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ABSTRACT

The current Nirex design concept for the disposal of intermediate-level and some low-level
radioactive wastes in the UK involves emplacement in a cementitious repository deep
underground. The Nirex Safety Assessment Research Programme includes a study of the
sorption of radionuclides on geological materials, as sorption processes are important
mechanisms for retarding radionuclides migrating from a repository. A site near Sellafield
has been investigated to see if it is suitable. The potential host rock would be the Borrowdale
Volcanic Group (BVG) which is comprised of tuffs characterised by low porosity and
permeability. This paper gives an overview of studies of the sorption of actinides onto BVG
rock and includes a description of experimental techniques in use at AEA Technology, the
difficulties inherent in working with such intact rock samples, and the use of data from both
crushed and intact-rock experiments. The main sorbing minerals in the BVG are discussed,
along with perturbing influences such as the degradation products from organic materials in
the wastes and highly alkaline porewater from the cementitious backfill.

INTRODUCTION

The current design concept for the disposal of intermediate-level and certain low-level
radioactive waste in the UK involves emplacement in a deep geological repository with a
cementitious backfill. United Kingdom Nirex Limited (Nirex) has undertaken investigations
to determine whether a site near Sellafield is suitable for the location of such a repository.

Although most of the radioactivity in the wastes is expected to decay while still contained in a
repository, some residual long-lived radionuclides are likely to be transported by groundwater
into the rocks that surround the repository (the geosphere). The geosphere acts as a barrier to
radionuclide transport by restricting the groundwater flow through the repository, diluting the
contaminated water that leaves the repository, and delaying the return of radionuclides to the
biosphere. Two principal mechanisms have the potential to retard the migration of dissolved
radionuclides relative to the flowing groundwater; sorption and rock-matrix diffusion. Nirex
undertakes an extensive research programme (the Nirex Safety Assessment Research
Programme, NSARP) that addresses both of these aspects. The research on geosphere
sorption comprises three components:

• laboratory experimental studies, to provide sorption data for performance assessment
modelling and to build understanding of sorption processes;

• geochemical modelling, to build understanding of the sorption processes and to enable
:xtrapolation of experimental sorption data to other geochemical environments;e
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• observation of the behaviour of natural radionuclides in groundwater systems, to identify
and characterise additional radionuclide retardation processes that operate on timescales
longer than can be observed in the laboratory.

The laboratory experiments are undertaken on representative samples of rock from possible
flowpaths between repository and biosphere. In the case of radionuclide sorption onto the
BVG, the subject of this paper, two types of rock samples have been studied:

• Fracture-infill material from flowing zones [1]. These samples represent the surfaces in
direct contact with the groundwater flowing through the fracture network. Fracture infill
and flow-zone mineralogies are typically dominated by carbonate and/or clay with
associated iron oxide (predominantly haematite).

• Samples of rock matrix from between fractures, comprised mainly of tuffs and ignimbrites
[2]. Access of radionuclides to the rock matrix is achieved by diffusion [3]. Sorption of
the radionuclides on pore surfaces in the rock matrix provides substantial retardation for
the radionuclides [4]. These rocks have a silicate-dominated mineralogy: quartz, chlorite,
feldspar with minor ilmenite and secondary haematite and carbonate minerals.

This paper includes a brief description of the experimental techniques in use at AEA
Technology. A comparison of crushed and intact-rock techniques is given and some of the
difficulties inherent in working with intact-rock samples of low porosity and permeability are
described. Results are presented that illustrate the sorption behaviour of the elements studied
within the BVG. The principal minerals responsible for radionuclide sorption are identified.
In the final section, the methods used to study the impact on radionuclide sorption of
degradation of organic materials from the radioactive waste and of alkali disturbance from the
cementitious backfill are described and illustrative results are presented.

EXPERIMENTAL TECHNIQUES IN USE FOR THE MEASUREMENT OF SORPTION
COEFFICIENTS

Radionuclide sorption coefficients (the ratio of the amount of radionuclide sorbed on the solid
to the amount remaining in solution) can be measured using a variety of different
experimental techniques [5, 6]. The most common method is the batch-sorption technique, in
which samples of crushed rock are contacted with a solution containing a known
concentration of radionuclide. As sorption proceeds, the radionuclide concentration in
solution falls to a final steady value, which is measured and the sorption coefficient
calculated. Issues such as sorption onto vessel walls and the statistics of radiochemical
analysis are taken into account. The principles of techniques involving the use of intact
samples of rock, such as through-diffusion, in-diffusion, reservoir-depletion, rock-beaker and
convection have been described in detail elsewhere [5 - 7], and are summarised schematically
in Figure 1.

Unfortunately, no single technique is ideal for the measurement of the sorption of a strongly
sorbing radionuclide onto rocks. Batch sorption has the advantage of being a relatively rapid
experimental technique. However, crushed rock samples have unrealistically high surface
areas and freshly exposed mineral surfaces [8]. Also, batch sorption is carried out at relatively
high liquid:solid ratios [9, 10] and requires careful phase separation prior to analysis of
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solution radionuclide concentrations [11]. Intact-rock techniques involve more realistic
surface areas and liquid:solid ratios, but the experimental equipment is generally more
complex and timescales are longer. Machining of the samples to the required size and shape
may result in some alteration to the rock surface. This effect could be important in the case of
strongly sorbing radionuclides where the depth of penetration will be very small over typical
laboratory timescales (e.g. 1-2 years).

For the study of sorption as a function of a wide variety of perturbing parameters, it is
generally accepted that the only practicable experimental technique is some form of batch
methodology [12]. The approach adopted in the Nirex programme has been, therefore, to
conduct a large number of batch experiments to study the effect of varying parameters such as
radionuclide concentration, ionic strength, pH, redox potential and concentration of organic
degradation products. These data provide a strong foundation on which elicitation of
probability distribution functions for repository performance assessment can be based. In
order to assess surface availability issues, batch experiments are complemented by a smaller
number of experiments with intact-rock samples.

THE STUDY OF MINERALOGICAL CONTROLS ON SORPTION

To supplement the measurement of sorption coefficients, and to provide information on the
importance of mineralogy on sorption, surfaces of polished BVG samples have been studied
after exposure to actinide solutions [13, 14]. Autoradiography and ion beam techniques such
as nuclear microprobe analysis and secondary-ion mass spectrometry (SIMS) were used to
measure qualitatively and quantitatively the distribution of actinides on sample surfaces.
Nuclear microprobe analysis involved Rutherford back-scattering (RBS) to quantify surface
and sub-surface loadings, and particle-induced x-ray emission (PDOE) to confirm the identity
of mineral phases. SIMS analysis involved sputtering the surfaces with a gallium or 18O beam
and analysing the ions generated by mass spectrometry. As well as aiding identification of
important sorbing mineral phases, ion beam techniques were used to provide depth profiles
for strongly sorbing radionuclides with short penetration depths. Depth profiles from RBS
data for uranium and plutonium are shown in Figure 2. These profiles can be used to derive
diffusion and sorption data, subject to assumptions about access to porespace within samples.

CONTROL OF GEOCHEMICAL CONDITIONS

Experimental conditions must be controlled carefully to ensure that the data acquired are
relevant to the geochemical system of interest. It is particularly important to control the
concentration of carbonate in experimental solutions because the aqueous speciation of some
key radioelements, such as uranium(VI), is extremely sensitive to this parameter and this can
have a strong impact on sorption behaviour [15]. All work has therefore been carried out
under controlled conditions to simulate as closely as possible those anticipated around a
potential repository. Solution compositions are based on groundwater analyses from relevant
depths within Sellafield boreholes. These groundwater analyses are back-corrected using
geochemical modelling techniques in order to allow for perturbation to the chemistry during
the sampling process [16]. In this way it can be ensured that the synthetic solutions used are
as closely representative as possible of the groundwater chemistry in situ. The experiments
are carried out in gloveboxes under a mixed nitrogen/carbon dioxide atmosphere. The amount
of carbon dioxide in the glove box atmosphere is adjusted to minimise loss or gain of
carbonate by the experimental solutions.
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MEASUREMENT OF SORPTION COEFFICIENTS FOR BVG SAMPLES

Tuff samples from the BVG have very low diffusivities and permeabilities [17].
Consequently, through-diffusion and convection experiments using strongly-sorbing
radionuclides would require prohibitively long times. It is therefore necessary to use transient
diffusion techniques (in-diffusion, reservoir depletion, rock beakers, see Figure 1) in which a
single parameter incorporating sorption and diffusive transport is calculated. In order to
derive sorption coefficients from such experiments it is necessary to measure the diffusion
coefficient separately using non-sorbing tracers such as tritiated water. Reservoir-depletion
experiments involving actinides were complicated by radionuclide sorption onto both the rock
and the sealant used to coat the sample and vessel walls. This prompted development of the
rock-beaker technique [7]. For work involving actinides and the BVG, the rock-beaker
technique has been found to be the most appropriate intact-rock sorption method.

A brief comparison of sorption coefficients measured using different experimental methods is
shown in Table 1. It can be seen that sorption coefficients measured using the rock beaker
technique tend to be lower than those measured using the batch-sorption technique. This is
consistent with the hypothesis that available surface area will be reduced in an intact-rock
sample. However, at present, it is not possible to quantify this effect robustly because the
range of measured values is wide, particularly in the case of batch-sorption experiments. Two
aspects contribute to the observed range of measured sorption values:

• Sample variability - A large number of samples have been studied using the batch
technique, and the wide range shown by the data partly reflects the different mineralogies
of individual samples. A more limited number of samples have been studied using intact-
rock techniques.

• Experimental variability - Variation in replicate measurements on the same sample can be
large, especially in the case of strongly sorbing radionuclides. This variability can only be
estimated in the case of batch-sorption experiments where replicate experiments have been
carried out. Statistical analyses suggest that (at the 95% confidence interval) sorption
coefficients generally lie within 15% of the mean. However, for strongly sorbing nuclides
this value increases to 40%, due to the very low final radionuclide solution concentrations
which are close to detection limits and therefore subject to larger errors.

A rigorous comparison of sorption coefficients measured using the different techniques
requires that these sources of variability are quantified for each case.

SUMMARY OF FAR-FIELD SORPTION DATA

Far-field sorption data are those acquired under conditions anticipated to match those
expected in-situ within the rock of interest. Additional effects which might result from the
presence of a repository are considered separately. Batch-sorption data have been obtained for
sorption onto a large number of BVG samples. Figure 3 shows some typical results for
sorption onto BVG tuffs. For the elements studied, the highest sorption is invariably
measured in the case of uranium(TV) and plutonium. Sorption coefficients are often in excess
of 104 cm3g"'. Uranium(VI) and thorium are generally moderately sorbing, giving sorption
coefficients around 100 cm3g"1. Figure 4 compares sorption coefficients measured for
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samples of tuff and fracture-infill material. Thorium sorption was very similar onto both
types of sample. Uranium(VI) and plutonium sorption were significantly reduced onto the
fracture-infill material. This could be a reflection of the carbonate-rich mineralogy of the
fracture-infill material; carbonates do not have a high sorptive capacity [13].

MINERALOGICAL CONTROLS ON SORPTION

The sorptive capacity of individual minerals has been investigated by carrying out selected
batch-sorption studies for single minerals of interest. These experiments have also helped
build understanding of sorption mechanisms, and the influence of key parameters such as pH
and solution carbonate concentration. For site-specific rock samples however, investigation
of mineralogical controls is undertaken primarily through surface analytical techniques, as
mentioned earlier. Results of surface analytical studies show that sorption of uranium(TV),
plutonium and thorium onto a variety of tuff samples from the BVG is not uniform but is
dominated by specific minerals. Quantitative RBS results for uranium(IV) and plutonium are
given in Table 2. RBS surface loading data were quantified by comparison with a thorium
standard sample [18]. Higher concentrations of radioelements were associated with
haematite, ilmenite and chlorite. Sorption onto other minerals (calcite and feldspar) and
quartz-rich matrices were generally up to an order of magnitude lower. RBS depth profiles
have shown that the actinide is often on, or within 10 nm of the mineral surface.

Due to solubility limitations for thorium in solution (typically 10"nM), it was not possible to
sorb sufficient thorium on the mineral surfaces for subsequent quantitative analysis by RBS.
However, sorbed thorium was measured qualitatively by SIMS and was seen to sorb
preferentially on the same mineral phases as uranium(IV) and plutonium. In similar
experiments involving uranium(VI), surface loadings were below the limit of detection.

Iron oxides are considered to be key sorbing phases for many radionuclides. Many of the
BVG samples contain significant haematite (Fe2Oa), and enhanced sorption is associated with
the presence of this mineral. Iron oxides can also form during the course of an experiment by
the incongruent dissolution of iron-bearing calcites (carbonates are reactive phases and even
the most careful control on experimental conditions cannot prevent such a reaction occurring).
These 'experimental' iron oxides are observed to be strong sorbing phases. Although a
consequence of experimental conditions in this instance, such a process is also observed in
natural geochemical systems. Studies of the distribution of natural uranium in the BVG at
Sellafield have also demonstrated the importance of iron oxides [19]. Most of the natural
uranium is fixed within primary mineral phases, but small amounts have been mobilised
during water-rock interactions and are associated with secondary haematite.

In associated interpretative geochemical modelling studies, it has been found that sorption in
batch experiments cannot be related easily to the volumetric or weight proportions of major
minerals in the sample. This may be due to the influence of minor phases, which are not
identified in the mineralogical analysis, and the fact that the mineral volume or weight might
not be an accurate measure of the contribution of that mineral to the surface properties of the
rock in question. Studies of other rock types using surface analytical techniques have
demonstrated that the presence of iron oxide films on the surfaces of mineral grains can exert
a strong influence on the distribution of sorbed radionuclides [13]. Geochemical models
based on sorption onto iron oxide surfaces have been used successfully to interpret
experimental data [20]. Modelling allows interpretation of data supported by knowledge of
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the aqueous speciation of sorbing elements, and understanding of possible sorption reactions
at mineral surfaces.

THE EFFECT OF POTENTIAL REPOSITORY-DERIVED PERTURBATIONS ON
RADIOELEMENT SORPTION ONTO BVG

Effect of the presence of organic degradation products

Some waste intended for disposal in the Nirex repository contains organic materials, such as
cellulose. Under anaerobic, alkaline conditions, degradation of cellulose produces a range of
water-soluble organic acids [21] which can form aqueous complexes with actinides [22]. The
formation of such complexes can stabilise the radionuclide in solution, causing an increase in
solubility and a reduction in sorption. Organic molecules may also adsorb onto rock surfaces,
possibly reducing the sorptive capacity of the rock towards radionuclides. The NSARP
therefore includes studies to investigate the impact of cellulosic degradation products on
radionuclide sorption in the geosphere (e.g. [23 - 25]).

Batch-sorption studies of the effect of important organic materials on radionuclide sorption
have been conducted:

• using authentic cellulosic degradation products (ACDP), prepared from a leachate solution
formed after heating (at 80-100°C for 30 days) a mixture of wood or paper tissue, cement
and water under anaerobic conditions;

• using the important cellulosic degradation product, iso-saccharinic acid (ISA). This
product has been shown to affect significantly radionuclide sorption behaviour under the
conditions expected within the near field of a repository [21].

The experiments have been carried out at both high and near-neutral pH values, and at various
concentrations of ISA (ranging from 10"7M to 10"3M) and ACDP (diluted and undiluted).
These studies have included sorption of plutonium, uranium and thorium onto a wide range of
BVG rock types, both matrix tuff and fracture mineral assemblages. Typical results in the
case of uranium are shown in Figure 5. Of the radioelements studied, plutonium and
uranium(IV) are most sensitive to the presence of organic materials. By contrast, thorium
sorption onto some rock types is completely unaffected by organic material. As expected,
sorption is usually reduced in the presence of organic materials. Where different
concentrations of organic materials were studied, results show that reductions in sorption
become more significant as the organic concentration is increased. In the case of uranium(VI)
at high pH, it appears that sorption is enhanced by the presence of organic material. The
reasons for this are unclear at present.

Data for the ACDP solution and the highest ISA concentration are generally very similar,
confirming that ISA is an important component of the ACDP solution. However, this is not
the case with plutonium and thorium at neutral pH, where ACDP solution appears to have a
greater effect man 10"3M ISA. Further work is in progress to clarify this aspect.

Effect of alkaline conditions

Cement-equilibrated water derived from a repository would react with the surrounding rock
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and form an 'alkaline-disturbed zone' (ADZ) around the repository. The main reactions that
are expected to occur within the ADZ are dissolution of primary silicates, and precipitation of
hydrated calcium silicates (CSH phases) and possibly zeolites [26]. As such water-rock
interaction proceeds, the pH of the repository-derived water would be buffered toward lower
values and would eventually reach the near-neutral values typical of unperturbed far-field
groundwaters. It is likely that the hydrogeological and radionuclide retardation properties of
the ADZ will be different from those of the unperturbed geosphere. The NSARP therefore
includes work to evaluate the size of the ADZ and the extent to which its properties would be
different. A summary of the ADZ sorption programme is presented below.

Using the batch-sorption technique, experiments have been carried out to examine sorption
under conditions expected within the ADZ. The following types of experiment have been
carried out.

• Sorption onto untreated rock samples in contact with simulated evolved near-field (ENF)
groundwater (Ca(OH)2-rich, pH 12.5 at 25°C, [16]). ENF groundwater is the water
produced by interaction of far-field groundwaters with Nirex Reference Vault Backfill after
the soluble alkali metal hydroxides have been leached out. These experiments, in which
some degree of alkaline water-rock interaction will occur during the sorption experiment,
simulate the case where radionuclide migration into the geosphere is concurrent with the
development of the ADZ.

• Sorption onto rock samples pretreated with simulated ENF groundwater (pH 12.5 at 25°C).
The solutions used in the experiments simulate the solution composition measured at the
end of the pretreatment process (pH 8-10). These experiments simulate the case where
radionuclides migrate into the geosphere after development of the ADZ.

• Sorption onto rock samples pretreated with simulated young near-field (YNF) porewater
(NaOH/KOH/Ca(OH)2 solution, pH 13 at 25°C, [16]). YNF porewater represents fluids
emerging from a cementitious repository at very early stages in its evolution. The solutions
used in the experiments simulate the solution composition measured at the end of the
pretreatment process, and have pH in the range 10-12. These experiments simulate the
case where radionuclides migrate into the geosphere after development of the ADZ.

Pretreated samples were supplied by the British Geological Survey, Keyworth, UK. These
samples had been exposed to alkaline solutions at elevated temperatures (70°C) for up to four
months. Sorption coefficients under ADZ conditions were generally higher than those
measured under unperturbed, far-field conditions. Figure 6 shows results for sorption onto an
individual sample (fracture infill from the BVG). The observed sorption behaviour largely
follows the trend:

No pre-reaction > Pretreated (YNF) > Pretreated (ENF) > Unperturbed

The trend is most pronounced in the case of uranium(VI), and least pronounced in the case of
thorium. Results suggest that thorium, uranium(VI) and plutonium sorption within the ADZ
would be higher than sorption in the undisturbed geosphere. Enhanced sorption onto ADZ
samples relative to unperturbed, far-field samples is believed to be related to the presence of
newly-formed, high-surface area secondary precipitates. CSH phases, identified as the
dominant reaction products in these types of experiments [26], could be important
contributors to sorption. Experimental data for the ADZ have been interpreted based on the
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concept of CSH phases controlling sorption behaviour.

CONCLUSIONS

An extensive experimental programme, employing both batch and intact-sample techniques, is
being carried out to study the sorption of radionuclides, in particular actinides, onto rock
samples from the BVG. Results from experiments using single mineral phases, interpretative
geochemical modelling and studies of natural radioactivity at Sellafield all contribute to an
understanding that has been used to support post-closure performance assessments of a
potential Sellafield repository. The results from experimental investigations of sorption onto
BVG samples have produced an extensive database for use in performance assessment
calculations. In particular, these data show that:

• actinide sorption onto BVG varies from relatively weak (uranium(VI)) to very strong
(plutonium);

• plutonium sorption can be reduced significantly in the presence of high concentrations of
cellulosic degradation products;

• sorption onto BVG altered by cement porewater is at least as strong as on unaltered BVG.

Probability density functions based on the programme of work summarised in the paper have
been used in performance assessment of the potential Sellafield repository. It has been
demonstrated that sorption in the geosphere at Sellafield would be a very effective barrier to
the migration of many radionuclides.
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Table 1

A Comparison of BVG Sorption Results from Experiments using
Crushed Rock and Intact-Rock Techniques

Radioelement

Uranium (VI)

Plutonium

Sorption coefficient cm3g*1

Batch-sorption technique
(50:1 liquidtsolid ratio)

<10-110

1100--105

Rock-beaker method

no detectable sorption

2 x 104 - 7 x 104

Values shown cover a number of experiments.

Table 2

RBS Data of Uranium(IV) and Plutonium Surface Loadings on Tuff Samples from the
BVG

Sample depth, borehole

Uranium(IV)*
622m, Borehole 4

814m, Borehole 4

Plutonium
526m, Borehole 2
622m, Borehole 4

763m, Borehole RCF3

665m, Borehole RCF3

Description of Mineralogy

Silica-Alkali Feldspar Matrix
Altered Plagioclase
Ilmenite (FeTiOa)
Chlorite-Haematite Matrix
Chlorite

Chloritised Matrix
Silica-Alkali Feldspar Matrix
Feldspar
Anatase (TiO2)
Calcite (fracture infill)
Chloritised Matrix
Chlorite
Haematite-rich Matrix
Chloritised Matrix

Measured Surface
Loading, ng cm'2

2-6
20
70-120
35-50
50-60

15-60
4-5
3-7
35-70
10
30-35
60-70
40
20-30

* - measured under strongly reducing conditions, -350mV (vs Standard Hydrogen Electrode)
The depths given refer to metres below the rotary table
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1. Through-diffusion

Reservoir containing
radionuclide at constant
concentration Co

Measurement cell,
initially containing
no radionuclide.

C «Co

Steady-state
diffusion

Transient diffusion

Time

2. In-diffuston

Filter containing solid
radionuclide phase

Sealant

Rock

Solution with
radionuclide at
constant
concentration

3. Reservoir-depletion

Solution with
radionuclide
concentration Co

Depth into rock

Measure depth profile in rock after
exposure to radionuclide solution

Initial concentration Co

"6 § w

Time

4. Rock beaker

Solution to prevent
outside of beaker ^
drying out

Rock beaker

m
Solution with initial
radionuclide
concentration Co 1

Initial concentration Co

Time

5. Convection

Sealant
Rock

- Eluate

Flow from reservoir containing radionuclide at
constant concentration, Co

Cot-

Volume of eluate passed
through rock sample

Figure 1. Techniques for Measuring Radionuclide Sorption
onto intact Samples of Rock

- 436 -



JAERI-Conf 99-004

Derived Uranium-235 depth profile
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Figure 2. Actinide Depth Profiles from RBS Data
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I 100-
oo

1 0 -

1 -I

• Green eutaxitic massive tuff, 526m
DRed eutaxitic massive tuff, 577m
B Grey-green crystal-rich tuff, 723m

•m

Th U(VI) U(IV) Pu

Figure 3. Typical results for sorption onto tuff samples from the
Borrowdale Volcanic Group. The data shown are for samples
taken from Borehole 2, Sellafleld, the depths given in the legend
are metres below rotary table.

100000 T

-g 10000 -
o

f 1000
1
g

o

•a

I

•Red eutaxitic massive tuff, 577m

B Fracture infill, 1407m

U(VI) Th Pu

Figure 4, A comparison of sorption coefficients measured for tuff and
fracture infill assemblages. The data shown are for samples taken
from Borehole 2, Sellafield, the depths given in the legend are
metres below rotary table.
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100000 T ,pH~7

Increasing
concentration
left to right

Baseline ISA

(a)
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10000-T

1000

(b)

Increasing
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Baseline ISA Undiluted
ACDP

10000 T

1000-
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Increasing
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Figure 5. Results illustrating the effect of organic degradation products on (a)
uranium(TV) and (b) uranium(VI) sorption onto BVG tuff. Range of ISA
concentrations studied, 10~7M to 10"3M. The data shown are for a tuff sample
taken from 577m (below the rotary table), Borehole 2, Sellafield.

Unperturbed Pretreated(YNF) Pretreated (ENF) No pre-rcaction

Figure 6. Effect of alkaline conditions on the sorption of uranium(VT), plutonium and
thorium onto fracture infill from the BVG. The data shown are for a fracture
infill sample taken from 1407m (below the rotary table), Borehole 2,
Sellafield.
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