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THE USE OF SITE CHARACTERIZATION DATA IN THE
NIREX 97 PERFORMANCE ASSESSMENT
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Abstract

Over a number of years, Nirex examined the possibility of a deep radioactive waste
repository at Sellafield. Extensive site investigations were carried out, using both
surface geophysics and a number of deep boreholes. Hydrogeological measurements
were carried out over a wide range of length scales. The work culminated in the Nirex
97 performance assessment.

The use of the site characterization data in Nirex 97 is described. The hydrogeological
data can be divided into two main categories: direct measurements of the
hydrogeological properties of the rocks on various length scales, and measurements of
'derived' properties such as groundwater head, salinity and temperature. The former
data were used to derive initial values of the effective hydrogeological parameters for
use in groundwater flow and transport models on various length scales. In order to do
this, it was necessary to relate the measurements to the underlying variability and then
upscale from the underlying variability to the length scales of interest. The
quantification of the uncertainties, relating these to the available data, formed a major
part of the analysis.

The models were then calibrated using the second category of data. This led, using a
Bayesian approach, to revised characterizations of the uncertainty, which were used in
the calculations of repository performance.

An important feature of the analysis is the systematic treatment of the uncertainties and
their relation to data. When allied to an ongoing evaluation of the suitability of a site for
a repository, this enables the key uncertainties to be identified as a focus for future site
characterisation work.
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Introduction

United Kingdom Nirex Limited is responsible in the UK for disposal of intermediate-
level and certain low-level radioactive waste. Between mid-1991 and March 1997, the
Nirex programme considered the potential suitability of a site at Sellafield, West
Cumbria as a possible location for a deep repository. An extensive investigation of a
region around the potential site has been carried out using surface geophysical
techniques, a number of deep boreholes and laboratory studies. In particular,
hydrogeological measurements have been carried out over a range of length scales, from
laboratory tests on core samples with length scales of a few centimetres to large scale
cross-hole tests. The work culminated in the Nirex 97 assessment (Nirex, 1997) of the
performance of a potential repository at Sellafield.

In this paper, an overview is given of the use of the site characterisation data in
Nirex 97. Much of Nirex 97 was devoted to the analysis of the groundwater pathway,
which is the main pathway by which radionuclides from waste in the repository might
return to the immediately accessible environment. Therefore, data relevant to
hydrogeology played a major role in the assessment and are the main focus of the
discussion here. The hydrogeological data can be divided into two categories:
• direct measurements on various length scales of the hydrogeological properties of the

rocks;
• measurements of 'derived' quantities such as groundwater head, salinity or

temperature.

The direct data were used to provide initial characterisations of the uncertainty in the
hydrogeological parameters for groundwater flow and transport models on various
length scales. The measurements of derived quantities were used to calibrate the models
and refine the initial characterisation of the uncertainties.

The analysis and processing of the data for Nirex 97 was a major task, not least because
of the detail of the conceptual model for groundwater flow at the site and the large
amount of data available. New techniques were developed to undertake the work, and
advances in understanding were made.

Use of direct data

The direct measurements of hydrogeological properties on various length scales were
used to provide an initial characterization of the uncertainties in the effective
hydrogeological parameters for groundwater flow and transport models on various
length scales. In order to do this, the measurements were first related to the variability
in the hydrogeological properties of the rocks on the smallest length scales. Where
necessary, a process of downscaling was used. Then the properties were upscaled to the
length scales of interest, principally the regional scale. For example, for the repository
host rock, the Borrowdale Volcanic Group (B VG), the main source of information on
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the transmissivities of the Flowing Features (FFs) that carry groundwater flow was a
suite of Environmental Pressure Measurements for borehole intervals of about 50m
length. These gave effective hydraulic conductivities, which generally resulted from
several FFs. It was necessary to infer the distribution of the transmissivity of FFs. The
effective permeability of the BVG was then determined from models of networks of FFs
and clusters of FFs (Nirex, 1997).

Simple analytical models, that is models in which the quantities of interest are
approximated by simple analytical expressions in the underlying parameters of the
models, were used for most of the upscaling calculations. In the most important cases,
the simple analytical models were supported by numerical models.

A key part of the analysis was a systematic treatment of uncertainties. These arise from
various sources such as:
• measurement error;
• variability;
• uncertainties about the conceptual model;
• approximations made in modelling.

Variability leads to uncertainty because it means that the detailed variation of the rock
properties cannot be determined by practicable measurements. Statistical descriptions
that characterise the variation to an accuracy that depends on the number of
measurements, the variability and its correlation structure can be developed. In
Nirex 97, variability was quantified on three broad ranges of length scale:
• centimetres to metres;
• metres to hundreds of metres;
• hundreds of metres to tens of kilometres.

The uncertainties in the underlying parameters of the models were recognised and
quantified and then propagated through the analysis, leading to a quantification of the
uncertainties in the effective parameters. In this context, the use of simple analytical
models was a very powerful technique, which enabled the uncertainties in the effective
parameters to be estimated in a practicable manner. This was done using the First-Order
Second-Moment Method (see for example, Dettinger and Wilson, 1981). One of the
benefits of this is that it enables the relative importance of the uncertainties in the
underlying parameters to be assessed in a very straightforward manner.

The end-product of the analyses was the initial characterization of the uncertainties in
the effective hydrogeological parameters for regional-scale models (see Figure 2.1).

3 Use of derived data

In addition to the direct data, measurements of derived data, such as groundwater head,
salinity and temperature were available. These data were independent of the direct data,
and were used to calibrate the groundwater flow models, that is to determine ranges of
hydrogeological parameters that lead to an acceptable match between observations and
the corresponding quantities calculated using the models. Taking the additional
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information provided by calibration into account leads (see Figure 3.1) to a revised
characterization of the uncertainties.

A two-stage approach to calibration was adopted. In the first stage, parameter space was
systematically searched (see Figure 3.2) to find a reasonably good match to all
observations simultaneously. The variant that gave the best match in this stage was
taken as the reference model for the next stage of calibration.

In the second stage, parameter space in the vicinity of the reference model was
systematically explored to try to estimate the region of parameter space in which there is
an acceptable, if not necessarily good match to observations (see Figure 3.2). This was
done by varying one parameter at a time to find the constraints on the parameter in
question. It should be emphasised that an acceptable match to all the observations
simultaneously was sought. The decisions as to what was acceptable were made in a
fairly conservative way, that is substantial deviations from the observations were
allowed.

In comparing the observations and the corresponding calculated quantities, it was
necessary to take into account:
• uncertainties in the data;
• the fact that the small-scale heterogeneity of the system was not represented in the

model;
• for the two-dimensional model, the fact that many of the boreholes were not on the

line of the cross section of the model.

The process of calibration is illustrated in Figures 3.3 and 3.4. Figure 3.3 shows the
match to the environmental head in one of the Nirex deep boreholes for the two-
dimensional reference model of Nirex 97. The Figure shows:
• the observed environmental heads and the associated uncertainties;
• a guideline that shows the key features of the data that it was desired to reproduce;
• the calculated environmental head for the two-dimensional reference model at the

best location corresponding to the borehole;
• the calculated environmental head at locations either side of the best location that

might still correspond to the borehole.

Figure 3.4 illustrates the second stage of calibration. The Figure shows the match to the
environmental head in one borehole for the reference model and for variants in which
one of the parameters of the model was altered in steps of half an order of magnitude,
values both higher and lower than those in the reference model being considered. From
this comparison, it was considered that all of the variants in which the parameter was
increased were acceptable, but of the variants in which the parameter was decreased,
only the first was acceptable. This provided one of the constraints from calibration.

The information about the parameters obtained from calibration was combined with the
'prior' information obtained from upscaling using a Bayesian approach (see for
example, Cox and Hinckley, 1974). Various technical complications needed to be
addressed. In some cases, it was recognised that the match to the data would not be
affected if all the hydrogeological parameters were scaled by the same amount. For
example, the match to the head and salinity data for a steady-state model with boundary
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conditions, as in Nirex 97, that are either prescribed head or no-flow is not significantly
affected if all the effective permeabilities are scaled by the same amount. Another
complication was that there were prior correlations between the uncertainties in various
effective hydrogeological parameters. Such correlations arise because the parameters in
question depend to some extent on the same data.

These complications were handled by approximating the constraints from calibration by
normal distributions. These were then combined appropriately with the prior
distributions that characterised the uncertainties, which were also approximated by
normal distributions. This led to revised normal distributions that characterised the
posterior uncertainties. The analysis involved straightforward, but lengthy, algebraic
manipulations, leading ultimately to a description of the revised uncertainties with
modifed correlations between the parameters. Figure 3.5 illustrates the revised
uncertainties after calibration for the effective permeabilities of subdivisions of the
BVG. (This Figure does not show the correlations between the parameters.) The
revised uncertainties, including the correlations, were used in Probabilistic Safety
Assessment calculations of the radiological risk from the repository.

4 Remarks

In this paper, the use of site characterization data in Nirex 97 has been outlined. The
hydrogeological data can be divided into two categories: direct measurements of
hydrogeological properties on various length scales, and measurements of derived
properties. The former were used to derive an initial characterisation of the
uncertainties in the effective hydrogeological parameters for regional-scale groundwater
flow and transport models, and the latter were used to calibrate the models, leading to
revised descriptions of the uncertainties. A key aspect of the analysis was the systematic
treatment of uncertainties. The analysis enables the key uncertainties that impact on the
risk to be assesssed and traced back to their original sources. In the case of a continuing
investigation programme, this provides a focus for possible future site characterization
work. New techniques were developed to undertake the work, and advances in
understanding were made.
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Figure 2.1 The initial uncertainties in the effective regional scale permeabilities for
some of the hydro geological units at Sellafield. The Figure shows the best
estimate for a parameter (indicated by a diamond) and the estimated 95%
confidence interval. Correlations between the parameters are not shown
in this Figure.
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Figure 3.1 Schematic illustration of the effect on the allowed region of parameter space
of taking into account the constraints from calibration.
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Figure 3.2 Illustration of the two stages of calibration: (a) systematic exploration of
parameter space to determine the reference model; (b) systematic
exploration of parameter space in the vicinity of the reference model to
determine the ranges of parameters that give an acceptable match to data.
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Figure 3.3 Example of the match to observation for the reference two-dimensional
model (the environmental head for Nirex deep borehole 2). The
experimental data are shown by the crosses, the associated
uncertainties being indicated by the length of the arms of the
crosses. The guideline giving key features of the data is shown by
the broad line. The calculated environmental head at the best
location corresponding to the borehole is shown by the solid line
and the calculated environmental head at alternative locations
corresponding to the borehole is shown by dashed lines. Changes in
lithology are indicated by the vertical band to the right of the plot.
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Figure 3.4 Example of the determination of a constraint from calibration (the
environmental head for Nirex deep borehole 4). The calculated
environmental head for the reference model is shown by the solid line and
the calculated environmental head for variants with increased values of
the parameter are shown by the lines with short dashes and the calculated
environmental head for variants with decreased values of the parameter
are shown by the lines with long dashes. Changes in lithology are
indicated by the vertical band to the right of the plot.
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Figure 3.5 Revised uncertainties after calibration for the effective permeabilities of
subdivisions of the BVG. The Figure shows the best estimate for a
parameter (indicated by a diamond) and the estimated 95% confidence
interval. Correlations between the parameters are not shown in this
Figure.


