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Mathematical modelling of groundwater flow at Sellafield, UK
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Abstract

Sellafield in West Cumbria was a potential site for the location of the UK’s first underground repository for
radioactive, intermediate level waste (ILW). The repository was to lie around 650 m beneath the ground surface
within rocks of the Borrowdale volcanic group (BVG), a thick suite of SW dipping, fractured, folded and
metamorphosed Ordovician meta-andesites and ignimbrites. These are overlain by an onlapping sequence of
Carboniferous and Permo-Triassic sediments. In situ borehole measurements showed that upward trending fluid
pressure gradients exist in the area of the potential repository site, and that there are three distinct fluid types in the
subsurface; fresh, saline and brine (at depth, to the west of the site). Simulations of fluid flow in the Sellafield region
were undertaken with a 2D, steady-state, coupled fluid and heat flow simulation code (OILGEN). In both simplified
and geologically complex models, topographically driven flow dominated the regional hydrogeology. Fluids trended
persistently upwards through the potential repository site. The dense brine to the west of the site promoted upward
deflection of topographically driven groundwaters. The inclusion in hydrogeological models of faults and variably
saline sub-surface fluids was essential to the accurate reproduction of regional hydraulic head variations. Sensitivity
analyses of geological variables showed that the rate of groundwater flow through the potential repository site was
dependent upon the hydraulic conductivity of the BVG, and was unaffected by the hydraulic conductivity of other
hydrostratigraphic units. Calibration of the model was achieved by matching simulated subsurface pressures to those
measured in situ. Simulations performed with BVG hydraulic conductivity 100 times the base case median value
provided the “best-fit” comparison between the calculated equivalent freshwater head and that measured in situ,
regardless of the hydraulic conductivity of other hydrostratigraphic units. Transient mass transport simulations
utilising the hydraulic conductivities of this “best fit” simulation showed that fluids passing through the potential
repository site could reach the surface in 15 000 years. Simple safety case implications drawn from the results of the
study showed that the measured BVG hydraulic conductivity must be less than 0.03 m year ~! to be simply declared
safe. Recent BVG hydraulic conductivity measurements showed that the maximum BVG hydraulic conductivity is
around 1000 times this safety limit. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Britain’s first repository for intermediate level
waste (ILW) was proposed to be situated 650 m
below ground and 3 km to the east of the British
Nuclear Fuels Ltd (BNFL) Sellafield fuel
reprocessing plant (THORP) in West Cumbria,
north-west England (Fig. 1). The repository was
to utilise a system of multi-barrier containment,
i.e. wastes were to be immobilised, packaged in
concrete or stainless steel/mild steel containers,
emplaced in repository vaults and back-filled with
alkaline cement-based grout, with the final barrier
being the geosphere itself. After 5 years of intensive
site-specific investigation, the site has been rejected
as unsuitable; partly due to the complexity of the
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natural hydrogeology (McDonald et al., 1996).
Technical and political issues are further reported
in Couples et al. (1998) and Haszeldine and
Smythe (1997). This experience teaches that when
choosing a suitable repository site, the pattern and
rate of underground water flow must be both
predictable and safe for geologically long periods
into the future (Chapman, 1994). Flow rates
should be slow and flow paths preferably down-
ward directed and of long distance, resulting in
progressive mixing with older, deeper waters. Thus,
a repository should be sited in an area with
low regional hydraulic gradients (Chapman and
McEwen, 1986). This paper presents results from
a modelling study of the regional groundwater
movement in the Sellafield area and utilises a 2D
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finite element fluid and heat flow code called
OILGEN (Garven, 1989). The main aim of the
paper is to develop geologically realistic numerical
models where the relative importance of hydrogeo-
logical parameters can be scoped out. Sensitivity
analysis was used to test the robustness of the
conceptual model of the groundwater flow regime.
This sensitivity analysis also allowed us to deter-
mine whether a particular rock type controls the
movement of water through a potential repository.
The simulator allows users to calculate vertical
pressure profiles which were compared with those
measured in situ. This allowed us to determine the
“best fit” simulation by means of such compari-
sons, and then develop safety case assessments by
utilising the tracking of fluid release pathways, and
timescales in the simulations.

2. Geology and hydrogeology

The construction of fluid flow models requires
good quality input data; the model is only as good
as the information that is “fed in” to the computer
simulation code. It is important to note that the
authors did not gather such data; as the Sellafield
site was a closed site, all data was collected by
either UK Nirex Ltd or their sub-contractors from
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around 1991 onwards. Airborne magnetic and
gravity surveys were undertaken to complement
existing data (Nirex, 1992a), offshore 2D and
onshore 3D seismic data (Smythe, 1996) were
collected as well as 2D geophysical tomographic
surveys between pairs of boreholes. By 1995, there
were a total of 22 continuously cored boreholes in
the Sellafield area, with a total of 25712m of
drilling (Chaplow, 1995). Information was derived
(both from core and downhole logging) regarding
geochemistry, rock mechanics, fracture geometry
and hydrogeological data such as fluid pressure,
permeability and porosity. (Michie and Bowden,
1994). Fig.2 shows a geological cross-section
through the Sellafield area running WSW-ENE
through the potential repository zone (PRZ), pass-
ing through site investigation boreholes 3 and 2,
and close to boreholes 1, 10 and 4. This section
was based on information available at the start of
the research project (Nirex, 1992a, 1993a,b) and
has been extended both seaward and landward,
using public geological and topographical informa-
tion (Taylor et al., 1971). More detailed informa-
tion has been published since our investigation
commenced (Nirex, 1995b, 1997). However, the
fundamental geology and hydrogeology remains
unchanged.

The proposed repository site (Fig.2) was at
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Fig. 2. Geological cross-section of the proposed repository site at 650 m, compiled from published information. Geological model is
superimposed with conceptual model of the hydrogeology of the Sellafield area (after Black, 1995).
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least 650 m below the subsurface within rocks of
the Borrowdale volcanic group (BVG), a
2000-6000 m thickness (regionally) of heavily frac-
tured and folded Ordovician meta-andesites and
tuffs. The BVG also forms many of the hills in the
upland areas to the east (Petterson et al., 1992).
The BVG is unconformably onlapped by 400 m of
Carboniferous limestones, Permian clastics and
evaporites and more than 1500 m of Triassic sand-
stones. The structural configuration of the post-
Ordovician rock units is generally simple, with
westerly dips of around 20° being typical (Michie,
1996). However, faults disrupt the continuity of
the rock sequences and may be intimately involved
in causing the westerly dips of the post-Ordovician
strata. NW-SE trending faults dominate, dipping
steeply towards the SW (Chadwick et al., 1994).
The rock properties relevant to the hydrogeology
of the region have been measured by Nirex (1993a)
and can be simplified such that the Calder and St
Bees sandstones are permeable and porous; the
Brockram breccia and St Bees evaporites are
impermeable and of low porosity; the
Carboniferous limestone is slightly more perme-
able and the BVG is of low to medium permeability
and low porosity (Table 1). The faults in both the
cover and BVG are more permeable than the
surrounding rock matrix with moderate porosity.
A feature of these measurements is the wide range

of Calder sandstone hydraulic conductivity and
the very wide range of BVG hydraulic conductivity
(107), and the narrower range of hydraulic conduc-
tivity in the overlying sediments. Consequently,
there is uncertainty about which values represent
regional hydraulic conductivities.

2.1. Conceptual model of hydrogeology and
boundary conditions

Published conceptual models of the regional
hydrogeology (Black, 1995) indicated that there
may be three distinct fluid regimes in the subsur-
face (Fig.2). These are the: hills and basement
regime (topographically driven, relatively low flux,
saline groundwater); Irish sea basin regime (rela-
tively low flux, hypersaline brines) and coastal
plain regime (topographically driven, high flux,
fresh groundwaters). The proposed repository was
to be situated within the so-called hills and base-
ment regime groundwater, within which there is a
salinity of around 2% by weight. In the case of
the Sellafield area, the most important process that
has been identified is gravity-driven groundwater
flow, moving in a generally SW direction
(Haszeldine and McKeown, 1995; Black and
Brightman, 1996; Littleboy, 1996). As can be seen
in Fig. 2, the eastern boundary of the cross-section
corresponds to the maximum height encountered

Table 1

Hydrogeological parameters used in groundwater flow models. Surface temperature=15°C, model base geothermal heat flux=

70 mW m 2

Unit “Base case” Modelled range of Anisotropy Porosity Storage Thermal Dispersivity — Dispersivity
hydraulic K (myear ') K, /K, (%) co-efficient  conductivity x (m) z (m)
conductivity (m~1) (Wm°C™)
(K) (m year ")

Calder sandstone 3 3, 30, 300 1.00x 10"t 20 1.00x107% 3.1 10.0 1.0

St Bees sandstone 1.5 1.5, 15, 150 1.00x10%Y 10 1.00x10°% 3.1 1.0 0.1

St Bees evaporites  1.60 x 1073 1.00x 1073, 1.00x 1071, 1.00 1.00x10%2 1 1.00x107°% 4.0 1.0 0.1

Brockram breccia  9.46x 10~4 1.00x 1073, 1.00x 1071, 1.00 1.00x 102 10 1.00x107% 3.1 1.0 0.1

Carboniferous 1.50x 10! N/A 50010t 1 1.00x 1074 3.1 1.0 0.1

limestone

Borrowdale 1.20x 1072 1.20x 1075, 1.20 x 1074, 5.00 1 1.00x107¢ 4.0 1.0 0.1

volcanic 1.20x 1073 1.20x 1072,

group (BVG) 1.20x 1071, 1.20 1.20x 10*!

Faults in cover 32 0.3, 3, 30* 1.00 5 1.00x10°% 3.1 1.0 0.1

Faults in BVG 0.03* 0.0003, 0.03, 3* 1.00 2 1.00x 1074 3.1 1.0 0.1

# Modelled fault hydraulic conductivity. Equivalent to “real world” hydraulic conductivities that are 100 times greater (see Section 6

for details).
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in the area; very little is known about flows in
these outcropping basement rocks; thus it is appro-
priate when constructing a fluid flow model to
assign a no-flow boundary to the eastern vertical
edge. A similar situation regarding data applies to
the flows west of the coast and, due to the highly
saline nature of these fluids [21% by weight, possi-
bly becoming more saline further offshore (Nirex,
1995b)], it is appropriate to assign a no-flow
boundary to the western edge also. This highly
saline groundwater is likely to persist at greater
depths than those attained in the present boreholes
(which are up to 2 km). At depths beyond the
bottom hole, such highly saline, dense groundwater
is likely to be relatively immobile, so again it is
appropriate to assign a no-flow boundary to the
base of the section. In modelling studies of ground-
water flow, it is common to assume that the water
table is coincident with the land surface and that
water at this boundary would be fresh, thus it is
acceptable to assign a boundary to the top surface
that allows flow to pass through it.

3. Mathematical model

The vertical section shown in Fig. 2 was discret-
ised exactly (Fig. 3) and used as the mathematical
model of the regional flow system. In fractured
rock (e.g. the BVG) the interconnected fractures

500

are the main passages for fluid flow, with the
matrix being almost impermeable. This results in
wide ranges of hydraulic conductivity, with frac-
ture conductivity orders of magnitude greater than
the matrix (Neumann, 1990; Clauser, 1992).
Modelling flow in such a fractured system is prob-
lematic but can be achieved by: either modelling
the fluid transport through each fracture or
network of discrete fractures (Moreno and
Neretnieks, 1993); or modelling the transport
regime in the fractured mass as an equivalent
porous and anisotropic continuum (Follin and
Thunkin, 1994). If the spacing of fractures zones
is less than the scale of numerical discretisation in
the model, then the equivalent porous media
approach is justifiable (Garven, 1994). It is the
porous medium approach which has been adopted
in this study.

4. Mathematical formulation

In models of regional groundwater flow, it is
common to treat the continuum model as steady-
state. The equation for the conservation of mass
for steady state flow of a single phase fluid of
density p is written as:

V x(pg)=0 (1)

where ¢ is the specific discharge vector (often

Quadrilaterals

U D T T
0 1000 2000 3000 4000 5000 6000

T T — T T
7000 8000 9000 10000 11000 12000
Metres

S
13000 14000

Fig. 3. Finite element model derived from Fig. 2 used to simulate single phase fluid flow. See text for boundary conditions.
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termed the Darcy velocity), commonly presented
in ms~! and V is the differential operation, defined
by:

0, 0

ox (04
where 7 and k are the unit vectors in the x and z
directions. The specific discharge vector ¢ is given
by the general term of Darcy’s Law:

k
q=——Vp+pgV'Z) (3)

U
where k is the permeability tensor, p is the ambient
fluid viscosity, p is fluid pressure, g is gravitational
acceleration and Z is the elevation. Since ground-
waters often differ in density, it is necessary to
define relative viscosity, u, = tt/uo, and the relative
fluid density, p,=(po— p)/po, Where p, is the refer-
ence state viscosity, defined at the same temper-
ature, pressure and salinity as the reference state
density, p,. The model utilises the concept of
equivalent fresh-water head, /& (Bear, 1972):

h= 2 +Z 4)
Po&
If the permeability tensor k is replaced by the
hydraulic conductivity tensor K, where:
_ kpog

Uo

K (5
then Eq. (3) can be modified for groundwater of
variable density:

where v is the average linear velocity or seepage
velocity and ¢ is porosity. At steady-state, the
conservation of thermal energy can be expressed
as:

V-[EVT]—peq-VT=0 (7)

where E is the combined thermal conductivity—
dispersion tensor (derived from the thermal con-
ductivity, porosity and thermal dispersion of the
material ), ¢ is the specific heat capacity of water
and T is temperature. The transport of mass is a
transient phenomenon, thus Eq. (1) can no longer

be dealt with as steady-state and a new term has
to be introduced to the right-hand side:

oh
—V - (pqg)=pSs — (8)
ot

where S; is the specific storage coefficient; defined
as the volume of water released from a unit volume
of rock for a unit decline in head (units of m™1),
and ¢ is time.

4.1. Numerical formulation and solution procedure

The irregular geometry of the Sellafield area
makes the finite element technique most suitable
for solving the flow equations above (Kazda,
1990). Fig. 3 shows the finite element grid of
quadrilaterals used in this modelling study. Each
element is composed of a material that may have
distinct rock properties such as porosity and per-
meability. Boundaries within the mesh have no
special qualities; flow crosses between elements of
different porosity and hydraulic conductivity. Flow
rates are constant over individual elements, but
discontinuous across element boundaries. A spa-
tially variable fluid salinity profile (based on field
data) can be assigned to the grid, however the
code does not allow a fully coupled density-flow
solution. The governing equations are approxi-
mated by matrix equations via a standard Galerkin
finite element procedure (Huyakorn and Pinder,
1983). Once the prescribed boundary conditions
are included, the code utilises the Galerkin
weighted average formulation (de Marsily, 1986)
to solve the flow equation to calculate the steady-
state hydraulic head distribution. The Darcy veloc-
ities in each triangular element (i.e. subdivisions
of the quadrilaterals) are then calculated for each
node Eq. (6).

The steady state heat equation [Eq. (7)] is then
solved to determine the temperature variation in
the grid; these new values of pressure, temperature
and salinity profile are used to calculate fluid
densities and viscosities from the equations of state
(Kestin et al., 1981). The code then iterates these
steps until convergence of temperature change
reaches less than 1°C. Although the variable salin-
ity profile is fixed in space and time, the density
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and viscosity of the grid may not be. Once the
steady-state velocity distribution is calculated and
the equation of conservation of fluid mass
observed, mass transport is simulated using a
moving-particle random-walk method (LaBolle
et al., 1996). During a prescribed time step, each
particle is advected according to the magnitude of
average linear velocity of the fluid in the element,
with hydrodynamic dispersion simulated by the
displacement of the particle position using the
random walk method. The displacement is calcu-
lated from an expression relating the assigned
longitudinal and transverse dispersion coefficients,
time steps and a randomly generated number in
the range 0—1 (Garven, 1989). These particles have
the same density and temperature as the surround-
ing water, so that they are passive indicators of
water flow paths and dispersion, and do not have
any inherent buoyancy or capillarity effects.

5. Modelling method

OILGEN requires a fixed number of hydro-
stratigraphic units (Table 1). The hydrostrati-
graphic units are defined fundamentally on the
basis of their porosity, ¢ (expressed as a percen-
tage), and hydraulic conductivity, K (m year 1).
Values for these were derived from published data
(Nirex, 1992a, 1993a; Michie, 1996) and for the
purpose of this study have been simplified to ignore
any variations in conductivity due to water salinity.
The values reported are close to logarithmic
median values of hydraulic conductivity. These
will be termed the ‘“base case” values in this
modelling study and are used as the basis for
extended modelling over a range of hydraulic
conductivity values. The geothermal heat flux at
the base of all the models was constrained at
70 mW m 2 with the temperature at the water
table of 15°C. The storage coefficients (m~') of
confined rocks can vary by as much as three orders
of magnitude up to 1073 and values used in this
study were similar to those published elsewhere
(Garven, 1989). The thermal conductivities of
most rocks lie in the range 1-8 Wm°C ™1
(Raffensperger and Garven, 1995) with many com-
pilations of such data published in the literature

(Andrews-Speed et al., 1984; Deming et al., 1992).
Coeflicients of lateral and longitudinal dispersion
are based on published material.

The sensitivity analysis approach was utilised in
this study (Lerche, 1990); before each simulation,
a numerical attribute of the model was varied and
the code run to completion. If the result did not
change significantly from the previous experiment
then that particular attribute was deemed unim-
portant. If the result did change, then it would be
vital to measure that attribute as accurately as
possible in the actual geological setting. At this
site, there are good data on rock stratigraphy and
geometry. However, it is known from borehole
data that the BVG has a fracture hydraulic conduc-
tivity some 10% greater than matrix conductivity
(Nirex, 1992a, 1993b), as do most crystalline rocks
(Brace, 1980; Clauser, 1992). Borehole measure-
ments indicate that fluid flow in the BVG is
controlled by fractures, which have a spacing of
50-100 m (at least one fracture per finite element).
Thus, this can be treated as a matrix conductivity,
(Follin and Thunkin, 1994).

6. Simulation results

The results presented in this paper are an
abridged version of the results from all the simula-
tions performed (McKeown, 1997). It is the aim
of this section to briefly explain the approach
taken and summarise results from simplistic and
scoping modelling before presenting, in more
detail, the results from the sensitivity modelling
study that was most pertinent to a safety case
assessment of the hydrogeology of the Sellafield
area. For the fluid flow simulations, the ground-
water flow rates and directions are depicted by
arrows representing the vector of the average linear
velocity [from Eq. (6)] of fluid within a particular
element. The tail of the vector is located in the
centre of the relevant element. Each vector is
scaled relative to the length of the arrow shown at
the top of each plot. An element of standardisation
has been applied in that, for the sake of compari-
son between plots, the arrows are scaled to either
2, 20 or 200 m year 1.

Crosses indicate that flow is less than 1% of the
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maximum for that plot, so that water could still
be moving, but relatively slowly. OILGEN calcu-
lates the hydraulic head distribution taking into
account the variation in density, temperature and
viscosity. However, in the grid, OILGEN plots
hydraulic head as equivalent freshwater head, i.e.
the height above ground that surface fresh water
would rise to under the pressure at the specified
depth. Plots of equivalent freshwater hydraulic
head are contoured from the ordnance datum
(OD), i.e. sea level, and have contours spaced at
20 m intervals. Contours of equivalent freshwater
hydraulic heads join areas of equal potential in a
flow system. Water can flow from high to low
potential given a suitable route, i.e. flow perpendic-
ular to contours.

An important parameter when modelling
groundwater flow in faults is transmissivity (7°),
defined, most simply when hydraulic conductivity
(K) 1is isotropic, as:

T=Ke 9)

where e is the width of the fault aperture (de
Marsily, 1986). This relationship was used when
modelling the effect of faults in the simulations.
Faults were treated by modelling artificially wide
quadrilaterals, but with correspondingly reduced
hydraulic conductivity. Consequently, as faults
were isotropic in all simulations, the “effective”
transmissivity is as it should be. For example, a
real fault 1 m wide, 30 m year ~! hydraulic conduc-
tivity, is modelled as 100 m wide, 0.3 m year ~?
hydraulic conductivity.

Preliminary simulations performed in the early
stages of this study and previously published
(Haszeldine and McKeown, 1995; McKeown and
Haszeldine, 1995), utilised values of hydraulic
conductivity for faults in the sediments and BVG
of 300 and 1 m year !, respectively. Recently pub-
lished data indicated that a revision of these values
was necessary (Michie, 1996). The 300 m year ~!
value for the faults in the sediments was derived
as a log mean of published EPM and pumping
tests (Nirex, 1993a). The inclusion of pump test
values in ““base case” models may be spurious as
only very productive faults were sampled
(Nicholls, 1995). Therefore, a high value for the
faults in sediments may not be representative of

the average hydraulic conductivity of the majority
of the faults. The measured hydraulic conductivity
values (Table 1) used as “base case” for faults in
the sediments and BVG, of 30 and 3 m year ',
respectively, are similar to values reported in other
modelling studies (Nicholls, 1995; Nirex, 1995b;
Heathcote et al., 1996). The faults in the OILGEN
model are, in general, some 100 times wider than
those observed in the field (Nirex, 1993a) and a
“base case” was represented in these simulations
by modelling faults as isotropic units with K=0.3
and 0.03myear ! for faults in the cover and
BVG, respectively.

6.1. Simplistic models

Before performing sensitivity analysis on the
geologically complex model, shown in Fig. 3, simu-
lations were performed upon a very simple model
(Fig. 4) that had the same boundary conditions,
fluid properties, lateral extent, thickness, number
of cells and hydrostratigraphic parameters as the
more complex models. This “simplistic” modelling
was used to develop an understanding of the fluid
flow system that may be encountered, given the
prescribed boundary conditions, hydraulic param-
eters, density of fluids and the spatial relationships
of the hydrostratigraphic units. Simplistic model-
ling also provided a comparison with the more
complex grid to delineate if the pattern and rate
of fluid flow were affected by the orientation, size
and shape of the grid cells. Plots of average linear
velocity (Fig. 5) showed that, for models popu-
lated with BVG, cover sediments and evaporites
and breccias, there is a regional flow pathway of
“diagonal” transfer of topographically driven
groundwater into sediments. There is an upward
trending deflection of groundwater flow in the
BVG in the central areas of the model. This
corresponds to the location of a possible repository
in the more realistic model. Thus the regional flow
pattern is considered to be a fundamental feature
of the study area, and is not influenced by any
artefacts of model gridding, or complexities of
geology. The dominant control on upwards flow
from the BVG to the sediment is the dense, immo-
bile saline water in the western edge of the model.
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Fig. 5. Average linear velocities calculated with a simple grid, with variable salinity profile, and hydraulic conductivities set to “‘base-

case” (Table 1), except BVG (1.2 m year ™).

6.2. Importance of faults, salinity and BVG
anisotropy

A scoping study was performed to find whether:
(a) the presence or absence of faults, and a variable
salinity profile; and (b) variations in BVG anisot-
ropy, were important in the simulations.
Comparisons can be made of the calculated head
to the subsurface head observed in boreholes from
the Sellafield area. Fig. 6 is a west—east cross-
section showing contoured variations in the fresh-

water head measured in the field. It was found
that the freshwater head contours determined from
pressures measured in the field are markedly
different from those of the model without faults.
It was found that, in order to obtain a similar
hydraulic head profile to that contoured from field
data, it was essential that: (a) the models included
a variable salinity fluid; and (b) faults had to be
incorporated. Fig. 7 shows an equivalent fresh-
water head calculated with ‘“base case” hydro
parameters (Table 1), apart from the BVG hydrau-
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Fig. 6. West—east cross-section showing variations in freshwater
head measured in the field (after Black and Brightman, 1996).

lic conductivity, which is set to 1.2 m year 1. Fig. 7
illustrates the similarity of the head gradients to
those measured in the field (Fig. 6) and also dis-
plays some features that were common to all of
the more complex models. There is evidence for
the potential for topographically driven flow in
the BVG, with potential for diagonal flow in the
central region and high vertical gradients in
the western area of 16% salinity. The general flow
pattern (as illustrated in Fig. 8, which has the same
hydro parameters as the model shown in Fig. 7)
is extremely robust i.e. topographically driven
groundwater descending, advecting to the west,
traversing low permeability units via faults and
generally moving upwards to surface. This is

500+

Starting Value of Contours = 0.00, Contour Spacing = 20,00,  Number of Contour Intervals = 22

assisted by deflection eddies, caused by density-
induced flows from areas of high salinity. Lateral
movement of fluids in sediments has little effect
on the flow regime.

The similarity of results from the simple (Fig. 5)
and more complex models (Fig. 8) indicates that
the shape and size of the finite element cells is not
relevant to either the flow rate or the flow path,
nor indeed to the numerical solution of the flow
and heat transport equations. This gives confidence
in the OILGEN code. It was found that varying
the anisotropy of the BVG had very little effect
on the calculated flow rate through a potential
repository. This suggests that the direction and
rate of flow in the BVG is not controlled by the
shape of the finite element cells, and that the cross-
sectional area of the BVG is so large that fracture
orientation may have little importance in the real
world.

7. Sensitivity analyses of Calder sandstone and
BVG permeability ranges

As outlined earlier, the original data used in the
early stages of this study indicated that only two
hydrostratigraphic units, the Calder sandstone and
the BVG, had substantial ranges in hydraulic
conductivity. These two units are significant to the

Freshwater Head
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0 1000 2000 3000 4000 5000 6000

T T T T T T T T
7000 8000 9000 10000 11000 12000 13000 14000
Metres

Fig. 7. Contoured equivalent freshwater head calculated with a complex model (Fig. 3). Model has faults and variable salinity profile.
Hydraulic conductivities set to “base-case” (Table 1), except BVG (1.2 m year ~').
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Fig. 8. Average linear velocities calculated with a complex model (Fig. 3). Model has faults and variable salinity profile. Hydraulic
conductivities set to “base-case” (Table 1), except BVG (1.2 m year " !).
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Fig. 9. Log-log plot of repository flow rate versus BVG hydraulic conductivity. Results from varying Calder sandstone hydraulic

conductivity superimposed.

geological and radiological problem. The BVG
needs to have low flow to retain radionuclides in
the repository. The Calder sandstone, being a
rapidly flowing freshwater aquifer, also plays a
role in the safety case of the repository. The rapid
flows have the possibility of diluting and dispersing
any release of radionuclides. To this end, these
two units were modelled to investigate the range

of hydraulic conductivities shown in Table 1. The
Calder sandstone (CS) was modelled with hydrau-
lic conductivity of 3, 30 and 300 m year ~! for the
entire range of BVG hydraulic conductivity of
1.20x107° to 1.20x10*'myear !. The BVG
hydraulic conductivity of 1.2myear ! used in
previous parts of this study is still somewhat less
than the maximum measured in the field in the
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Sellafield area, (Nirex, 1993a; Michie, 1996).
Therefore, the modelled range was extended to
12 m year .

The OILGEN code produces numerical values
that can be interrogated for particular nodes or
elements of the mesh and thus the velocity of
groundwater through the element that relates to
the position of a putative repository can be
extracted. Fig. 9 summarises the results of 21 simu-
lations with a seven order of magnitude range in
BVG hydraulic conductivity, and each model run
with Calder sandstone hydraulic conductivity of
either 3, 30 and 300 m year ~'. In these 21 experi-
ments, flow rate through the repository is directly
related to BVG hydraulic conductivity regardless
of the Calder sandstone hydraulic conductivity.
The pattern of flow direction remains similar in
all cases, with upward flow at the 650-1000 m
bOD depth proposed for the repository.

In a (fictional ) homogenous system, Darcy’s law
shows that the velocity of fluid through a porous
medium should be linearly related to the perme-
ability (given that other parameters remain con-
stant). However, there may be no simple
relationship between permeability and flow in a
complex system within which there are consider-
able spatial differences in material properties.
Surprisingly, there are simple, log-linear relation-
ships present in the simulations reported above.
The fluid velocity through the BVG element repre-
senting the repository is extremely dependent upon
the hydraulic conductivity of the BVG but inde-
pendent of the hydraulic conductivity of the Calder
sandstone. As these two hydrogeological units may
be significant elements of the regional flow system,
the observed relationship indicates that these units
are hydrologically de-coupled. That is, their circu-
lation patterns are controlled by essentially sepa-
rate influx/outflux sites and their driving energies
are separate. The only contribution of the Calder
sandstone aquifer to the repository safety is the
possible seaward transport, dilution and dispersion
of any waters and radionuclides migrating upwards
from the repository through the BVG. The pattern
of flow through the repository is persistently
upwards, through several decade values of BVG
conductivity experiments. These flow patterns
imply that water from the repository could eventu-

ally reach the surface as springs in the BVG
outcrop, or by dispersion within the Calder sand-
stone. Hence, the proposed repository position
would need to engineer against natural ground-
water flow, rather than be assisted by it.

7.1. Sensitivity of other variables

As already mentioned, the original modelling
performed for this study was undertaken with the
expectation that the CS and BVG would have the
widest range in values of hydraulic conductivity.
In order to scope out the effects of variations in
other units, simulations were performed where:
® St Bees sandstone hydraulic conductivity

was varied over the range 1.5, 15 and

150 m year ~1.
® Faults in the cover sequence were varied over

the range 0.3, 3 and 30 m year ~! (as mentioned

above, these over-wide faults simulate “real
world” faults with actual hydraulic conductivi-
ties of 30, 300 and 3000 m year ~1).

® Faults in the BVG were varied over the range
3.00x 1074 3.00x 10~ 2 and 3.00 m year ! (as

above, simulating “real world” faults of 0.03, 3

and 300 m year ~!).
® The low permeability of St Bees evaporites and

Brockram breccia were modelled over the range

1.50x 1073, 1.50 x 10~ and 1.50 m year ~ 1.

Fig. 10 shows that varying the St Bees sandstone
hydraulic conductivity for the entire range of BVG
hydraulic conductivity has no effect on the flow
rate through the repository. Thus the St Bees
sandstone is unimportant with regard to flow rates
but could still contribute to containing radionu-
clide leakage by dispersion and dilution, but this
is uncertain and minor. In order to model the
effect of varying the hydraulic conductivity of the
cover faults, BVG faults, St Bees evaporites and
Brockram breccia, the simulation where BVG
hydraulic conductivity was set to 1.2 m year ~* was
run for the range of values outlined above. As can
be seen in Table 2, the variation of these attributes
had very little effect on the flow rate through the
repository and can be thought of as unimportant
as regards flow rates.
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conductivity superimposed.

Table 2

Calculated flow velocity through potential repository for range in hydraulic conductivity of: BVG faults; cover faults and St Bees

evaporites/Brockram breccia

Input Result Input Result Input Result

BVG faults Repository Cover faults Repository flow Evaporites + Brockram Repository flow

K (myear 1) flow rate K (myear 1) rate (m year ~ ') K (myear 1) rate (m year 1)
(m year ')

3.00x 1074 1.47 0.3 1.68 1.50x 1073 1.68

3.00 x 1072 1.68 3.0 2.00 1.50x 1071 1.72

3.00 2.06 30.0 2.44 1.50 1.82

8. Comparison of calculated and measured
freshwater hydraulic head

It has been maintained elsewhere (Black and
Brightman, 1996; Heathcote et al., 1996) that if
there is a spatially varying solution density in
either the vertical or horizontal plane, no informa-
tion on the potential for flow in the 1D vertical
plane can be derived from vertical plots of the
freshwater hydraulic head and the use of an envi-
ronmental head is required (Lusczynski, 1961;
Bachu, 1994). However, the freshwater head is
calculated from the pressure measured in situ and

is therefore a true representation of the hydraulic
head at a given point in the subsurface, i.e. the
height above the ground that surface freshwater
would rise to if a route was available. Although
OILGEN calculates head, taking into account
variations in temperature, viscosity and more
importantly density, it represents head as equiva-
lent freshwater head. It is instructive to perform a
comparison between the calculated equivalent
freshwater head and the observed freshwater head
in boreholes of the Sellafield area. This acts as a
validation exercise for the realism of the model.
No information regarding vertical head gradients
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is inferred from these comparisons. The position
of boreholes 2 and 3 are shown in the cross-section
used as the basis for the complex grid. The
OILGEN code can generate an output file that
has equivalent freshwater hydraulic head values in
any chosen vertical 1D section.

8.1. Measured head plots

The observed freshwater head plots (black
squares in Figs. 11 and 12) were derived from
published data (Nirex, 1992b) and represent spot
results from environmental pressure measurement
(EPM) tests. Note that the head values have been
portrayed with respect to ordnance datum (OD).
This takes into account the land topography verti-
cally above the borehole. Dealing with the mea-
sured freshwater hydraulic head in borehole 2 first
(Fig. 11), it is apparent that there is a distinct
increase in head with depth, with a maximum of
around 150 m at the base of borehole 2. The step-
wise increase in head, punctuated at 350 and 600 m
bOD is interrupted by a distinct drop in head
between 800 and 1200m bOD. Borehole 3
(Fig. 12) has a generally low head (<50 m) down
to 800 m bOD, below this depth the head increases
to a maximum of around 150 m at the bottom
hole. Modelling must attempt to match these varia-
tions in the depth zone of interest, down to
700 m bOD.

8.2. Varying the BV G hydraulic conductivity

It has been illustrated that the BVG is the most
important unit in the modelling simulations. Head
comparisons were performed for boreholes 2 and
3, where all the units are set to their base case
values and the BVG is varied from the base
case value of 0.012myear !, to 0.12 and
1.2m year ! (Fig. 11). There is a step-wise com-
ponent in the head increase in borehole 2. None
of the simulations could match the variation in
head between 800 and 1200 m bOD. However, it
has been reported that the BVG rock lithologies
become more heterogeneous below 800 m bOD
(Nirex, 1993a) and since the BVG was treated as
a homogenous material in this study, it is unlikely
that a good fit throughout will be made to the

measured head. The important zones are 0-700 m
and the average trend continued to 1150-1500 m.
As the target depth of the repository is 650 m
bOD, it is significant that the simulation with the
BVG hydraulic conductivity set at 1.2 m year !
has the best match to the observed head in bore-
hole 2 down to 700 m bOD. This simulation also
provides a fair, but not perfect, match to the
deeper head data; 1150-1500 m. Other modelling
studies of groundwater flow in the Sellafield area
(Nirex, 1993a,b, 1995a; Nicholls, 1995; Heathcote
et al.,, 1996) have been unable to reproduce the
relatively high heads at depth in the BVG. The
same range in BVG hydraulic conductivities are
used to compare equivalent freshwater hydraulic
head calculated from the model and head measured
in situ in borehole 3 (Fig. 12). There is little
difference between the simulations down to 750 m
bOD, but the better fit at depth is again for the

simulation where the BVG is set to 1.2 m year ~ 1.

8.3. St Bees evaporites and Brockram breccia and
faults in the cover and BV G

Simulations were performed to test if variations
in the hydraulic conductivity of the St Bees evapo-
rites, Brockram breccia and faults in the cover and
BVG had an effect on comparisons between
observed head in boreholes 2 and 3 and that
calculated with the model [see McKeown (1997)
for more details]. Comparisons were made where
the BVG is set to 1.2 m year ~! and the other units
set to their base case values before variations were
made in their hydraulic conductivity. The hydrau-
lic conductivity of the St Bees evaporites and
Brockram breccia was not found to greatly affect
the head calibration. Faults in the BVG were
varied over the range 3.00 x 10~%, 3.00 x 102 and
3.00 m year ~!. As outlined above, this simulates
“real world” faults with hydraulic conductivity of
as much as 300 m year ~!. As this is more than an
order of magnitude greater than fault permeabilit-
ies used in similar studies (Nicholls, 1995) it is
interesting to note that such a variation has a
negligible affect on the calculated head in both
boreholes 2 and 3. Thus, the permeability of the
faults in the BVG has no major effect on the head
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calibration. Varying the hydraulic conductivity of
the cover faults over the range 0.3, 3 and
30 myear ! does have an effect on the match
between freshwater head measured in situ and that
calculated from the model. The comparison of the
in situ freshwater head with that calculated from
the numerical model indicates that the best fit
simulations are those where the BVG hydraulic
conductivity is set to 1.2 m year !, and that the
variations in low permeability horizons, faults in
the BVG and (within reasonable limits) the cover
faults, have very little effect on the good fit pro-
duced. This calibration provides the basis for
transient mass transport simulations.

9. Transient mass transport modelling

The use of OILGEN to simulate transient mass
transport has been outlined earlier. This feature of
the code was used to provide a visual guide to the
degree of physical containment that the BVG and
overlying sediments may afford. Any effects of
enhanced flow due to thermal buoyancy of water
from a warm repository, or vertical leakoff of H,
, CH, and CO, gases generated from the repository
are ignored (Chapman, 1994). The particles have
zero mass and once the steady state flow field is
established, a number of particles are released
from a specific point and tracked through time
across the model. Since they have the same buoy-
ancy as the ambient fluid, they are passive indica-
tors of the groundwater flow path and indicate the
actual time that repository fluids would take to
reach the surface. The simulations were run with
the BVG set to the best match 1.2 m year !
hydraulic conductivity (outlined above).

Fluid flow through porous media, or through
fractures, usually moves preferentially along the
highest conductivity conduits, rather than uni-
formly through the whole anisotropic medium.
Consequently, this “average” modelling will tend
to underestimate maximum flow rates. The code
is run iteratively to achieve the tracking simula-
tions, with a time step of just 3 years for each
iteration. This ensures that a tracer particle does
not jump between finite element cells. Five hundred
tracking particles were ‘“‘released” at one time.

Values of storage coefficient, and longitudinal and
transverse dispersivity are given in Table 1. As can
be seen in Fig. 13, the best-fit head calibration
model produced a simulation where water from
the repository zone could reach the surface within
15 000 years. Breakthrough of water from the BVG
to overlying sediments occurs predominantly via
the major fault zone to the west of the repository
[equivalent to fault F1 in earlier published reports
(Nirex, 1992a)]. A lower conductivity for the BVG
resulted in much longer containment of water.
Repository water would take 200 000 year to reach
the surface, having moved laterally through the St
Bees sandstone and into the Calder sandstone
before discharging onto the present-day sea bed.
There is a possibility that flow might not reach the
sea-bed at all if the section were extended and the
no-flow boundary at the western edge was relaxed.
Thus, the regional BVG hydraulic conductivity is
crucial. It is difficult to measure or estimate
regional BVG hydraulic conductivity in connected
fractures with sufficient certainty (Nirex, 1993a).

10. Safety case implications

A simple calculation to illustrate a safety case
can be made from the graphic expression of the
relationship between water flow to BVG hydraulic
conductivity (Fig. 14). It is emphasised that this
does not replace the complex interaction of many
parameters used by UK Nirex Ltd in their calcula-
tions of safety. By contrast, this simplistically
illustrates the impact of hydrogeology on overall
safety. Assuming that it is unacceptable for water
from the repository, at 650 m bOD, to return to
the surface within 10 000 year, the flow rate would
need to be less than 6.50 x 10 2m year ! to be
acceptable. Using Fig. 14, this flow rate equates to
a regional BVG hydraulic conductivity of
3.16 x 10~ 2 m year ~!. If measured BVG hydraulic
conductivities exceed this value, the hydrogeologi-
cal safety of a 650 m repository could be doubted.
Superimposed on Fig. 14 are the range of BVG
hydraulic conductivities measured in boreholes at
400-1900 m bOD (Nirex, 1993a,b). It is apparent
that measured values are around 1000 times too
large to be simply declared “safe”.
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Fig. 13. Result of transient mass transport simulation to track 500 particles released from potential repository. All parameters as
those of “base-case” (Table 1), except BVG hydraulic conductivity [set to “best match” of 1.2 m year ! hydraulic conductivity

(Fig. 11)].
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11. Conclusions

® The fluid flow simulation code provides a robust
indication of the movement directions of
groundwater. Even the simplistic simulations
show water flow to be topographically driven
and upward trending in the central (repository)
area of the region.

® The anisotropy of the Borrowdale volcanic
group (BVG) and hydraulic conductivity of the
St Bees sandstone, St Bees evaporites, Brockram
breccia cover faults and faults in the BVG are
unimportant relating to repository flow rates;
the inclusion of faults and variable salinity are
important.

® Geologically complex simulations produce sim-
ilar results to those of the more simplistic model-
ling. This indicates that the shape and size of
the finite element cells is not relevant to either
the flow rate or the flow path, nor, indeed to
the numerical solution of the flow and heat
transport equations, lending confidence in the
OILGEN code.

® Two decoupled, but connected, aquifer systems
exist: in the Calder sandstone and in the BVG.
Comparison of measured and calculated fresh-
water hydraulic heads indicates that the best fit
simulation is one where the BVG hydraulic
conductivity is 1.2 m year .

® This best fit is not affected by variations in
hydraulic conductivity of low permeability
units, faults in the BVG or, within reason, faults
in the cover sequence. When the permeabilities
of the overlying sediments are set to their
median, or “base case” values, there is a good
fit between measured and calculated freshwater
hydraulic heads.

® Newer measured data of BVG hydraulic con-
ductivity shows that some flow rates of the
BVG can be 1000 times too permeable to be
acceptable. Flow rates through the proposed
repository site are predicted to be around
1.7 m year ~1.

® The proposed repository at 650 m bOD would
have been in a poor position where flow direc-
tions in the BVG are towards the surface, an
effect that would need to be counteracted.

® Simulated tracking of water particles released
from the repository zone shows that radionu-
clides could return to the surface within
15 000 years, if regional hydraulic conductivity
of the BVG is equivalent to 1.2 m year ~!. This
assumes that no chemical retardation occurs
within the engineered repository, or within the
overlying rock.
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