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A Model Approach to Radioactive Waste Disposal at Sellafield I

Abstract

Sellafield in West Cumbria is the potential site of a repository for radioactive,
Intermediate Level Waste (ILW). The proposed repository lies at 650 m beneath the
ground surface to the west of the 1000 m uplands of the Lake District. The fractured
Borrowdale Volcanic Group (BVG) host rock is overlain by a sequence of
Carboniferous and Permo-Triassic sediments. Fresh, saline and brine groundwaters
exist in the subsurface. Upward trending fluid pressure gradients have been
measured in the area of the potential repository site. Steady-state, 2-D simulations
of fluid flow were undertaken with the OILGEN code. Topographically driven flow

dominates the regional hydrogeology. Subsurface fluid flow trended persistently
upwards through the potential repository site. The dense brines to the west of the
site promoted upward deflection of groundwaters. The groundwater flow rate
through the potential repository site was dependent upon the hydraulic conductivity
of the BVG. Calibration of the model was achieved by matching simulated
subsurface pressures to those measured in-situ. Emergent repository fluids could

reach the surface in 15,000 years. The measured BVG hydraulic conductivity is up
to 1000 times too high to be simply declared safe.

Geochemical simulations, with Geochemist's Workbench™, showed natural BVG
groundwaters display redox disequilibrium. The in-situ Eh is most probably +66
mV. Pyrite, absent from rock fractures, would not enforce a reducing -250 mV Eh.

Steel barrels and alkaline cement are intended to geochemically retain 2.5x106 kg of
uranium. Simulations of repository cement/BVG groundwater interactions produced
pH =10 at 80°C but no change in the +66 mV Eh. Steel barrel interactions produced
an alkaline fluid with Eh = -500 mV. Uranium solubility in the high pH repository

near field was as high as 10-2.7 M, regardless of steel interactions. Uranium
solubility adjacent to the repository (pseudo near field) was controlled by Eh;

ranging from 10-13 M in the presence of steel, to 10-2-7 M with no steel. Uranium
retention is controlled only by steel barrel durability. Oxidising, natural BVG
groundwater will enhance steel barrel destruction. Distant from repository (far field)

uranium solubility was 10-3-4 M if Eh was as measured in-situ. Thermodynamic
data variations affect the calculation of uranium solubility; uranium near field

solubility can be as high as 10-1-4 M. Uranium solubilities in near-field high pH

groundwater could be more than 600 times greater than the 10->-> M used by UK
Nirex Ltd. in their safety case simulations.

The hydrogeological and hydrogeochemical modelling performed utilised data
obtained from the most comprehensive, and expensive, groundwater investigations
undertaken in the UK. The simulations have shown that, given the current

understanding of the site's geology, hydrogeology and hydrochemistry, there is no

scientifically sound reason for selecting Sellafield in Cumbria as the site to retain
radioactive waste that will be lethal for millions of years.

Christopher McKeown, Ph.D. Thesis, 1997

Geology & Applied Geology, Glasgow University, Glasgow, G12 8QQ, UK
Tel: 44-(0)141-330-5469, Fax: 44-(0)141-330-4817
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Chapter 1 ; Introduction 2

Chapter1  Introduction

1.1  Setting of research

By the year 2030 the United Kingdom will have generated almost 1,000,000 m3 of
radioactive waste. Sources range from defence activities, fuel reprocessing and
operation and decommissioning of commercial reactors to medical and research

laboratories (Nirex, 1992a). This waste 1s at present stored, pending the construction
of the UK's first deep geological disposal facility, a so called repository.

The UK waste disposal organisation responsible for this is UK Nirex Ltd. It
oversees the design, construction and management of a repository, and is currently
undertaking performance and safety case assessments to investigate one candidate
site for a repository near Sellafield. If these assessments are adequate then Nirex
would apply for planning permission to develop a repository. If planning permission
1s granted the repository is projected to begin construction around 2001 and be

operational for at least fifty years (Holmes, 1995). This thesis presents results of

computer modelling of geological processes that have a direct effect on the safety
assessment of the currently proposed repository site.

As this thesis brings together a variety of disciplines this introduction is intended to
provide the reader with a general overview of the relevant information regarding the
disposal of radioactive waste, 1.¢.; what, and how much waste is to be disposed of;
what is the UK repository concept; what sites might be suitable; what is the

preferred UK site; what 1s the geological and hydrogeological setting and what are
the aims and layout of the thesis.

1.2 Radioactive waste forms

In the UK, radioactive wastes are subdivided into over 900 'streams’ of distinct and

different origin (Nirex, 1992a). The inventory is usually considered as Low,
Intermediate and High level waste and can be classified as follows.

Low Level Waste (LLW)

LLW is defined as those waste streams with an activity content not exceeding
1...2x1ﬁ0}0 Bg/tonne of beta () and gamma (y) radioactivity (Nirex, 1992¢). The
Bequerel (Bq) 1s the measure of the ‘activity' of radioactive material and is equal to

one nucleus disintegrating every second (Chapman & McKinley, 1987). LLW
streams total 728,000m3, forming 74% of total conditioned waste volume to 2030

(Nirex, 1992a). Conditioning of LLW waste forms is done by supercompaction of
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the materials to reduce their volumes by as much as 50%. Examples of LLW
include general and laboratory wastes such as used protective clothing and
redundant equipment that is contaminated with small amounts of radioactive

material. Other examples include concrete, rubble, metal and soil from the
demolition of buildings and other nuclear facilities (Nirex, 1992d).

Intermediate Level Waste (ILW)

ILW is a large number of waste streams with a radioactive content exceeding that of
LLW, but with a lower radioactivity and heat output than High Level Waste (HLW)
(Nirex, 1992¢). ILW streams total 257,000 m3, forming 26% of the total
conditioned waste volume (Nirex, 1992a). Examples of ILW are the metal cladding
of nuclear reactor fuel, reactor components, chemical process residues and used

filters (Nirex, 1992d). This forms the majority of the wastes destined for subsurface
disposal in the UK.

High Level Waste (HLW)

Intensely radioactive waste from the reprocessing of irradiated nuclear fuel, 94% of
which is radioactive liquid from the nitric acid solution of fission products from fuel
reprocessing (Nirex, 1992d). HLW waste streams are of relatively small volume

(3,830rn3) (Nirex, 1992a) but contain over 95% of the total radioactivity in waste

from the nuclear fuel cycle; 7.1x1020 Bequerels (Nirex, 1992¢). HLW has a high
heat output due to the energy from radioactive decay, and this heat (as much as
200°C) has to be taken into account when designing storage or disposal facilities

(Chapman & McKinley, 1987; Nagra, 1995). None of this waste is currently
destined for subsurface disposal by UK Nirex Ltd.

1.3  Deep disposal of radioactive waste

In the UK HLW is currently being vitrified (encapsulated in synthetic glass) and
housed in surface stores to allow much of the activity to decay prior to final
disposal. This waste is expected to remain in storage for a period of some 50 years
after this conditioning (Nirex, 1992a). It is highly likely that the HLW will be

disposed of in a deep repository but there is, at present, no HLW repository concept
being developed (Miller et al., 1994),

In common with disposal organisations overseas (Karlsson, 1995; McCombie,
1995), it 1s proposed by the British radioactive waste disposal organisation, UK
Nirex Ltd., that the entire UK inventory of ILW and around 100,000m3 of longer
lived LLW will be disposed of in a deep, geological repository (Nirex, 1993d). The
repository will be subject to regulatory guidelines (Holmes, 1995: Hooper, 1995)
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such that for the period after closure of the disposal facility the radiological risk to
the human population will be 1x10-6 per year (i.. 1 in 1 million per year).

International radiological protection bodies' guidelines (International Commission
on Radiological Protection, 1990) lay down that it should be shown to be unlikely
that radionuclides released from a disposal facility would lead at any time to
significant increases in the levels of radioactivity in the accessible environment
(Hooper, 1995). Given that ILW contains a significant inventory of very long-lived
and radioactive radionuclides (Table 1.1) (Nirex, 1992¢; Royal Society, 1994), the
disposal concept must provide adequate containment for up to 103 years.

1.3.1 Multi-barrier containment

To provide this long term safety UK Nirex Ltd. use a system of multi-barrier
containment in their deep geological disposal concept (Fig. 1.1), (Holmes, 1995;
Hooper, 1995). The man-made features, often referred to as the near-field barriers,
are to consist of the waste immobilisation media; the steel or concrete packages; the
vault structure and the cement based backfill material (Nirex, 1993d). These barriers

are intended to provide a level of containment for the short term (hundreds of years)

sufficient to allow the shorter lived radionuclides to decay to negligible levels of
activity (Atkinson et al., 1993) .

Although the physical integrity of these near-field barriers will rapidly decay as the
repository becomes saturated with groundwater the use of steel and massive amounts
of concrete in the structure should provide an alkaline and chemically reducing

environment which may persist for thousands of years (Nirex, 1993d). { Alkaline
fluids have high pH ; the negative log of the acti\;*ity of the Hydrogen (H*) ion.
Reducing conditions have low Eh ; oxidation/reduction (Redox) potentials are
generally represented by Eh; a measure of the oxidation state of a system equal, at
25°C, to 0.059 x pe; negative log of the activity of electrons in a system]}.

This environment is intended to provide a chemical barrier by limiting the transport
of the longer-lived, redox-sensitive, radionuclides (Atkinson et al., 1993; Goldberg
et al., 1995; Nuclear Energy Agency, 1993). The concrete backfill is porous and of
low mechanical strength to assist removal should a need arise to retrieve waste and
is intended to retard radionuclide migration by sorption (Hooper, 1995);
radionuclides removed from solution become bound to exposed surfaces either
physically, chemically or electrostatically (Allard, 1982).
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The so-called far-field barriers are provided naturally by the geological surroundings
which separate the repository from the biosphere. By placing the wastes deep
underground in rocks with little natural resource potential they should be isolated
from human activities (Nirex, 1993d). The principal mechanisms for the inhibition

of the movement of radionuclides by the groundwater pathway, are derived from the

physical properties offered by the host environment (Chapman & McEwen, 1986) as
characterised by:

 Thermal, seismic and glacial stability of host rock;
* Predictable groundwater flow paths, preferably long and resulting in progressive

mixing with older, deeper waters or leading to discharge at sea;

Very slow local and regional groundwater movements in an area with low
regional hydraulic gradients;

* Favourable natural groundwater geochemistry; reducing (see above).

1.3.2 Site selection

In the UK, after a site selection process lasting three years, the five generic

geological environments considered most suitable for disposal of radioactive waste
(Fig. 1.2), (Chapman & McEwen, 1986) were narrowed to one; "Basement under

sedimentary cover” (BUSC); (¢ in Fig. 1.2) subsequently Sellafield in Cumbria and
Dounreay in Caithness were selected for further investigations. Initial boreholes and

other geological and geophysical surveys were felt to indicate that the geology at
both sites had the potential to meet the safety requirements for a deep repository.

In July 1991, UK Nirex Ltd. announced that it was to concentrate its further
investigations at the Sellafield site (Chaplow, 1995). The proposed repository would
be at a depth of about 650 metres below Ordnance Datum (m bOD) within rocks of

the Borrowdale Volcanic Group (BVG; see section 1.4) (Holmes, 1995). This thesis
is therefore solely concerned with aspects relating directly to the Sellafield site.

1.3.3 The Sellafield Site

The Sellafield Works of British Nuclear Fuels plc (BNFL) are located on the coastal
plain of the western flank of the Lake District upland dome (Fig. 1.3a). The
preferred design concept of UK Nirex Ltd. locates all the waste receipt facilities on
the existing BNFL Sellafield site, the waste being conveyed via underground drifts
to the disposal chambers (Nirex, 1989). The surface expression would be headworks
providing ventilation and emergency exits via two shafts. These shafts are also
intended to provide access for the proposed underground rock laboratory or Rock
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Characterisation Facility (RCF) (Holmes, 1995). A public inquiry into the siting of
the RCF was held in West Cumbria between September 1995 and February 1996.

UK Nirex Ltd. have proceeded with geological site investigations at three nested
size scales ; Region (3,600 km2), District (600 km2) and Site (52 km2) (Nirex,
1993d) (Fig. 1.3a). A Potential Repository Zone (PRZ) has been outlined adjacent
to the AS595, between the Sellafield Works and the Lake District National Park

boundary (Fig. 1.3b). Geophysical surveys (on land and offshore), geological,
remote sensing and hydrogeological surveys and the drilling, coring and logging of

deep boreholes have been used in an attempt to develop an understanding of the
depositional, structural and tectonic history of the Region (Michie & Bowden,

1994). Data have been used by UK Nirex Ltd. to provide a framework for the
construction of computer models of:

» geosphere/biosphere interactions;

» safety performance assessments;
e gseismic hazard assessment;

* rock engineering properties;
 hydrogeology and hydrochemistry.

Results from the above have been presented at public and semi-public technical

meetings, published in UK Nirex Ltd. reports and summarised in various updates.
All numerical data used in this thesis is sourced from such publications

1.4  Geological setting

As the geology of north-west England and adjacent parts of the East Irish Sea have
been covered in detail elsewhere only a synopsis will be presented here. 1t is,
however, necessary that the reader be aquainted at the outset with the present
understanding of the stratigraphy, tectonism and fluid regimes in the Sellafield area.

1.4.1 Stratigraphy

The stratigraphy of the Region, 1.e. west Cumbria, comprises three principal
divisions (Millward, 19935), (Fig. 1.4);

* basement rocks of lower Palacozoic age (c. 510-395 million years (Ma)),
exposed in the uplands of the Lake District;

* a cover sequence of sedimentary rocks of Carboniferous age (c. 350 Ma) to
Triassic (>210 Ma) age, in the coastal belt and offshore (within the East Irish Sea
Basin).

a variable thickness of poorly consolidated glacial and post- glacial sediments
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Characterisation Facility (RCF) (Holmes, 1995). A public inquiry into the siting of
the RCF was held in West Cumbria between September 1995 and February 1996.

UK Nirex Ltd. have proceeded with geological site investigations at three nested
size scales ; Region (3,600 km2), District (600 km2) and Site (52 km2) (Nirex,
1993d) (Fig. 1.3a). A Potential Repository Zone (PRZ) has been outlined adjacent
to the A59)5, between the Sellafield Works and the Lake District National Park

boundary (Fig. 1.3b). Geophysical surveys (on land and offshore), geological,
remote sensing and hydrogeological surveys and the drilling, coring and logging of
deep boreholes have been used in an attempt to develop an understanding of the
depositional, structural and tectonic history of the Region (Michie & Bowden,

1994). Data have been used by UK Nirex Ltd. to provide a framework for the
construction of computer models of:

e geosphere/biosphere interactions;
e safety performance assessments;
e seismic hazard assessment;

e rock engineering properties;
 hydrogeology and hydrochemistry.

Results from the above have been presented at public and semi-public technical

meetings, published in UK Nirex Ltd. reports and summarised in various updates.
All numerical data used in this thesis is sourced from such publications

14  Geological setting

As the geology of north-west England and adjacent parts of the East Irish Sea have
been covered in detail elsewhere only a synopsis will be presented here. It is,
however, necessary that the reader be aquainted at the outset with the present
understanding of the stratigraphy, tectonism and fluid regimes in the Sellafield area.

1.4.1 Stratigraphy

The stratigraphy of the Region, i.e. west Cumbria, comprises three principal
divisions (Millward, 19935), (Fig. 1.4);

* basement rocks of lower Palaeozoic age (c. 510-395 million years (Ma)),
exposed in the uplands of the Lake District;

a cover sequence of sedimentary rocks of Carboniferous age (c. 350 Ma) to
Triassic (>210 Ma) age, in the coastal belt and offshore (within the East Irish Sea
Basin).

a variable thickness of poorly consolidated glacial and post- glacial sediments
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Fig. 1.5 summarises the stratigraphy and outlines the unconformable relationship of
the main lithological units. Fig. 1.6 shows a geological cross-section running WSW-

ENE through the potential repository site, passing through site investigation
boreholes 3 and 2, and close to boreholes 1, 10 and 4 (Fig 1.3b). This section was

based on published data (Nirex, 1992b; Nirex, 1993b; Nirex, 1993d) and was

extended both seaward and landward, using public geological and topographical
information (Taylor et al., 1971).

Lower Palaeozoic

In the Sellafield area, metamorphosed and deformed rocks of the Ordovician
Borrowdale Volcanic Group (BVG), are overlain by a sedimentary cover sequence

that dips and becomes progressively more varied in lithology, to the west (Millward,
1995), (Fig. 1.6).

Regionally the BVG exposed at the land surface comprises a lower, ~ 5 km thick

unit of plateau lavas, (Petterson et al., 1992) overlain by an upper, ~ 3 km thick unit
of ignimbrites associated with caldera collapse (Branney et al., 1988). Locally near

Sellafield, the BVG has been shown to be dominated by pyroclastics (Millward et
al., 1994; Nirex, 1992b; Nirex, 1993b). In boreholes near and within the PRZ, the

sequence almost entirely comprises welded tuffs, (Beddoe-Stephens & Phillips,
1993) with thicknesses exceeding 1140 m.

Regional seismic reflection interpretation suggests that the BVG may be up to 2 km
thick beneath Sellafield (Nirex, 1993b). Volcanoclastic sedimentary rocks are

prominent in boreholes to the north of the PRZ (Millward et al., 1994), but with no

lavas present this contrasts strongly with the basaltic and andesitic lava fields of the
upland fells (Petterson et al., 1992).

Carboniferous

Of the Carboniferous succession of limestones, sandstones and coals present in west
Cumbria only the Dinantian Limestones occur below, and in close proximity to, the
Sellafield site (Nirex, 1992b). Locally beneath Sellafield, these shallow marine,
carbonate ramp limestones rest unconformably on the peneplained erosional surface
- of the BVG with an onshore maximum thickness of 300m recovered from boreholes

- north of Sellafield (Barclay et al., 1994). The sequence feathers out by erosional
thinning about 1 km east of the site (Fig. 1.6) Offshore seismic suggests

- progressive, basinward thickening to a maximum of around 4 km (Nirex, 1992b).
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Permian

The basal unit of the Permian rocks, the coarse, poorly bedded, ~100m thick
Brockram Breccia unconformably overlies the Carboniferous limestones to the south
east of the Sellafield site, (Nirex, 1992b) but lies directly upon the BVG in the PRZ,
with most clasts being of volcanoclastic origin (Nirex, 1993b; Strong et al., 1994).
Derived from local alluvial fans, (Jones & Ambrose, 1994) the Brockram is laterally

extensive and interdigitates with the upper Permian St Bees Shales unit (Nirex,
1992b).

The St Bees Evaporite Formation comprises a complex sequence of dolomites and
anhydrites, (Strong & Kemp, 1994) and was precipitated in a restricted hypersaline
marine environment (Arthurton & Hemingway, 1972). Up to 50m thick in the St
Bees area, the formation exceeds 200m offshore, particularly where the succession is

dominated by halite (Nirex, 19925) but pinches out towards the Lake District massif,
(Fig. 1.6) (Millward, 1995).

The ~100m thick St Bees Shales Formation is, in part, a lateral equivalent of the St

Bees Evaporites, (Strong et al.,, 1994) forming a siliciclastic facies around the
an
margins of evaporite basin. Laminated and massive (blocky) facies, in addition to

breccias of Brockram type, have been identified within the Formation (Nirex,
1993b). The distinctively red laminated facies consists of finely interbedded and

interlaminated claystones, siltsones and fine quartz-arenites (Strong et al., 1994).

The St Bees Shale 1s not shown on Fig 1.6 as the Formation was not included in the
original UK Nirex Ltd. section that was sourced to generate the figure.

Triassic

The base of the Triassic has traditionally been taken as the base of the Sherwood
Sandstone Group (SSG) which 1s of Lower Triassic (Scythian) age (Warrington et
al., 1980). Recent work has identified a tripartite division of the SSG into St Bees
Sandstone Formation (SBS), Calder Sandstone Formation (CS) and Ormskirk
Sandstone Formation(OS) (Barnes et al., 1994) (Fig. 1.6; OS not shown as the
formation was not included in the original UK Nirex Ltd. section that was used to
generate the figure and, onshore, the OS is a relatively small formation within the
SSG). Over 1200 metres of SSG have been proved from boreholes beneath

Sellafield although the full thickness of the OS is not present onshore in the
Sellafield area (Jones & Ambrose, 1994).

Marked by a gradational boundary with the St Bees Shale Formation, the ~600m of
the St Bees Sandstone Formation (SBS) comprises, at its base, a series of
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interbedded sheetflood sandstones and mudstones occasionally containing lithic
fragments derived from the BVG, (Strong et al., 1994). Dominantly reddish brown

in colour (Nirex, 1992b), these lithic, subarkosic, arenites grade up into a thick

multi-storey sequence of very-fine to medium grained braidplain sandstones (Jones
& Ambrose, 1994).

The sharp boundary between the SBS and the ~500m succession of overlying Calder
Sandstone Formation (CS) is marked by a change from the generally fine grained
SBS to coarser, more friable dark red sandstones with poorly cemented grains

(Barnes et al., 1994). Sedimentary facies analysis indicates that the CS was
deposited under acolian conditions, with a number of fluvial episodes at its top
reworking the acolian sand (Jones & Ambrose, 1994).

Forming the main reservoir for the offshore Morecambe Gas Field the thickness of

the Ormskirk Sandstone (OS) declines from ~250m to ~140m towards the Lake
District massif (Nirex, 1992b). Proved principally by seismic reflection data the
boundary between the CS and OS is marked by the OS being finer grained than the

CS and by a change in sedimentary facies from fluvial sandstone at the top of the CS
to acolian sandstone in the OS (Barnes et al., 1994).

Quaternary

A discontinuous veneer of Quaternary sediments, up to 180m thick, masks the solid

geology of the Region and are represented onshore by ~20m of superficial drift
recovered from boreholes (Nirex, 1993b). Except in the uplands of the Lake

District, only small areas are free of these 'Drift' deposits. The main deposits are
tills, sands and gravels and clays of Devensian (Weichselian) age, laid down during

the closing of the last glaciation (Nirex, 1992b). These are overlain by a variety of
local deposits of peat, alluvium and lake deposits.

1.4.2 Structure

A detailed explanation of the structural history of the Sellafield Region is presented
by other authors (Nirex, 1992¢; Nirex, 1992g; Nirex, 1993a; Nirex, 1993c¢: Nirex,
1995a), only a brief synopsis is presented here. Structure within the BVG was
initially syndepositionally controlled and is complicated by Ordovician and Silurian
faulting and end-Silurian folding, faulting and deformation. The overall structure

within the BVG is that of the western edge of a caldera but details remain unknown.
Brittle fault structures dominate the sediments overlying the BVG.



Chapter 1 ; Introduction 10

The Sellafield Region (Fig. 1.3) is structurally divided by major faults into a system
of extensional sedimentary basins and intervening blocks (Fig. 1.7), (Chadwick et
al., 1994). These structural features formed in latest Permian and early Triassic

times as a complex series of extensional basins evolved on the north-west European
shelf. The Permo-Triassic East Irish Sea Basin 1s bounded by the Keys and Lagman
faults in the west and the Lake District Boundary Fault 1n the east (Fig. 1.7). The

Lake District Boundary Fault juxtaposes the offshore Permo-Triassic East Irish Sea

Basin sequence against the Carboniferous Limestones and Lower Palacozoic strata
of west Cumbria .

A series of, sub-parallel NW-SE trending faults, which dip steeply towards the SW,
locally displace Carboniferous and Permo-Triassic sediments (Nirex, 1992b). A
second set of faults, trending NW-SE/NE-SW, dipping towards the N are also
present in the area but only displace strata of Carboniferous or older age. It i1s

possible that Palacozoic faults re-activated or influenced the distribution of the faults
which displace the Permo-Triassic sediments (Nirex, 1993b).

It remains a matter of debate if faults were active within Quaternary time and at the
present day. Features cited in favour of present activity are the linear coastline,

shallow seismic evidence for faulting cutting sediments immediately offshore and

the relative frequency of earthquakes (Haszeldine, 1996; Muir-Wood & Woo, 1992;
Nirex, 1992c¢c; Nirex, 1993b).

1.5  Hydrogeological setting

Due to the large body of work in publication dealing with the groundwater regimes

around the potential repository site, (Black, 1995; Nirex, 1992b; Nirex, 1992f:
Nirex, 1993b; Nirex, 1994; Nirex, 1995b) this section will only give a brief outline

of the hydrogeology and hydrogeochemistry of the Sellafield area.

As outlined in section 1.4 there are a number of lithostratigraphic units in the area.
These have distinct hydrogeological properties, i.e.; porosity; permeability;
anisotropy; etc. These discrete parameters coupled with rock fractures, topographic
drive from the Lakeland Fells and borehole measurements of groundwater pressure,

chemistry and isotopic signatures all help build a picture of the tens of kilometres
scale groundwater system in the Sellafield Site area.
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The current UK Nirex Ltd. conceptual model (Fig. 1.8) illustrates that there are three
distinct hydrological units (Black, 1995);

* Hills and Basement Regime; topographically driven water flow, relatively low
flux, saline groundwater within fractured, faulted rocks of the BVG;

e Irish Sea Basin Regime; relatively low flux, hypersaline brines expelled from the

East Irish Sea Basin occurring within fractured BVG, Carboniferous Limestones
and Permo-Triassic cover rocks;

* C(Coastal Plain Regime; topographically driven water flow, high flux, fresh
groundwaters within highly porous and permeable Triassic aquifer.

A more detailed explanation of the above conceptual model and an outline,
exploration and discussion of the interplay between the hydrogeological regimes and
implications for a safety case are given in Chapters 2, 3, 4 and 5.

1.6  Thesis rationale and objectives

As there 1s a large body of UK Nirex Ltd. work detailing the results of research into
the suitability and robustness of the Sellafield site one question the reader of this
thesis may raise 1s why bother? It is considered by the author that there is a need for

independent research to be performed on such a complex (both scientifically and
politically) 1ssue as the deep disposal of radioactive waste. The aim of such site-
specific research should not be who is right or who is wrong but to forward our

understanding and find the best solution to the problem. With this in mind the
objectives of this thesis are:

1 to undertake a detailed, independent computer modelling study of the flow and
geochemistry of the groundwaters at the currently proposed site for the deep
geological disposal of intermediate level radioactive waste. Published data are

used to gain an insight into potential strengths and failings in the currently
proposed models of subsurface groundwater conditions;

2 to use a computer modelling approach to delineate the controlling parameters of
fluid movement in the far-field, PRZ and surface environments and to determine

the sensitivity of this natural groundwater system to perturbations. Calculation

of possible rates of groundwater return would allow elucidation of simple safety
Cascs,
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3 to determine the controls of groundwater chemistry by modelling geochemical

fluid/rock interactions and redox states. Modelling the solubility of relevant
radionuclides allows a simple safety case to be presented.

1.7  Outline of chapters

It is the intention of the author that individual chapters be presented as papers. To

this end Chapters 3, 4, 5, and 6 can be viewed as individual bodies of work that in a

holistic sense fit within a framework of a general study of the safety assessment of a
proposed deep disposal site.

Chapter 2 The general concepts of site selection and appraisal undertaken
world-wide are introduced. The hydrological and hydrogeological data available for

the Sellafield Site, Region and District (see Fig. 1.3a) are outlined along with the
data gathering techniques utilised in the site investigations.

Chapter 3  The conceptual model of the hydrogeology of the Sellafield region is
reviewed. The mathematical and numerical formulations of the equations describing
groundwater flow are presented. The use of such equations in the study of
geological processes is briefly outlined. The mechanics of constructing

mathematical models of fluid flow are introduced. A detailed explanation of the
numerical formulation of the computer program used is given.

The use of such a modelling code to investigate the groundwater movement in the
far-field of the Sellafield site 1s outlined. The modelling approach used is reviewed,
appraised and justified. Results from sensitivity analysis are presented of variations

in Sellafield groundwater salinity, rock unit hydrogeology and structure of
individual rock units are presented. Graphical representations of hydraulic head and

fluid velocity are used to 1llustrate the potential for movement of groundwater to,
through and from the Potential Repository Zone (PRZ).

The possibility of validating the above models by comparison between calculated
and predicted hydraulic head 1s explored. Suggestions are given as to the
hydrogeological suitability of the proposed site. New work is presented on
modelling particle movement as an aid in tracing the path and rate of groundwaters

passing through the PRZ. A possible terrestrial discharge of groundwaters from the
PRZ is outlined. Implications for a possible safety case are explored.

Chapter 4 The techniques utilised in the elucidation of data for use in the
laboratory, computational and site experiments of the geochemical suitability of the
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Sellafield site are presented. The difficulties in obtaining unpolluted samples are

explained. The thermodynamic principals utilised by the geochemical modelling
code used are outlined.

Chapter § presents new work on using geochemical reaction path codes to
model the in-situ groundwater conditions at depth with respect to redox, pH,
geochemical stability of host-rock minerals and the effect such processes might have
on the solubility of the most significant radionuclides. Possible deficiencies in the
current model of in-situ groundwater geochemistry are explored. The efficacy of

engineered barriers in maintaining near-field geochemical conditions suitable for
retention of radionuclides is investigated.

Chapter 6 introduces a synthesis of the results from previous chapters and
outlines the conclusions that can be drawn. Potential further work 1s detailed and

implications for the selection process of suitable sites for deep disposal of
radioactive waste are drawn.
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Table 1.1

Nuclide  1/2Life Mass Act (B Mass (K
H-3 1.20E+01 3 1.00E+17 2.72E-01
C-14 5.70E+03 14 2.30E+15 1.39E+01
Cl-36 3.00E405 36 520E+12 4.25E+00
Ni-59 7.5E+04 59 1.20E+16 4.02E+03
Co-60 5.30E+00 60 5.70E+17 1.37E+01
Se-79 6.50E+04 79 1.60E+12  6.21E-0l
Sr-90 2.90E+01 90 3.20E+17 6.32E+01
Zr-93 1.50E+06 93 3.40E+14 3.59E+03
Nb-94 2.00E+04 94 140E+17 1.99E+04
Tc-99 2.10E+05 99 1.70E+14 2.67E+02

Sn-126 1.00E+05 126 4.00E+12 3.81E+00
I-129 1.6E+07 129 0.20E+11 1.41E+02

Cs-135 2.3E+06 135 8.80E+12 2.07E+02

Cs-137 3.0E+01 137 9.30E+17 2.89E+02

Ra-226  1.60E+03 226  8.60E+12 2.35E-01

Th-230 7.70E+04 230 8.10E+10  1.09E-01

Th-232 1.40E+10 232 5.80E+10 1.43E+04
Pa-231 3.30E+04 231 1.90E+10 1.10E-02
U-234 2.4E+05 234 6.20E+13 2.63E+02
U-235 7.0E+03 235 1.50E+12 1.87E+04
U-238 4.5E+09 238 3.40E+13 2.75E+06

Np-237  2.10E+06 237  3.30E+13  1.24E+03

Pu-239 2.4E+04 239 1.10E+16  4.77E+03

Pu-240 6.5E+03 240 1.20E+16 1.42E+03

Pu-241 1.4E+01 241 3.00E+17 7.88E+01

Pu-242 3.8E+05 242 1.40E+13 9.64E+01

Am-241 4, 3E+02 241 3.50E+16 2.76E+02

Am-243 7.4E+403 243 3.10E+13 4.20E+00

Radionuclide content and mass of UK ILW and more active

LLW at 2030 (Royal Society, 1994).
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