rate of coastal recession);

 geomorphological processes operating offshore, at the coast and on land
(because together with sea-level change this will determine the likely timing and
character of the site’s disruption).

Future human actions that could directly influence the repository or its environs are
outside the scope of the report’.

Coastal defences are not part of the optimised Site Development Plan (SDP) for the
LLWR, due to the rationale presented in the ‘Optimisation and Development

Plan’ [10] (and see also Subsection 4.2). It is also important, however, to recognise
that another organisation could choose to create coastal defences nearby on the
Cumbrian coast, sometime in the future, and to demonstrate that the assessments
and assumptions underpinning the ESC are robust given this possibility.

Potential changes in climate that affect the local land use and water resources are
also important to consider, and are addressed in this report. The influence of climate
change on hydrological and hydrogeological conceptual models is described in
‘Hydrogeology’ [7], taking account of the climate evolution projections presented in
this document.

A substantial programme of work has been undertaken to build an understanding of
climate and landform changes as they may affect the LLWR site. This work has
been ongoing since the late 1990s, with several iterations of characterisation,
analysis, synthesis and assessment. This report presents an integrated statement of
the conclusions of the work, with references to the detailed analyses that have led to
these conclusions.

The understanding presented in this report is required to underpin a range of
arguments and analyses presented in other ESC reports, as outlined in
Subsection 2.4.

1.3 Structure

The report is structured as follows.

e The background and context of the report are described in Section 2.

e Section 3 concerns the projections for global climate change and how they will
affect the sea level in West Cumbria.

e Section 4 presents the understanding of the processes that can cause the
coastline to change and how they may be influenced by sea-level change,

2 Possible future human actions and their impacts on the disposal facility are discussed in

the ‘Assessment of Long-term Radiological Impacts’ report [12].
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resulting in projections of future coastal landscape change in the vicinity of the
LLWR site.

e Section 5 considers the influence of climatic changes on the inland landscape,
and makes projections of the expected changes in the vicinity of the LLWR site.

e A summary of the projections for coastal and inland landscape changes is
presented in Section 6.

A list of acronyms used in the report is given in Appendix 1. A general glossary for
the ESC is appended to the ‘Main Report’ [1]
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2 Background and Context

2.1 General background

For context, a brief description of the LLWR site and its environs is provided below.
A more detailed description of the site as it exists today and how it will be developed
up to its closure is given in the ‘Site History and Description’ report [3].

The use of the LLWR site dates to 1940, when the site was developed as a Royal
Ordnance Factory. Disposal of LLW has taken place at the site since 1959, initially in
a series of trenches and, subsequently, in reinforced concrete vaults. The LLWR
receives waste from a range of consignors, including nuclear power stations, fuel
cycle facilities, defence establishments, general industry, isotope manufacture sites,
hospitals, universities and from the clean-up of historically contaminated sites.

The LLWR is located on the West Cumbrian coastal plain, about 0.5 km inland, to the
west of the B5344 Seascale to Holmrook road, close to the village of Drigg and
approximately 5 km south-east of the Sellafield nuclear site. The fells of the Lake
District are located to the east. The Isle of Man is located due west of the facility,
and the local and regional characteristics of the Irish Sea are also influenced by the
Dumfries and Galloway coastline to the north, the north Wales coastline to the south,
and the coast of Ireland further west. Features of the coastline include St Bees
Head, the estuary complex that discharges to the sea opposite the village of
Ravenglass, and the more distant Morecambe Bay.

Apart from the nearby nuclear site, the area is predominantly rural. The regional and
local context for the location of the LLWR is set out in Figure 2.1.

The topography surrounding the site varies from about 25 m above current sea level
(above ordnance datum, AOD) to the north-east and west of the site to less than

5 m AOD at the south-eastern site boundary. The existing and planned vault bases
have elevations of 10 to 14 m AOD, and final waste stack heights will be from

21 m AOD (four-high container stacking) to 27 m AOD (eight-high stacking). The
trench bases have elevations of around 10 m AOD. To the west of the site, the
topography gently undulates towards a small cliff line marking the edge of the Drigg
beach.

The site is mainly surrounded by grazing land, but some cereal crops are grown in
fields to the east. The area along the coast adjacent to the site is designated as a
Site of Special Scientific Interest (SSSI), known as the Drigg Coast SSSI. The
western boundary of the area of the site currently used for waste disposal and
storage borders the SSSI. The Drigg coast and estuarine area is also a candidate
marine Special Area of Conservation (SAC) under the European Habitats Directive.

The Drigg Stream flows through the site roughly parallel with the western site
boundary. Towards the centre of the site, the Drigg Stream is joined by the East-
West Stream, which originates off site to the northeast, draining farmland and also
taking water from the railway drain. The Drigg Stream leaves the site to the south
and discharges into the River Irt, which is tidal at that point. The River Irt forms the
northern arm of the estuary complex at Ravenglass that also comprises the rivers
Mite and Esk.
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Figure 2.1 Location of the LLWR site

Previous studies have identified that, due to its coastal location, coastal erosion is an
important issue for the long-term safety of the LLWR [19,20]. Previous assessments
of the potential radiological consequences associated with disruption have been
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presented, assuming that the site will be destroyed on timescales of hundreds to
thousands of years.

That the site will be eroded is not in itself a bar to further disposals of radioactive
waste at the site. The current national strategy for the management of LLW
concluded that there are ‘inherent environmental, social and economic benefits in
making the best use of existing infrastructure’, in particular the LLWR [21,22]. The
recommendation was that disposals should continue to the LLWR, provided that it
can be demonstrated that it is safe to do so, and that the necessary planning
permission can be obtained for the future vaults. These framing statements are
discussed in more detail in the ‘Main Report’ [1] (and see also Subsection 2.3 below).

2.2 Brief History of Relevant Studies

The accumulation of data and development of understanding regarding the evolution
of the West Cumbrian coast in the vicinity of the LLWR (in the past and projections
for the future) has been cumulative and iterative.

A programme of sea-level rise and coastal change analysis was undertaken in
support of the 2002 Post Closure Safety Case (PCSC), including identification of
future climate and landscape change scenarios (see, for example,

references [19,23,24,25]).

The outcomes of the studies prepared for the 2002 submission and feedback from
the Environment Agency review [26] and subsequent liaison activities have been
used to inform the development of the ‘coastal studies forward programme’, which
has been ongoing since 2002. This work has focused on the development of a
conceptual model designed to provide projections of coastal evolution over future
time periods of hundreds to thousands of years. Data acquisition, monitoring and
assessment activities undertaken since 2002 have included:

e characterisation of the current coastline, including the physical structure of the
land that will in the future be subject to erosion (geomorphology), the wave
regime and its effect on the dispersion of sediments (hydrodynamics), and
surveys of the coast (for example, aerial photography and LiDAR);

< review of understanding of climate change and sea-level change, both over the
past ten thousand years and in terms of future projections;

e gaining an understanding of how the coast has developed over the last ten
thousand years or so;

< developing an understanding of coastal change rates based on successive
LiDAR surveys, and analysis of historical Ordnance Survey maps and aerial
photographs;

« developing computer modelling tools for the coastline, focusing on cliff recession,
and evolution of estuaries and barriers.

The work undertaken through the coastal studies programme is presented in a
combined position statement [27]. The key outcomes in terms of projections of future
site evolution are highlighted with appropriate contextual information in subsequent
sections of this report.
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Concurrently, a series of studies was undertaken to understand the implications of
international studies on climate change for conditions at the LLWR. These studies
are included in reference [28], which remains the primary reference for projections of
climate change and in particular its influence on sea level globally and in the vicinity
of LLWR. Section 3 provides details concerning the outcomes of the relevant climate
evolution studies in terms of implications for the LLWR.

The underpinning data set was enhanced through site investigation studies
undertaken in 2009 and 2010. These included:

e ageophysical investigation of the structure of the Drigg Spit and ground between
the LLWR and the sea [29];

e investigations designed to develop a better understanding of the geological
composition of the coastal landforms and assess their long-term stability [30].

The programme of work and its outcomes have been reviewed at two workshops
convened by the LLWR, including academic and technical experts in coastal
processes and modelling, not otherwise engaged in the work. The first workshop, in
January 2009, examined the work undertaken to date and advised on additional work
required. That work was subsequently carried out. The second workshop, in March
2010, reviewed the outcomes from the additional work programme and undertook an
expert elicitation of information relevant to the formulation of coastal change
scenarios of relevance for safety assessment purposes. The workshops are
described in reference [31] and Appendix C of reference [32].

Drawing on all these inputs, an integrated description of the potential future
development of the coastline in the vicinity of the LLWR site was created [32], as
summarised in Section 1.

A summary of all the studies of relevance to the 2011 ESC from the perspective of
climate and coastal evolution is provided in Table 2.1. A schematic diagram of the
relationship between the various coastal evolution evidence gathering and
conceptual model studies, and the climate and landscape change scenario
identification studies, is provided in Figure 2.2.
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Table 2.1 Summary of climate and coastal evolution studies undertaken for

the LLWR

Topics

Key references

Climate evolution studies

Predictions of long-term climate change for NDA sites, including
consideration of outputs of IPCC?® and BIOCLIM® studies, and
representation in assessment scenarios and models

[33] [34] [35] [36]

LLWR-specific predictions and scenarios, including exploration of
interactions between natural solar variability and greenhouse gas
concentrations

[37] 28]

Coastal characterisation studies

Characterisation of the current coastal system using numerical
hydrodynamic modelling; analysis of beach survey data, historical
Ordnance Survey maps (1860s to 2002) and aerial photographs (1940s
to 2002); and site walk-over inspections

[24] [38] [39] [40]
[41] [42]

Development of a conceptual coastal change projection model that
defines the current and past coastal system, modelling approaches to
coastal evolution and preliminary modelling results

[40] [43] [44] [45]

Geophysical investigation of the Drigg spit and LLWR site frontage to aid | [29]
interpretation of shallow geological stratigraphy and sediments

Geological characterisation of the Drigg spit and beach using mapping, [30]
shallow boreholes and trial pits

Coastal evolution modelling studies

SCAPE cliff recession modelling to provide empirical projection of cliff [46]

recession for part of the LLWR frontage

Empirical cliff recession modelling

Included in [32]

Coastal development projections

Site evolution and coastal development scenarios for the 2002 PCSC

[19] [23] [25]

Coastal development expert review workshops

[31] [32]

Coastal development projections for the 2011 ESC

[32]

Intergovernmental Panel on Climate Change

An international project for assessing the potential impacts of long-term climate change on

biosphere characteristics, http://www.andra.fr/bioclim/
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Figure 2.2  Relationship between key climate and coastal evolution study
reports (Note: References correspond with those quoted in Table 2.1)

2.3 Comments from Regulators on Previous Submissions

Engagement with regulators on issues related to long-term safety for the LLWR has
confirmed the importance of coastal erosion to the ESC. For example, in its review of
the site authorisation that was informed by (but not limited to) review of the 2002
Safety Cases [26], the Environment Agency recognised the considerable
uncertainties in the emerging scientific understanding, and commented that:

‘There is significant ongoing work in the area of climate change impacts ...
BNFL should keep abreast of developments in this area and update the
safety case accordingly.”

Requirement 2 of Schedule 9 (R2S9) of the resulting site Authorisation called for a
review of risks arising from potential site termination events (including coastal
erosion) and options for reducing them. In the LLWR’s 2008 submission against
R2S9, calculations of radiological impact arising from coastal erosion were
presented [20] based on schematic illustrations of possible coastal development [37].
In its review of the R2S9 submission, the Environment Agency commented [47]:

‘We ... conclude that the ESC can reasonably be based on the assumption
that the LLWR is likely to be destroyed by erosion within several thousand
years. ... This being the case, we expect the assessment of the impacts
associated with the erosion of the facility to be appropriate for the ‘normal’
or expected evolution of the site. ... Given the fundamental shift to an
assumption that the facility will be eroded within a few thousand years ...
we will expect LLW Repository Ltd to provide a more carefully justified and
robust assessment of the exposures that could arise when that erosion

takes place ...

5

site operator organisation.

At the time of submission of the 2002 Safety Cases, British Nuclear Fuels (BNFL) was the
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Subsequent liaison with the Environment Agency on these topics has informed the
approach to understanding coastal processes and their significance for the LLWR. In
particular, in reference [48] the Environment Agency stated that:

‘Provided that the specific requirements within the GRA are met, including
ensuring that radiation dose constraints and risk targets to the public both
during the operational and post closure periods are met; and the risks
presented by the site are optimised; and where the site is under operational
management, all necessary measures are taken to contain wastes; the
potential for disruption by coastal erosion at some point in the future is an
acceptable risk.’

2.4 Role in Supporting the 2011 ESC

The projections for site evolution outlined in this report, and the supporting evidence,
support a range of assessments and arguments presented in the ESC. In addition,
the outcomes described have been used to directly inform the development of
assessment models that themselves inform the main safety arguments presented.
Thus, the evidence and judgements presented in this report are fundamental to a
number of aspects of overall importance to the ESC. For example:

e The ‘Main Report’ [1] presents the overall arguments for repository safety given
the context provided by projections of climate and landscape change;

e The ‘Assessment of Long-term Radiological Impacts’, ‘Assessment of Non-
radiological Impacts’, and ‘Assessment of Impacts on Non-human Biota’ reports
[12,13,14]) consider the implications of climate and landscape change as part of
determining post-closure impacts, in terms of changes to the conceptual models
underpinning assessments for the various pathways considered, and including an
assessment of the radiological impacts that might be associated with disruption of
the facility.

The arguments and assessments presented in these reports are supported by a
range of underpinning reports that also consider the potential future evolution of the
site and the coast. In particular, the ‘Hydrogeology’ report [7] details the likely
hydrogeological system responses to changes in climate and landscape change, for
example, changes of sea level, distance to coast and infiltration.
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3 Climate Evolution and Sea-level
Change

3.1 Overview

The present day climate in the vicinity of the LLWR is cool temperate with prevailing
winds from a westerly direction [37]. The mean annual temperature over the last
several decades has been measured at 9.3 °C for the West Cumbrian coast and
average annual precipitation from 1991 to 2010 was around 1,082 mm y™* (see
reference [3] for further details and seasonal variations around these annual
averages).

The following subsections describe projections of how the climate may evolve in the
future on the basis of current international research. Particular attention is paid to:

e estimates of future global temperature rise and associated climatic variations;
e implications for sea-level rise in the vicinity of the LLWR.

These aspects are of specific importance for understanding the LLWR system, as
temperature rise provides the driver for global sea-level rise, and the rate and
magnitude of rise could both affect the rate of coastal erosion occurring at the
adjacent coast, and the potential for inundation of the LLWR site. Associated climatic
variations are also relevant to considering surface landscape effects, such as the
evolution of natural vegetation, land use, crop suitability and erosion.

The projections presented, and the evidence sources and associated analyses
underpinning them, have developed significantly over recent years. A summary of
historical developments is therefore provided to indicate how and why projections
differ from those presented in previous regulatory submissions.

A more detailed overview of the analyses presented in this section can be found in
references [32] and [28].

3.2 Drivers for Global Climate Evolution and Sea-level
Change

Over recent decades, there has been increasing recognition that human activities
may be influencing the world’s climate. Bodies such as the IPCC now have very high
confidence that the globally averaged net effect of human activities since 1750 has
been one of warming [49]. Furthermore, evidence for warming is now unequivocal,
from observations of increases in global average air and ocean temperatures,
widespread melting of snow and ice, and rising global mean sea level.

Predictions of the potential future evolution of the climate are necessarily complex
and subject to a wide range of uncertainties. However, the fundamental factors
driving climate evolution arise from:

e variations in the orbital characteristics of the Earth (Milankovitch cycles);
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e changes in the composition of the atmosphere (e.g. in terms of changes in
carbon dioxide concentrations and sulphate aerosol concentrations).

The potential evolution of greenhouse-gas concentrations in the atmosphere is a
complex matter. Firstly, estimates of the contributions from anthropogenic emissions
are necessarily subject to significant levels of uncertainty, and a range of ‘emissions
scenarios’ need to be considered. Moreover, although increases in greenhouse gas
concentrations represent a forcing factor for climate change (through radiative
forcing, that is trapping of heat within the Earth’s atmosphere), there are important
feedbacks that can affect their significance. Atmosphere-sea-ice-land feedbacks,
atmosphere-ocean feedbacks and changes to ocean circulation patterns act as
modifiers to these primary factors. Natural solar variability over these timescales is
also an important uncertainty.

Climate change will lead to effects such as changes to sea water and land surface
temperatures, changes to weather patterns and the nature and frequency of storms.
All aspects will influence factors such as land use (see Section 5). The most
important effect from the perspective of the 2011 ESC, however, is the rate and
extent of sea-level rise that might occur in the vicinity of the LLWR. The likelihood,
mode and timing of any disruption of the LLWR site as a result of coastal erosion
and/or sea water inundation will depend upon the future evolution of the local sea
level.

Sea-level rise is affected by a number of processes, including:

< the rate of circulation and thermal expansion of waters within the world’s oceans
(noting that it can take a long time for expansion as a result of warming to be fully
expressed);

« the rate and extent of glacier and ice-sheet melting contributions.

The following subsections show how complex computer models have been
formulated to support the development of understanding of these aspects, and how
these models have changed in complexity over recent years. Then, the way the
models available at the time were used to support the derivation of climate change
scenarios for the 2002 PCSC is described. The evolution of the understanding
gained since is then described in order to support presentation of the baseline
understanding for the 2011 ESC.

3.3 Modelling Climate Change

Over recent decades, the complex inter-relationships between the various factors
that contribute to global climate change have been explored through numerical
modelling. A number of such models have been used to inform judgements relevant
to the LLWR.

The results of the LLN-2D model were utilised to determine long-term patterns of
climate change that informed the 2002 PCSC [50,51]. This model was developed in
the early 1990s and was probably the first example of what are now known as Earth
Models of Intermediate Complexity (EMICs).

The LLN-2D model has components for land, sea, and the North European, North
American and Greenland (i.e. Northern Hemisphere) ice sheets, and sub-models that
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encompass many important interactions of the Earth-atmosphere-cryosphere system.
The disadvantage of this approach was that output from the model required further
interpretation and downscaling to derive results applicable to the LLWR site.

The LLN-2D model was used with a set of ‘input scenarios’ that represented different
assumed anthropogenic contributions to changes in atmospheric carbon dioxide
concentrations over the next 150,000 years. The model was also sensitive to a range
of further uncertainties concerning climate and climate-related characteristics, from
the stability of the Greenland and West Antarctic ice sheets in the face of global
temperature rise through to the rate of sequestration of greenhouse gases by
environmental processes. These and other issues still represent substantial
uncertainties now, but have been subject to a significant level of further analysis
since 2002.

The simulations carried out with the LLN-2D model predicted melting of the
Greenland ice cap during the next 3,000 to 10,000 years. It was stated that this
finding needed to be treated with caution, on the grounds that the Greenland ice cap
has remained stable during past interglacials. It was noted, however, that on the
basis of the LLN-2D simulations, as well as projections by the IPCC, temperatures in
the next few hundred years were projected to exceed those attained during past
warm phases.

Since the 2002 PCSC, a wide variety of more detailed EMICs have been developed
and used to inform updated assessments future climate change and sea-level rise.

In particular, reference [52] draws attention to a report for the Environment Agency
from the Tyndall Centre for Climate Change Research on modelling climate change
on the millennial timescale that was particularly relevant to sea-level change [53].
Two intermediate complexity climate models and one simple climate model were
used to study the implications to the year 3000 AD of six long-term carbon dioxide
emissions scenarios.

The EMICs that were used included GENIE-1 and MoBidiC. GENIE-1 was
developed in the UK in collaboration between the Natural Environment Research
Council (NERC) funded GENIE project and the Tyndall Centre. The study presented
in reference [53] was one of its first uses. MoBidiC is a more established model with
a range of past applications, developed as a successor to LLN-2D.

Consideration of the outputs of EMICs such as these, together with the general
development of international understanding in areas relating to climate change over
recent years, means that present-day projections of sea-level change in the vicinity of
the LLWR are much more robust than those available for past assessments,
although they are naturally still subject to uncertainty.

3.4 Projections for the 2002 PCSC

3.4.1 Up to 100 years After Present

The 2002 conceptual model [19,23] included the following assumptions for climate
and sea-level changes for the period to around 2100 AD®:

® Based on information given in the Third Assessment Report (TAR) of the IPCC [54].
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e aglobally averaged increase in surface temperatures of around 1 to 6 °C to 2100;

e aglobally averaged increase in water vapour, evaporation and precipitation
together with a change in their seasonal intensity and distribution;

e anincrease in the frequency of extreme climatic events;

* the widespread ablation of Northern Hemisphere ice masses including
Greenland;

e aprojected total rise in global sea level of between 0.09 and 0.88 m above
present mean sea levels, with a central value of 0.48 m.

Although primarily based on LLN-2D, the 2002 PCSC [19,23] also used results from
Atmosphere-Ocean GCMs (see above and [54]) to estimate the main contributions to
global sea level rise by 2100 AD from thermal expansion, glacier ablation, and
ablation of the Greenland and Antarctic ice sheets.

The 2002 PCSC took into account UK Climate Impacts Programme (UKCIP)
downscaled projections of global climate change to a scale pertinent to the UK [55].
The results estimated that relative sea level will continue to rise around most of the
UK shoreline and that extreme sea levels, occurring through combinations of high
tides, sea-level increase and changes in winds leading to storm surges will increase
in frequency leading to some coastal inundation and greater wave energies reaching
the shoreline.

It was noted that changes in relative sea level will vary around the UK as a result of
variations in land movements. The main reasons for regional land movements in the
UK were identified as on-going readjustments of the land due to the de-glaciation that
followed the last ice age, and localised sediment compaction brought about, for
example, by groundwater abstraction. These local factors are known as isostatic
effects. They modify the impact of global (eustatic) sea-level change to infer a local,
relative sea-level change.

3.4.2 Beyond 100 years After Present

The conceptual model utilised for the 2002 PCSC considered that a simple
relationship exists between global ice volume and global sea level. The version of
LLN-2D employed in the simulations for the 2002 PCSC was configured for the
Northern Hemisphere only, so assumptions of the variation of the Antarctic ice sheets
was required in order to produce estimates of global ice volumes and hence
sea-level change.

Another issue was that the main effects of anthropogenic warming on global sea
level are likely to be well developed before 1,000 years after present, which is only
the second time step in the LLN-2D model simulations. Therefore, the pattern and
magnitude of sea-level change over the next 1,000 years was informed by an
alternative approach, based upon estimates of rates of thermal expansion of
seawater and glacier and Greenland ice-sheet melting contributions.

The LLN-2D simulations suggested that, beyond 1,000 years after present with
enhanced global warming, the Greenland ice sheet would eventually melt, resulting
in a substantial rise in sea level. This outcome was, however, believed to be without
precedent. Therefore, two alternative outcomes were considered, one in which the
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Greenland ice sheet remained stable, and one where it melted and the rise in sea
level was more severe. Under the former, it was likely that the LLWR site would
survive a phase of global warming (with disruption occurring much later as a result of
glaciation). In the latter, it was likely that the facility would be disrupted by coastal
erosion.

3.5 Projections for the 2011 ESC

3.5.1 Global Sea-level Change

Issues related to climate change have been explored in a wide variety of national and
international initiatives, reviewed by the IPCC. The outcomes from this worldwide
programme of research provide the basis for interpreting the results in the local
context of the LLWR.

Observations of global sea-level rise

The IPCC [49] has reported the observed rate of global sea-level rise from 1993 to
2003. Ice loss from Antarctica and Greenland has occurred, with increases in flow
speeds for some outlet glaciers that drain ice from the interior of the ice sheets,
typically following thinning, reduction or loss of ice shelves or loss of floating glacier
tongues. Such dynamic ice losses are sufficient to explain most of the Antarctic net
mass loss and approximately half the Greenland net mass loss observed during that
period. The remainder of the ice loss from Greenland has occurred because losses
due to melting have exceeded accumulation due to snowfall.

Predictions of global sea-level rise

For the next two decades after present, a projected warming of about 0.2<C per
decade is estimated for a range of emissions scenarios. By the end of the 21st
century, the projected global temperature rise is 1.1 to 6.4<C relative to 1980 to 1999
and the projected global sea-level rise is 0.18 to 0.59 m. The range of sea-level rise
is narrower than considered previously [54], mainly because of improved information
about some uncertainties in projected contributions. Nevertheless, the available
understanding is insufficient to estimate likelihoods or to provide a best estimate or
upper bound for sea-level rise.

The IPCC also considers that if the radiative forcing’ is stabilised by 2100, a further
increase in global temperatures of about 0.5°C would be expected, mainly by 2200,
and thermal expansion alone would lead to 0.3 to 0.8 m of sea-level rise by 2300.
Thermal expansion would continue for many centuries, due to the time required to
transmit heat to the deep ocean.

Models considering the response of Greenland ice sheet to increases in temperature
suggest that the there will be sustained ice loss for a global average warming in
excess of 1.9 to 4.6°C. If such a situation were sustained for a prolonged period (i.e.
for millennia), a virtually complete elimination of the Greenland ice sheet would
result. This would result in a contribution to sea-level rise of about 7 m.

" Thatis, warming arising from radiative energy changes (both ‘incoming’ and ‘outgoing’)

due to evolution of the composition of relevant layers of the atmosphere.
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Such conditions are comparable with those believed to have occurred 125,000 years
ago (the Eemian/Ipswichian interglacial), during which it is considered [49] that there
was 4 to 6 m of sea-level rise (this and additional information of relevance is
discussed further below).

Overall global sea level is expected to increase by 1.7 to 21.7 m over the next 1,000
years, and by 9.1 to 26.4 m over a few thousand years. Best estimates of global sea-
level rise over the next 1,000 years, and in a few thousand years when sea-level rise
is expected to cease, are 8.5 m and 17.5 m, respectively.

The estimates of global (eustatic) sea-level change include contributions from
thermal expansion, melting of ice caps and valley glaciers, losses from the
Greenland ice sheet, losses from the West Antarctic ice sheet and the effects of
small changes in the East Antarctic ice sheet. Over the next 1,000 years, the
contributions to sea-level rise were estimated to be:

e 0.5to 4.5 m from thermal expansion;
 0.4to 0.6 m from complete loss of ice caps and valley glaciers;
e 0.8to0 6.6 mfrom the Greenland ice sheet (about 3 m for a mid-range scenario);

e 0.0to 10.0 m from the West Antarctic ice sheet, depending on the view taken on
medium-term mechanical stability (see also [56] and [57] for earlier discussions
on this topic).

3.5.2 Projected Sea-level Change in the Vicinity of the LLWR

In reference [37] a review of mechanisms influencing sea levels together with various
projections of future climate evolution, including those from international programmes
noted above, were utilised as a basis for specifying alternative patterns of future sea-
level change in the vicinity of the LLWR. The following conclusions were drawn.

Up to 100 years after present

Global sea level is expected to increase by 0.2 to 0.8 m over the 21st century. The
rate of increase might be expected to be more rapid towards the end of the century
than at the present day. However, as the rise in sea level includes diverse
contributions that occur on different timescales, it would probably be over-refinement
of the analysis to consider anything other than a constant rate over the whole period.

Set against this is an isostatic uplift of 0.6 mm y™ at the LLWR site (see also [58]).
Thus, the total increase in relative sea level at the site by the end of the 21st century
is 0.14 to 0.74 m. This timescale is too short for any significant changes to occur in
the rate of isostatic recovery.

The change in sea level over this period would give a high stand® comparable to that
which occurred about 6,000 years ago. It is not thought that a change of this
magnitude would be sufficient to substantially alter the tidal range.

® Thatis a maximum sea level during that period.
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Beyond 100 years after present

The rate of isostatic uplift of 0.6 mm y™ will not significantly change on a timescale of
1,000 years, but might decrease substantially on a timescale of a few thousand
years. However, adopting the present-day value of the isostatic contribution, the
correction factor at 1,000 years is 0.6 m and at 3,000 years is 1.8 m. Thus, the global
ranges quoted above lead to local relative sea level increases of 1.1 t0 21.1 min
1,000 years and 7.3 to 24.6 m at 3,000 years.

The rate of isostatic recovery tends to diminish exponentially with a half time of
around 3,000 years. If this form of rate reduction is applied, it is estimated that the
amount of isostatic recovery still to be expressed is about 2.6 m. On this basis, the
relative sea-level rise on timescales of more than a few thousand years is 6.5 to
23.8 m, with a best estimate of 14.9 m.

Schematics illustrating the potential evolution of sea level

These considerations give rise to the envelope of sea-level rise curves. Two sea-
level curves have been adopted to describe credible ‘low’ and ‘high’ relative sea-level
change cases. The relative sea-level curves and associated rates of sea-level
change are illustrated in Figure 3.1.
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Figure 3.1 Sea level projections and rates of change

3.5.3 Analogues for Climate Change Projections
Comparison with global records of the Eemian Period

It is instructive to compare the above projections with the outcomes of a recent
comprehensive analysis of sea levels during the last interglacial (Eemian/Ipswichian)
period, at around 130,000 to 115,000 years before present [59]. At the peak of the
Eemian, around 125,000 years before present, polar temperatures were about 2 to
5°C warmer than at the present day, comparable to the increase expected under 1 to
2°C global warming.
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The study presented in [59] used a wide range of sea level indicators to determine
the pattern of local and global sea-level changes during the Eemian. The key results
are summarised below.

« It was estimated that the global sea level probably peaked at 124,000 years
before present, at between 6.4 and 8.7 m above the present-day level.

 The maximum rate of relative sea-level rise was large, almost certainly at least
5.6 m per 1,000 years. This arose because there were contributions of more than
2.5 m from each of the northern hemisphere and southern hemisphere ice
sheets. This clearly shows that both the Greenland and West Antarctic ice sheets
are unstable against moderate global warming.

The outcomes of this study are important as the total amount of sea-level rise and
the rates of change that occurred over relevant periods present the nearest known
geological analogue to the rates of change projected to occur in the future.

The results strongly indicate that substantial loss of ice mass from both Greenland
and Antarctica will occur within the next 1,000 years. This supports the scenarios set
out in reference [37], reached independently in reference [59]. The best estimate
global sea level increase of 8.5 m suggested in reference [37] is very close to the
best estimate of 7.2 m for the Eemian in reference [47]. Furthermore, the predicted
rate of future sea-level rise is also comparable with that determined for the Eemian.

Finally, it should be noted that both references [37] and [59] attribute periods of rapid
sea-level rise, at least in part, to mechanical instabilities of the Greenland ice sheet
and the West Antarctic ice sheet. Such mechanical instabilities may be strongly
time-varying, i.e. surges alternating with periods of near stasis. Thus, although future
global sea levels are generally represented as monotonically increasing over the next
few thousand years, it is possible that the general form of increase will be interrupted
by periods of near-constant sea level lasting for decades or longer.

Comparison with evidence for sea-level change at the LLWR

Research into sea-level change in the vicinity of the LLWR has been undertaken in
three phases since 2005 [27]. This research has been supplemented with data
acquired by investigation of the Drigg Spit [30]. The work has resulted in a new sea-
level curve for the region and estimates of tidal elevations for a period up to 16,000
years before present (see Figure 3.2 and Table 3.1). The key findings of the
research are as follows.

e A Lateglacial sea level high of approximately 2.3 m AOD occurred at about
16,000 years (calibrated)’ before present. The high stand has implications for the
development of the Drigg Dunes SSSI and gravel barrier system, as sediment
supply and sea level are major controls. Sea level at this time was strongly
controlled by the presence of an Irish Sea ice sheet.

 Alow stand occurred of below -4.6 m AOD about 10,000 years ago. Data indicate
a relatively rapid sea-level rise of at least 2 mm y™ after this period.

Because of variations in **C production in the past, radiocarbon years are not equivalent to
calendar years. Those radiocarbon dates which have been calibrated to calendar years
and thus quoted as ‘calibrated’. Uncalibrated dates are quoted in radiocarbon years.
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A second sea-level high stand of approximately 0.6 m AOD occurred at 5,500 to
6,500 years (calibrated) before present.

The implications of these conclusions are that past sea-level change cannot be used
as an analogue for future change at the LLWR. This is because the rates of sea-
level change since the Lateglacial are an order of magnitude lower than those
expected for the future. Furthermore, because there was a very short period of time
since the Lateglacial when sea level was rising from a position equal to or higher

than present day levels, there is limited evidence preserved in the current landscape
for coastal responses to higher than present sea levels.
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Figure 3.2 Reconstructed relative sea level from Ravenglass Estuary,
Morecambe Bay and Solway Firth (Note: Data in black are radiocarbon
dated sea-level index points from Cumbria derived from studies since 2005.
Data in blue are derived from reference [30]. Index points represented by ‘T’
are limiting points, sea level lies below this altitude. The relative sea-level
curve from the Solway Firth is shown as grey short dashed line [60] and from
Morecambe Bay by the grey long dashed line [61])
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Table 3.1 Estimated tidal information for West Cumbria since the
Lateglacial
Time Period MSL MLWS MHWS | HAT
Current 0.24 -3.54 4.01 4.9

Mid-Holocene highstand (5500 to 6400 y BP) | 0.55 -3.73 4.33 5.2

Lateglacial highstand (16000 y BP) 2.29 -1.49 6.07 7

(Note: All elevations in m AOD. Tidal ranges assumed to be constant though time. MSL:
mean sea level; MLWS: mean low water spring tides; MHWS: mean high water spring tides;
HAT: highest astronomical tide)

3.6 Summary of Key Factors

A range of views exists within the scientific community on the scale of climate change
in the future. Changes have already been observed in the Earth’s climate that are,
however, due to emissions associated with human activities, and it may be presumed
that the climate will continue to evolve as a result of natural processes and human
influences.

Studies of factors such as global temperature changes, weather and tidal patterns,
past and present sea levels, and the evolution of glaciers and ice sheets have been
considered together with estimates of greenhouse gas emissions to derive
predictions of future sea-level rise. Such estimates have been informed by a series
of different computational models, including the present generation of EMICs.
Amongst the factors considered in these models, the following aspects represent
particularly important inputs:

* Greenhouse gas emission scenarios (minimum future emissions to full
combustion of all fossil fuel reserves);

« Estimates of global temperature change for these emission scenarios:

— in the short term, warming of about 0.2 °C per decade is estimated for a range
of emissions scenarios;

— by 2100 the projected global temperature rise is 1.1 to 6.4 °C (relative to 1980
to 1999);

— if radiative forcing were to be stabilised at 2100, a further increase in global
temperatures of about 0.5 °C would be expected, mainly by 2200.

e Estimates of the impact of thermal expansion with time, noting that slow diffusion
and circulation processes within oceans mean that the impacts of climate change
might not be fully expressed for hundreds to thousands of years (thus sea-level
rise will continue even for minimal future emission scenarios);

« Estimates of the potential impacts of ice sheet evolution with time, noting past
data on ice sheet stability, and the mechanisms by which degradation could
occur.

LLWR/ESC/R(11)10023 Page 30 of 81



The 2011 ESC Site Evolution

To estimate the implications of these global effects locally, for the LLWR, it is also
necessary to include the influence of isostatic uplift of the Cumbrian coast. Doing so
yields the following projections for ranges of future sea-level rise for the West
Cumbria coast in the vicinity of the LLWR.

e 0.14t0 0.74 m (compared with the 1980 to 1999 average) by 2100.
e 1.1to21.1 mat 1,000 years after present, and 7.3 to 24.6 m at 3,000 years.

These figures assume that isostatic recovery remains constant over this time period.
If, however, the rate of isostatic recovery is considered to diminish exponentially with
a half time of around 3,000 years, then the resulting range at times substantially in
excess of 3,000 years changes to 6.5 to 23.8 m.

The ranges reflect the current state of understanding and present a related envelope
of potential future sea-level rise. They bracket a wide range of different types of
uncertainty and as such it is not appropriate to identify a ‘best’ or ‘central’ estimate
within them.

The ranges given do not indicate the rate of sea-level rise except in broad terms. Itis
relevant to note, however, that:

e Thermal expansion contributions to sea-level rise will occur gradually over a
period of hundreds of years.

e Contributions due to other factors, primarily the loss of ice-sheets, are likely to
occur intermittently. The structural properties of different ice-sheets mean that
they will respond differently to global temperature changes and as such are likely
to express their contributions to sea-level rise at different times and, possibly, in
relatively short episodes.

The rate profile for sea-level rise with time may, therefore, be characterised by
periods of near-stasis, with very slow increases due to thermal expansion,
punctuated by occasional more dramatic increases in sea level as a result of ice-
sheet loss.

A number of uncertainties are identified in the preceding discussions. Table 3.2
summarises the nature of these uncertainties.
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Table 3.2

Overview of uncertainties in projecting global climate evolution and sea-level rise in the vicinity of the LLWR

Issue / Uncertainty

Notes

Uncertainties in future greenhouse gas
emissions

The likely rate of future greenhouse gas emissions is a major source of uncertainty. The IPCC provide a
range of emissions scenarios that provide the best available bounding estimates and have been utilised in
developing the ranges of projections for future climate change reported in this document.

Uncertainties in the effect of those
emissions on gas concentrations in
atmosphere

The proportion of emissions that will provide a greenhouse role is uncertain. The influence of variations in
emissions on gas concentrations is expected to be comparatively small over a few hundred years, as there
is reasonable understanding of the atmosphere-ocean system. Uncertainty rises over longer timescales
because of uncertainties in long-term sources (e.g. soil carbon, clathrates (gas hydrates)) and sinks (loss in
deep oceans, changes in weathering rates).

Extent of influence of insolation processes,
including coupling of natural solar variability
and gas concentrations

Insolation processes are reasonably well modelled in the long term, but shorter-term effects, e.g. sulphate
and black carbon aerosols may cause significant short-term perturbations. However, their atmospheric
residence times are limited and effects are typically localised regionally.

Greenhouse gas concentrations act as drivers for climate change, but are also influenced by it. For example,
the distribution and fate of released greenhouse gases depends on temperature. Also, with increasing
temperature, certain current sinks (e.g. soil carbon) may ‘flip’ and become sources. Permafrost loss, if it
was to occur, could also change the global carbon dynamics. Natural solar variability also influences global
temperatures, and thus greenhouse gas concentrations.

Overall, the uncertainties that arise from these sources have been considered in developing ranges of future
temperature rise, which are therefore considered to represent reasonable bounding estimates.

Uncertainties in understanding of present
day ice cap evolution, and models of future
ice cap evolution with global temperature,
including extrapolation from historic data

Ice-sheet stability is a major uncertainty, as ice sheets may collapse, or partly collapse, over a relatively
short timescales, which will lead to sudden increases in sea levels. The understanding of present day
processes associated with ice sheet growth, retreat and mechanical stability are subject to uncertainty, and
projections in the future more so. It is possible that the development of more realistic ice-sheet flow models
could change the nature of predictions from those that apply present-day.
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Issue / Uncertainty Notes

Frequency and extent of climatic events in Analysis of data concerning past climate change events is of value in informing judgements concerning
the past and relevant as analogues for the potential future change, but its use is limited as the rate of change expected in the future is largely without
future parallel. Noting this context, the changes during the Eemian noted above are, however, specifically
important, as they provide the nearest known historical analogue.

Limitations of computational models and The processes involved in climate change are complex and the mode of their operation and interactions
other projection aids between them are uncertain. Modelling approaches can be used to help bound uncertainties, but their use
is limited by the extent of understanding. However, comparisons against pollen and other sediment records,
ice-core data and isotopic ratio data now place severe constraints on palaeoclimatic reconstructions based
on modelling and build confidence in their outputs.
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4 Coastal Landscape Evolution

4.1 Overview

This section presents projections of future coastal landscape change in the vicinity of
the LLWR, and summarises the underpinning rationale and evidence. It describes
the evidence-based understanding of the coastal processes that operate present-day
(Subsection 4.2); projections of the likely future evolution of the coast in the vicinity of
the LLWR (Subsection 4.3); and the uncertainties inherent in making long-term
landscape evolution predictions (Subsection 4.4).

The outcomes of these analyses are of critical importance to the ESC, as they
concern the nature and timescales of potential future site destruction. Issues of
particular interest include the:

< magnitude and rate of sea-level rise (consistent with the projections described in
Subsection 3.5);

e near-shore wave regime and related regional and local sediment transport
processes, in particular in terms of interactions with the beaches and other
coastline features in the vicinity of the LLWR;

e nature and composition of the materials likely to be eroded;

e implications of all the above for cliff recession rates.

The projections presented integrate the outcomes significant programme of

characterisation and assessment work considering these aspects. They summarise
the detailed analyses presented in [32] and underpinning studies™.

4.2 Key Features of the Coastal System in the Vicinity of the
LLWR

4.2.1 Features that Control Coastal Evolution

The mechanisms by which disruption of the LLWR could occur are principally related
to the rate of erosion of beaches and recession of associated cliffs™. The LLWR will
be eroded if sediment transport processes continue to move material from the
beaches and cliffs and in to the marine system. Local sediment transport is
influenced by a range of factors. These include:

e the sea level and its rate of change (which has been discussed in Section 3);

e regional sediment transport processes;

19 See Subsection 2.2 for a summary of key historical developments in the audit trail.

! Itis also possible that sea-level rise could also lead to direct inundation in advance of
erosion-based disruption occurring; see Subsection 4.3.
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« the geology and morphology of the coastline;
< the influence of tides and the local wave regime;

« the characteristics of sediments and materials that might be eroded to form
sediments;

+ other factors such as the influence of estuaries.

Projections of coastal evolution therefore require these factors to be adequately
characterised. In doing this, it is important to understand whether the local sediment
system is essentially self-contained or whether sediment material might be
continually transported in to or out of the local coastal system. This is strongly
dependent on the predominant direction of sediment movement along the coastline.
The physical characteristics of the sediment (especially size) are a further important
factor'? as they influence how readily it is moved.

On this basis, a sediment budget can then be developed from factors such as the
coastal geomorphology and the influence of tides and the local wave regime, to
establish whether the coast is presently accreting (a positive net budget), eroding
(negative budget) or stable (balanced budget). This understanding can then be
further developed to provide a conceptual model of the processes governing the
likely future evolution of the system.

Consideration of coastal defences

The optimisation and SDP presented in the ESC [10] does not include the
construction of any form of coastal defences. It was judged that a safety case
depending on the necessary maintenance and periodic rebuilding of coastal
defences into the far future would be impossible to substantiate and would be
inconsistent with the regulatory principle that the long-term safety of disposed wastes
should be independent from active controls. Even if constructed and maintained, it is
unlikely that such defences would be able to provide long-term protection given the
extent of projected sea-level rise.

However, it is possible that some defences could be emplaced at some point along
the coast in the vicinity of the LLWR for other reasons; protection of local villages for
example. This might influence local sediment supply or transport characteristics
compared with the assumptions outlined in this document, for example it is possible
that a transient negative local sediment balance could be established in specific
situations. Therefore it is relevant to consider the robustness of projections made
given the possibility that such features might be constructed.

4.2.2 Historical Coastal Evolution

Historical coastal change over the last approximately 150 years has been assessed
in order to understand the importance of relevant controls on coastal development in
the vicinity of the LLWR. These studies have included consideration of Ordnance
Survey maps and aerial photographs. These data have been used alongside more

2 The size of the particles associated with the sediment load is an important specific
consideration as they determine the ease with which particles are transported, and hence
whether beach-building can occur which will act to reduce cliff recession rates.
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up-to-date aerial photography to calculate annual rates and patterns of shoreline
change over the following timeframes:

e long term —1863 to 2002 (historical OS maps compared with 2002 OS Land-
Line);

e medium term —1941 to 2002 (ortho-rectified historical aerial photos compared to
2002 baseline survey);

e short term — 2002 to 2009 (comparison of 2002 baseline survey, with 2009 repeat
baseline survey).

In addition to maps and aerial photographs, four LIDAR surveys have been
undertaken between 2002 and 2009 to calculate beach elevations and sediment
volumes.

Overall, shoreline changes shown by all data sources indicate both erosion and
accretion with a complex pattern of beach level changes, but that the total net
amounts of change have been low rates of erosion of approximately 0.2 m per year.
The LIDAR surveys also indicate no net change in beach sediment volume despite
shifting patterns of sand and gravel coverage on the foreshore in the short term. The
detailed outcomes of these historical studies provide important evidence that informs
the analysis of present day controls described in subsequent subsections.

4.2.3 Regional Sediment Transport
Regional sediment cells

Sediment transport processes associated with the UK coastline are typically
described as occurring within a series of separate sediment cells. These are discrete
in their geography, and approximately so in the sediment transport processes that
occur within them, i.e. there is little interaction between cells.

The coastline in the vicinity of the LLWR lies within Sediment Sub-cell 11d which
extends from St Bees Head in the north to Walney Island in the south (Figure 4.1).
St Bees Head is a major barrier to longshore sediment transport [43]. Walney Island
is a lesser barrier, but still prevents substantial sediment movement to Morecambe
Bay. For the purposes of modelling and other analyses undertaken for the LLWR, a
further refinement of Sediment Sub-cell 11d has been utilised, with the southern
boundary being taken as the Ravenglass Estuary delta which forms a partial barrier
to southwards sediment transport.
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Figure 4.1 Subdivisions of sediment cell 11 (modified from [62])

Regional sediment transport

The main drivers for regional sediment transport processes are related to tides. To
the north and south of the LLWR tidal streams are orientated in east to west
directions in the Solway Firth and Morecambe Bay and generate a net residual
current that is important in moving sediment onshore. The LLWR is between these
two features, and consequently tidal flows are instead orientated north to south. This
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is important as it means that the predominant tidal flows do not drive sediment
onshore. This conclusion is supported by observations from offshore
sedimentological data.

Regional sediment budget calculations [44] considered the volumes of sediment that
could have been supplied from erosion of coastal features and subsequently
deposited in sinks and stores, such as estuaries, beaches and sand dunes, since the
retreat of the ice sheets at the end of the last glaciation. This work confirmed that the
local sediment budget has been and remains largely independent of regional
processes to the north and south of Sediment Sub-cell 11d.

4.2.4 Coastal System Geomorphology
Material properties of relevance

The geomorphology (i.e. the landform, sediments and processes) of the coastline in
the vicinity of the LLWR is important as it determines the near-shore wave and
current regime. These in turn affect the movement of eroded sediment and have a
major bearing on erosion processes. A key factor is the distribution in size of the
sediments, which determines the ease with which the sediments are dispersed.
Broadly speaking as erosion progresses:

« sediments classed as fines (i.e. silt and clay) are relatively rapidly transported
away from the coastal domain to the Irish Sea,;

« sand forms a highly dynamic lower beach below mean high water;
e gravel accumulates in a less dynamic upper beach above mean high water;

e cobbles, which are of limited mobility, are exposed as broad ‘scars’ across the
intertidal zone.

The larger-sized sediments, in particular the gravel beach accumulations, influence
the profile of the beach and can slow the rate of erosion especially where coarser,
more resistant sediments are exposed in the cliffs. In contrast to the gravels, softer
sedimentary material does erode as it is intermittently exposed to the surf zone.

Present-day coastal geometry

The coast in the vicinity of LLWR has been classified into a series of headlands and
bays punctuated by a series of rivers and estuaries. The coastal features of interest
are indicated in Figure 4.2.

Headlands that are prominent from a geomorphological perspective are located at
Barn Scar, Whitriggs Scar, Nethertown and St Bees Head, while the fan deltas of the
rivers Pow Beck, Ehen and Calder and the Ravenglass Estuary*® form important
barriers to sediment transport along the coastline. Features closest to the LLWR site
include Barn Scar, the Drigg Dunes SSSI, Whitriggs Scar and the Carl Crag
Embayment. Each of these elements represents a variation on the general coastal
type. Carl Crag shows evidence for episodically eroding cliffs. The Barn Scar

¥ The Irt, Mite and Esk deltas together form the Ravenglass Estuary, and the latter term is
used throughout this report. Note that as the coastline recedes Muncaster Fell will tend to
divide the Esk river/estuary from the Irt/Mite rivers/estuary.
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headland is fronted by an extensive spread of natural rock armouring that occurs
close to mean low water level, and which acts to deform the coastal profile and retard
coastal recession behind it.

LLW Repository

Figure 4.2 Key features of the West Cumbrian coast near the LLWR

This illustrates the significance of the presence of larger-sized eroded material on the
foreshore or in the cliffs on the overall rate of erosion. Drigg Dunes SSSl is a sandy

LLWR/ESC/R(11)10023 Page 40 of 81



The 2011 ESC Site Evolution

promontory with a core of Quaternary glacial sediment along its length. The southern
part of the promontory is a spit but the northern part is a till cliff with a dune capping.

Present-day fate of eroded material

As recession of the cliffs progresses gravel, sand and fines are supplied to the
foreshore. All of the fines, and a proportion of the gravel and sand material, are
removed offshore by wave action.

Evidence sources including the outcomes of modelling studies [41] indicate there is
no net drift direction along this coastline, meaning eroded sediment will be as likely to
be transported north as far as St Bees Head, as to the south as far at the Ravenglass
Estuary. Any sediment outputs to offshore stores are currently largely balanced by
sediment inputs from adjacent cliff sections between St Bees Head and the
Ravenglass Estuary.

4.2.5 Variability in Beach Characteristics in the Vicinity of the LLWR

The characteristics of local beaches, and in particular particle size distributions,
provide important evidence to support the development of conceptual models of
beach erosion and cliff recession. The beaches are characterised by distinctly
different upper and lower foreshores. The term ‘upper foreshore’ refers to the storm
or back beach, which corresponds to the steeper-angled part of the beach above
mean high water level. ‘Lower foreshore’ refers to the flatter beach zone between
mean high water and mean low water. The natures of the upper and lower
foreshores vary along the coastline. In general, upper foreshores in the south are
less steep and less gravelly than those in the north. The lower foreshores are
spatially variable, comprising sand with occasional outcrops of boulders or gravels,
known locally as ‘scars’.

Typical beach characteristics
Figure 4.3 shows a view of the Drigg Beach, and provides an illustration of the
features typically associated with beaches on the West Cumbrian coast. The figure

shows, from left to right;

e the sandy lower foreshore, including a boulder lag deposit (known locally as a
‘scar”) with green algal/seaweed cover;

* a higher gradient gravel/cobble storm or back beach (note vegetation cover
indicating infrequent impact from waves);

e the till cliff, including slumped vegetation.
St Bees Head can be viewed in the background.

To provide further context, Figure 4.3 shows Barn Scar as viewed from the Drigg
Beach (looking west).
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Figure 4.3 Photograph of the Drigg Beach, illustrat  ing typical features of a
West Cumbrian beach

Figure 4.4 Photograph of Barn Scar, looking west fr ~ om Drigg Beach

Variation along the coastline

Within the beaches along the coast near the LLWR, there is a general north to south
pattern of increasing sand content [39]. Indeed many of the beach profiles to the
south, around Drigg Dunes, are almost completely formed of sand, with the exception
of thin gravelly sand deposits at the back of the beaches. Figure 4.5 provides an
illustration of the north to south variation in shore and sediment characteristics along
the frontage.

The higher proportions of gravel to the north of the region can be explained as the
result of the following:

greater proportions of gravel being contained within the northerly till cliffs, leading
to a greater volume of gravel supply with erosion;

more extensive erosion of the northerly till cliffs at former headlands, leading to a
greater volume of supply;
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