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Abstract

The transport properties of Tc and U in compacted bentonite clay and the leaching behaviour of these elements from
spent nuclear fuel in the same system were investigated. Pieces of spent UO, fuel were embedded in bentonite clay
(ps =2100 kg/m?). A low saline synthetic groundwater was used as the aqueous phase. After certain experimental times,
the bentonite clay was cut into 0.1 mm thick slices, which were analysed for their content of Tc and U. Measurements
were made using inductively coupled plasma mass spectrometry. Tc analysis comprised chemical separation. The
analysis of U was done by means of detecting >**U, since the natural content of U in bentonite clay made it impossible
to distinguish between U originating from the fuel and the clay. The influence of different additives mixed into the clay
was studied. The results showed an influence on both transport and leaching behaviour when metallic Fe was mixed
into the clay. This indicates that Tc and U are reduced to their lower oxidation states as a result of this addi-

tive. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The behaviour of spent fuel in the near field of a
geological repository is important for the safety, since
the fuel itself is the first barrier to the release of radio-
nuclides. The constituents of the irradiated fuel can be
present at different locations: fuel-clad gap, grain
boundaries and the fuel matrix [1]. Examples of radio-
nuclides found at the fuel-clad gap are '®1 and '*Cs.
PTc is to a small extent segregated to the grain
boundaries, frequently in the form of metallic inclu-
sions, together with molybdenum, ruthenium, rhodium
and palladium [2]. These metallic inclusions (often re-
ferred to as e-phase particles) are also found within the

* Corresponding author. Tel.: +46-31 772 2802; fax: +46-31
772 2931.
E-mail address: ramebeck@nc.chalmers.se (H. Ramebéck).

UO, grains [3]. The actinides and the lanthanides are
expected to be in solid solution with the fuel matrix [2].
As a consequence of this, different mechanisms will
govern the release rates when the fuel is in contact with
water. The release of the radionuclides present at the
fuel-clad gap is a fast process that occurs within a few
days after first contact with water. The amount released
has been shown to be comparable to the fission gas
release during reactor operation [4]. If there is specific
release rate from the grain boundaries, it is a somewhat
slower process, although believed to be much faster than
the release from the fuel matrix [5]. The release from the
fuel matrix will require dissolution or alteration of the
UO, itself [5]. It is often assumed that the Sr release rate
is an indicator for the matrix dissolution, and following
that assumption, the release rate would be about 0.01%
of the inventory per year under oxidising conditions
[6]. While the release rate of a radionuclide to a first
approximation is governed by their accessibility
for water, solubility limitations may also be important
[6,7].
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Bentonite clay has been proposed as a buffer and
backfill material for the waste storage. The clay will
reduce the water inflow to the fuel canisters. The main
transport mechanism for dissolved radionuclides will be
by diffusion through the clay.

Technetium may, depending on the redox conditions,
be present as different species. Under environmental
conditions, technetium can exist in three different oxi-
dation states: Tc(VII), Tc(IV), and Tc(0) [8,9]. TcO, is
the stable species in oxidising aqueous environments
while, in reducing waters, TcO, is the solid phase and
TcO(OH), the soluble species [8]. Tc(VII) has both a
higher solubility and a faster mobility than Tc(IV).
Uranium will be present under reducing conditions as
U(IV), which has a lower solubility than the species
present at oxidising conditions (U(VI)) [10]. U(IV) is
also expected to have a lower mobility than U(VI).

Apparent diffusivities (D,) of technetium have been
reported earlier [11,12]. Sato et al. [13] evaluated D, for
different clay densities. The apparent diffusivity of ura-
nium has been reported by Albinsson et al. [11] and by
Idemitsu et al. [14].

This work presents the results concerning the leach-
ing of technetium and uranium from spent UO, fuel in
contact with compacted bentonite clay. The transport of
technetium is discussed, whereas the transport of ura-
nium was presented earlier [15]. Results concerning the
transport and leaching of '¥’Cs [16] and *’Sr [17] have
also been reported earlier.

2. Experimental

A combined fuel leaching and radionuclide diffusion
experiment was started in 1985 [18]. Spent UO, fuel (42
MWd/kg U) from rod No. 418-A6 of the boiling water
reactor (BWR) Oskarshamn 1 was cut into 4.8 mm
thick segments (diameter 12.25 mm including cladding)
in a hot cell at Studsvik Nuclear Fuel Laboratory.
These fuel specimens were placed between two cylinders
of compacted bentonite clay (p=2100 kg/m?) in diffu-
sion cells. The bentonite cylinders had a diameter of 25
mm and a length of 25 mm. The diffusion cells were
made from stainless steel. There was a lid at each end in
which a filter was placed to allow for water penetration
through the bentonite clay to fuel specimen. After
loading, each cell was placed in a sealed stainless steel
vessel. These vessels contained a low saline synthetic
groundwater [19] (see Table 1) which had been equili-
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Fig. 1. Schematic view of the diffusion cell.

brated with bentonite clay. The actual pore-water
chemistry in compacted bentonite was largely unknown,
or at least much debated at the time when the experi-
ments were started. (Recently, more reliable data on the
pore-water chemistry have been available [20].) A dif-
fusion cell placed in a stainless steel vessel is shown in
Fig. 1. After loading all cells into the vessels, they were
transported using a transfer box out of the hot cell into
the Fuel Laboratory’s loading area where they were
placed behind a lead shield at the ambient temperature
in the area (about 25°C). Ten such experiments were
started.

The clay used in the experiments was a commercial
bentonite, Volclay MX-80. The composition and min-
eral content of the clay are given in Tables 2 and 3, re-
spectively. The clay fraction (montmorillonite) of the
bentonite was fine grained typically 2 pm or smaller,
while the contaminating minerals as well as the additives
(see below) had a size of 60 um (or larger).

In six of the diffusion cells, additives were homoge-
neously mixed into the clay. These additives were me-
tallic iron, metallic copper and the Fe(Il) mineral
vivianite (Fe;(POy), - 8H,0). Cells without additives in
the bentonite clay were also set up.

An apparatus for automatic slicing of the clay after
the experiment has been developed for use in a remotely
controlled hot cell. After appropriate time (see Table 4)

Table 1

Composition (mg/dm?) of the low saline groundwater [19] #
Species HCO; SiO, SO; Cl- Ca>* Mg** K* Nat
Concentration 123 12 9.6 70 18 43 3.9 65

“pH: 8.0-8.2, Tonic strength: 0.0085.
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Table 2
Typical composition of bentonite clay (7o) for constituents ex-
ceeding 1%

SiO, 61-64

ALO; 20-21

CaO 1.2-14
F6203 3.8-3.9
MgO 2437
Na,O 2.1-24
LOrI* 5.2-6.3

#Loss of ignition = carbonates, sulphides, sulphates and crystal
bound water.

Table 3

Mineral composition of bentonite clay (%) [31]
Montmorillonite 75
Quartz 15
Mica <1
Feldspars 5-8
Carbonates 1.4
Kaolinites <1
Pyrite 0.3
Other minerals 2
Organic carbon 0.4

the diffusion cells were opened, the support plate and
filters were removed and the cell was placed in a holder
where a motor-driven plunger pressed out the clay
through a punching cylinder with a sharp edge and a
diameter of 20 mm. By this operation the surface layer
of the clay which had been in contact with the metal
surface of the diffusion cell was removed. The clay was
pressed out step by step in lengths of 0.1 mm. Then an
angled knife cut slices of the clay and transferred them
into small plastic sample-storage boxes. The samples
were transported to Chalmers University of Technology
and stored under radiation shielding awaiting analysis.
The activity of each sample was sufficiently low to allow

Table 4

handling in a specially shielded fume hood. These sam-
ples were analysed for their content of different radio-
nuclides.

2.1. Analytical procedures

2.1.1. ®Tc

A separation procedure was applied to the analysis of
PTc since Ru (and **MoH) interferes with the detec-
tion using inductively coupled plasma mass spectrome-
try (ICP-MS). After leaching the clay samples with a
mixture of 2 M sulphuric acid/10 mM sodium bromate
at 60°C for 10 h, solid residues were removed by cen-
trifugation. Technetium was extracted from the acid
solution as pertechnetate with 50 mM Alamine-336
dissolved in chloroform. Technetium was thereafter
back-extracted into 1 M nitric acid. The radiochemical
procedure for ®Tc is presented in detail elsewhere [21].

2.1.2. Uranium

The bentonite clay samples were treated with 1 M
nitric acid at 65°C for 12 h in order to leach the actinides
from the dried clay samples. Natural bentonite contains
10-15 ppm of uranium as impurities in the minerals. The
aggressive leaching process used released sufficient
amounts of this uranium to override the contribution
from the fuel. As a consequence, >*°U had to be used to
determine the amount of uranium originating from the
fuel and the clay. ICP-MS was used for the measure-
ments.

2.2. Evaluation of apparent diffusivity
Fick’s second law of diffusion can described diffusion

in a homogenous and porous medium. In one dimen-
sion, it can be written as

dc %c
a: 3@7 (1)

Short summary of the experiment of leaching and diffusion of radionuclides from spent fuel into compacted bentonite

Date (Year-month-day) Time (days) from experiment

start in 85-03-18

Diffusion medium Amount of U (g)

85-06-27 101
85-10-01 197
86-04-08 386
91-04-09 2213

Bentonite 2.7
Bentonite 3.0
Bentonite 2.8
Bentonite + 0.5% Cu 3.2
Bentonite +0.5% Fe 3.0
Bentonite + 1% Vivianite® 3.1
Bentonite 32
Bentonite + 0.5% Cu 32
Bentonite +0.5% Fe 32
Bentonite + 1% Vivianite® 3.1

@ F63 (PO4)2 . SHQO
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where ¢ is the concentration, ¢ the diffusion time, x the
space co-ordinate and D, the apparent diffusivity, which
in this case is assumed to be independent of the space co-
ordinate. The apparent diffusivities were calculated from
the least square fit of Inc versus x2. The slope, k, will
then be equal [22] to

1

k== 4D, t @)

and the apparent diffusivity may be calculated. How-
ever, Eq. (2) is valid for the evaluation of apparent
diffusivities when a constant amount of substance is
diffusing. If instead the source behaves as a constant
concentration source, the solution to the diffusion (Eq.

(1)) is

2.3. Reporting units

Because of the difficulty in defining the surface area
of highly cracked spent fuel, some experimental results
are expressed as fractions of the initial inventories of
each radionuclide. Also, since what was actually mea-
sured is the resultant of such processes as selective
leaching, dissolution and precipitation and adsorption,
the neutral term Fraction of Inventory on Clay and in
Aqueous Phase (FICAP) is used here.

3. Results and discussion
3.1. Diffusion

3.1.1. Technetium

Fig. 2 shows the concentration profile for technetium
after 3 months of diffusion when no additive was mixed
into the clay. From this concentration profile, an ap-
parent diffusivity of 9.9x107"* m?/s was evaluated.
However, after one year of diffusion, a factor of 3 lower
apparent diffusivity was found. After six years of diffu-
sion, an even lower value for D, was found (6.1 x10~'#
m?/s). The decrease in D, after longer diffusion times
differed by a factor almost corresponding to the ratio
between the experiment times.

Fig. 3 shows the concentration profiles after three
months, one year and six years of diffusion time. The
data points are fairly well assembled as can be seen in
the figure, showing that virtually no migration of Tc has
taken place after the initial three months. This can be
explained by an initial diffusion of technetium oxidised
to pertechnetate, which, as the experiment proceeded,
was reduced to Tc(IV). Te(IV) is much less soluble than
Tc(VII) and will, therefore, be retained in the system.
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Fig. 2. Concentration profile of technetium. The contact time
was 101 days and the temperature ambient hot cell temperature

(25°C). The solid line represents the corresponding diffusion
equation (Eq. (2)), with an evaluated D, of 9.9x 107> m?/s.
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Fig. 3. Concentration profiles of technetium after different
diffusion times at ambient hot cell temperature (25°C). Trian-
gles: 3 months; squares: 1 yr; diamonds: 6 yr.

As can be seen in Table 4, bentonite contains as an
auxiliary mineral 0.3% pyrite, FeS,, but also a small
amount of Fe(Il) as a substitute element in the clay
structure itself. Pyrite is known to oxidise quite rapidly
in oxygen-containing water [23]. The amount of pyrite in
the diffusion cells is about ten times more than the
amount of oxygen entrapped in the closed cells, i.e. more
than enough to consume all oxygen in the system. The
actual rate of oxygen consumption in compacted ben-
tonite is not accurately known, but experiments by
Melamed and Pitkédnen indicate that it takes place at a
time scale of months [24]. Thus, the Fe(Il) minerals in
the bentonite is expected to consume the oxygen in the
system, but also have the potential for reducing oxidised
species of radionuclides released from the fuel. The re-
ductive capacity of the bentonite is also confirmed by



212 H. Rameback et al. | Journal of Nuclear Materials 277 (2000) 208-214

Snellman et al. [25], who have shown that bentonite clay
will buffer the Eh to —0.2 to —0.3 V.

When metallic iron is added to the bentonite, the
reducing conditions are expected to be established more
rapidly. This was also confirmed by the observation that
in the cell where metallic iron was present no transport
of the released technetium could be observed. The FI-
CAP value for cell A presented in Fig. 4 is an estimated
maximum value for the release of Tc in this cell.

After the initial release of technetium in the experi-
ment, no further oxidation of technetium to pertechne-
tate takes place. A similar observation has been made by
Forsyth and Werme [26] when corroding spent fuel in
synthetic groundwater under oxidising and anoxic con-
ditions. Under oxidising conditions, the release rates for
Tc are within a fairly large spread independent of time
resulting in a continuous increase in the solution con-
centration of Tc. This is consistent with the release of Tc
as pertechnetate, which has a very high solubility under
these conditions. Under anoxic conditions, the average
Tc concentration was found to be 6 x 10~ mol/dm?. This
is to be compared with the TcO, solubility of 3x 1078
mol/dm?. Apparently, the oxidising effects of radiolysis
has in these experiments been insufficient to oxidise the
technetium in the fuel to Tc(VID).

A compilation of experimental apparent diffusivities
of technetium can be seen in Fig. 5. The apparent dif-
fusivities of technetium found in this work seem thus to
be in the reducing condition range. Another conclusion
is that the apparent diffusivities found in this work are
probably overestimated, as the pre-treatment of the
spent fuel pieces in air probably, including cutting the
fuel specimens, caused an oxidation of technetium to
Tc(VII). The diffusion profiles in Fig. 2 may, therefore,
be the results of an initial diffusion of pertechnetate that
was available when the experiments started.

0.01

FICAP **Tc (%)

F E G A 1 K H

Fig. 4. Released fraction of *Tc from spent UO, fuel. Leaching
time: F: 101 days; E: 197 days; G, A, I: 386 days; K, H: 2200
days. Additives: A: metallic iron; I, K: vivianite; F, E, G, H: no
additives.
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Fig. 5. Compilation of apparent diffusivities of technetium
from data in the literature and the D, found in this work.

3.1.2. Uranium

The transport properties of uranium in compacted
bentonite clay were presented earlier by Ramebéck et al.
[15] and will, therefore, only be summarised here. When
no additives were mixed into the clay, an apparent dif-
fusivity of 1.9x107"* m?/s was evaluated after three
months of diffusion. Similar D, data were obtained for
6.5 months and after one year. However, after six years
of diffusion, the diffusivity was 1 order of magnitude
lower. When metallic iron was mixed into the clay, an
almost 2 orders of magnitude lower apparent diffusivity
was obtained. This was interpreted as a consequence of
the reducing conditions being established more rapidly
by the addition of the metallic iron.

3.2. Leaching

Fig. 4 shows the FICAP of technetium. It can be seen
that, when metallic iron was mixed into the clay, a de-
crease in FICAP with approximately 50% was noted.
This is consistent with the reducing conditions being
established more rapidly in the diffusion cell as a con-
sequence of the addition of iron. With the exception of
cell G, the release fractions shown in Fig. 4 are about
0.003% to compare with 0.001% measured in Studsvik’s
Series 11 during the first 7 days of leaching under anoxic
conditions [27]. For oxidising conditions, the corre-
sponding releases were about 0.007%. However, after
this initial contact the release rates of technetium under
anoxic conditions dropped almost 2 orders of magni-
tude, while they remained constant under oxidising
conditions. This supports the observation made from
calculations of the apparent diffusivity: the amount of
technetium that has diffused into the bentonite clay was
probably oxidised before the experiment started or was
oxidised by the residual oxygen in the bentonite.

For uranium, the release fractions are generally in the
range 0.004-0.006%, see Fig. 6. Cell G had a consider-
ably higher release fraction (about 0.0016%). The de-
crease in FICAP when metallic iron was mixed into the
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Fig. 6. FICAP of uranium from spent UQ, fuel. Leaching time:
F: 101 days; E: 197 days; G, A, 1, C: 386 days; B, D, K, H: 2213
days. Additives: A, B: metallic iron; I, K: vivianite; C and D:
metallic copper; E, F, G and H: no additives.

bentonite clay was much more pronounced than for
technetium. Cells A and B had release fractions of
0.00006% and 0.00002%, respectively. As for technetium,
this can be explained by more rapidly achieved reducing
conditions by the addition of metallic iron, which is more
reactive than the Fe(II) containing minerals in the clay.
Leach tests in Studsvik’s Series 11, performed under an-
oxic conditions, showed total uranium releases of about
0.0002% during the first 7 days and cumulative releases of
0.0004% after the first 8 contacts with anoxic water (4 yr
cumulative time) [26]. The ninth contact showed an in-
creased release, which may be due to loss of anoxic
conditions during the test. For oxidising conditions, the
uranium release during the first 7 days was about 0.002%
and remained at that level for each contact period.

For the first three periods of 3, 6.5 and 12 months,
respectively, comparable apparent diffusivities are cal-
culated for uranium (1.9x 1073, 2.2x 10713, 1.8x 10713
m?/s, respectively) [15]. This indicates that the diffusion
of the mobilised uranium continued for a longer time
than what was the case for technetium. Both uranium
and technetium are redox sensitive. In aerated aqueous
solutions at neutral at mildly alkaline pH values, the
stable oxidation states are U(VI) and Tc(VII). The MX-
80 bentonite pore water is expected to have pH values in
the range 8.5-9.5 and bicarbonate concentrations of
some several millimoles per litre [28]. Under these con-
ditions, the stable solution species are TcO, and
UO,(CO5)3~ and UO,(CO;); for technetium and ura-
nium. Under oxygen-free conditions, the corresponding
solutions species are TcO(OH), and U(OH),, respec-
tively. The reduction of Tc(VII) to Tc(IV) as a homo-
genous redox process in a natural system is very slow, if
it proceeds at all. Surface mediated electron transfer
reactions will be the most effective pathway for the re-
duction [29,30]. The diffusion data for Tc and U indicate
that the rate of reduction of UOZ(COg)? and
UOZ(CO3)§_ is slower than the rate of reduction of

TcO, . This is not unexpected from structural chemistry
considerations, but it will have to be studied further
before any definite conclusions can be drawn. Such
studies are in progress.

After six years a lower apparent diffusivity was found
(1.6x 107 m?/s). It is possible that this difference in
apparent diffusivity is caused by difference in the avail-
ability of mobilised (oxidised) uranium at the beginning
of the experiment and the time required to consume the
residual oxygen in the diffusion cells. It should also be
pointed out that cell G had in comparison with the other
cells a higher release fraction for both uranium and
technetium. This was not observed for Sr which on the
other hand had at least ten times higher release fractions
than uranium with a continuous increase with time [17].
This is commonly observed in fuel corrosion experi-
ments at Studsvik’s Fuel Laboratory (see e.g., [26,27]).
The reasons for this has not been fully clarified, but has
been discussed in terms of either precipitation of sec-
ondary U(VI) phase on the fuel itself or segregated
strontium phase in the fuel. No conclusive evidence has
been presented in our opinion for either case.

4. Conclusions

Mixing metallic iron into bentonite clay lowered the
mobility of uranium by about 2 orders of magnitude as
compared to the case with no additive and the release by
about 1 order of magnitude.

Metallic iron was shown to have an influence on the
transport and leaching behaviour of technetium as well.
The release was about 2 to 4 times lower. However, it was
not possible to evaluate an apparent diffusivity when iron
was mixed into the clay, and it may be questioned
whether an apparent diffusivity can be evaluated. In pure
bentonite, it was shown that the concentration profiles
were very similar using different diffusion times. This is
consistent with a reduction of Tc(VII) to Te(IV) in the
bentonite clay. The data for uranium also indicate a re-
duction of U(VI) to U(IV), but the reduction kinetics
seem to be slower than for Tc. Further research will be
required to confirm this observation.

Acknowledgements

The Swedish Nuclear Fuel and Waste Management
Co., SKB financed this work.

References

[11 W.J. Gray, D.M. Strachan, C.N. Wilson, Mater. Res. Soc.
Symp. Proc. 257 (1992) 353.



214 H. Rameback et al. | Journal of Nuclear Materials 277 (2000) 208-214

[2] H. Kleykamp, J. Nucl. Mater. 131 (1985) 221.

[3] L.E. Thomas, C.E. Beyer, L.A. Charlot, J. Nucl. Mater.
188 (1992) 80-89.

[4] L.H. Johnson, D.W. Shoesmith, in: W. Lutze, R.C. Ewing
(Eds.), Radioactive Waste Forms for the Future, Elsevier,
Amsterdam, 1988, p. 635.

[5] W.J. Gray, D.M. Strachan, Mater. Res. Soc. Symp. Proc.
212 (1991) 205.

[6] B. Grambow, L.O. Werme, R.S. Forsyth, J. Bruno, Mater.
Res. Soc. Symp. Proc. 176 (1990) 465.

[71 G.R. Choppin, Mater. Res. Soc. Symp. Proc. 176 (1990)
449.

[8] K.H. Lieser, Radiochim. Acta 63 (1993) 5.

[9] K. Yoshihara, Topics in Current Chemistry 176 (1996) 17.

[10] I. Grenthe, J. Fuger, R.J. Lemire, A.B. Muller, C. Nguyen-
Trang, H. Wanner, Chemical Thermodynamics of Urani-
um. Chemical Thermodynamics Series, vol. 1, Nuclear
Energy Agency (NEA), Elsevier, New York, 1992.

[11] Y. Albinsson, B. Christiansen, 1. Engkvist, W. Johansson,
Radiochim. Acta 52&53 (1991) 283.

[12] N.G. Sawatsky, D.W. Oscarson, Soil Sci. Soc. Am. J. 55
(1991) 1261.

[13] H. Sato, T. Ashida, Y. Kohara, M. Yui, N. Sasaki, J. Nucl.
Sci. Technol. 29 (1992) 873.

[14] K. Idemitsu, Y. Tachi, H. Furuya, Y. Inagaki, T. Arima,
Mater. Res. Soc. Symp. Proc. 412 (1996) 683.

[15] H. Ramebéick, M. Skalberg, U.B. Eklund, L. Kjellberg, L.
Werme, Radiochim. Acta 82 (1998) 167.

[16] Y. Albinsson, R. Forsyth, G. Skarnemark, M. Skalberg, B.
Torstenfelt, L. Werme, Mater. Res. Soc. Symp. Proc. 176
(1990) 559.

[17] H. Ramebédck, Y. Albinsson, M. Skalberg, L. Werme,
Radiochim. Acta 66/67 (1994) 405.

[18] M. Skalberg, L. Eliasson, G. Skarnemark, B. Torstenfelt,
R. Forsyth, A. Holmer, B. Wingqvist, B. Allard, Sci. Tot.
Environ. 69 (1988) 347.

[19] B. Allard, G.W. Beall, J. Environ. Sci. Health 6 (1979) 507.

[20] A. Muurinen, J. Lehikoinen, Porewater chemistry in
compacted bentonite, Posiva Oy, Report Posiva 99-20,
Helsinki, March 1999 (available from Posiva Oy, Mi-
konkatu 15 A, FIN-00100 Helsinki, Finland).

[21] H. Ramebick, Y. Albinsson, M. Skalberg, U.B. Eklund,
Fresenius J. Anal. Chem. 362 (1998) 391.

[22] J. Crank, The Mathematics of Diffusion, 2nd Ed., Oxford
University, London, 1975.

[23] M.A. Williamson, J.D. Rimstidt, Geochim. Cosmochim.
Acta 58 (1994) 5443.

[24] A. Melamed, P. Pitkanen, Mater. Res. Soc. Symp. Proc.
333 (1994) 919.

[25] M. Snellman, H. Uotila, J. Rantanen, Mater. Res. Soc.
Symp. Proc. 84 (1987) 781.

[26] R.S. Forsyth, L.O. Werme, J. Nucl. Mater. 190 (1992) 3.

[27] R. Forsyth, The SKB spent fuel programme. An evaluation
of results from the experimental programme performed in
the Studsvik Hot Cell Laboratory, Swedish Nuclear Fuel
and Waste Management Company SKB-TR 97-25, Stock-
holm, 1997 (available from SKB, P.O. Box 5864, SE-102 40
Stockholm, Sweden).

[28] A. Muurinen, J. Lehikoinen, Mater. Res. Soc. Symp. Proc.
506 (1998) 415.

[29] D. Cui, T.E. Eriksen, Environ. Sci. Technol. 30 (1996)
2259.

[30] D. Cui, T.E. Eriksen, Environ. Sci. Technol. 30 (1996)
2263.

[31] M. Vonmoos, G. Kahr, Mineralogische Untersuchungen
von Wyoming Bentonit MX-80 und Montigel, Nationale
Genossenschaft fiir die Lagerung radioaktiver Abfalle,
Technischer Bericht NTB 83-12, 1982 (available from
Nagra, Hardstrasse 73, CH-5430, Switzerland).



