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Summary

The approach of SKB in providing Kd values for transport calculations for SR 97, as
described in Carbol and Engkvist (1997), and adopted by Andersson (1999), has been
to provide what is termed a reasonable estimate for the sorption of each radioelement
on granitic rock under saline and non-saline groundwater conditions, as well as a
corresponding uncertainty range based on available experimental data.

Typical treatments of input data for Kd values in the past have been to provide "realistic"
and "conservative" estimates of Kd values, but the precise meaning of "conservative"
has often been vague and inconsistent. Thus, the approach by Carbol and Engkvist
(1997), to provide a reasonable estimate supported by an uncertainty range for saline
and non-saline conditions, is a different but reasonable methodology for the treatment of
Kd values.

Carbol and Engkvist (1997) have updated the review of sorption data and associated
recommendations by Albinsson (1991), provided for the SKB 91 safety assessment.
The update consisted of an examination of additional experimental sorption data
published since the initial review in 1991, with modification of the recommendations of
Albinsson (1991) where warranted. The new data are not presented, although
references are provided.

Bruno and Duro (1997) reviewed the recommendations of Carbol and Engkvist (1997),
and were able to provide additional experimental data from the literature, although no
experimental details were provided concerning new sorption data cited. Based on their
review, Bruno and Duro (1997) made some reasonable recommendations.. Although
not taken into account in the database in Andersson (1999), the effect of such
recommendations, particularly for Sr, will be covered by uncertainty range calculations.

Given the importance of Kd as a retardation parameter, the uncertainty ranges appear
relatively narrow. There is a danger that the ranges will be treated as absolute, when
frequently they are based generally on a small number of experimental data or even a
lack of experimental data for the rock water systems being studied.

There is always likely to be a lack of experimental data to support what is effectively
expert judgement. Therefore, the best management approach is to focus on those
elements for which no data exist (to confirm or update current recommendations, as
appropriate), or for radionuclides which appear as key contributors to dose. In the latter
case, variation in Kd values can be explored by sensitivity analysis and, where a factor
of 10 reduction is significant in terms of a radionuclide's contribution to total dose,
experimental work should be carried out. Thus, Andersson's recommendation for
probabilistic cases should ensure that any ^-limiting cases are identified.

Radionuclide transport through the bentonite buffer is taken into account via diffusion,
with sorption where merited. The input parameters required, therefore, are effective
diffusion coefficient, De, distribution coefficient, Kd, and porosity, e. Andersson (1999)
notes that the code used by SKB to model migration through the near field can use only
one value of porosity, which leads to logistical problems regarding data input. In
particular, Rvalues must be 'manipulated' to yield a De (effective diffusion coefficient)
value representative of the transport porosity and the true sorption capacity for that



radionuclide. In this regard, comparison of Kd values with other programmes must be
treated with caution.

For input to the work of Yu and Neretnieks (1997), who provided recommendations on
relevant Kd values for sorption on compacted bentonite, the lack of a reference
porewater seems a major omission. The omission may well have been influenced by the
lack of a consensus in how to establish a reference porewater composition.

It is now well established that Kd values obtained from batch sorption experiments must
be treated with caution when applying such values to sorption on compacted bentonite.
In particular, measurements using disaggregated bentonite samples effectively ignore
the partially mobile fraction. Consequently, the erroneously high (non-conservative)
batch Kd values result in calculated values for Dc, for bulk intact bentonite which are, in
turn, too high.

In terms of experimental work on sorption of radioelements on compacted bentonite, the
need for a database of well-documented diffusion (apparent and intrinsic) and sorption
data was recognized at a recent Workshop (Huigi and Apted, 1998). Ideally, effective
(intrinsic) and apparent diffusion coefficients should be carried out on the same
compacted bentonite sample. Any variation of this approach should be interpreted with
caution.

The topic of surface diffusion in compacted bentonite continues to generate heated
debate, which has still not been resolved by recent experimental or theoretical methods.
In this context, the comment by Ochs (1997), that Kd values cannot and should not be
evaluated independently of the diffusion model used {i.e. with or without surface
diffusion), is an important statement. Given that the near-field release code COMP23
applies a traditional diffusion model, the data input should be consistent with this model.

In justifying the selection of Kd value recommendations, Andersson (1999) makes a
series of assumptions and arguments which are clearly stated and sensible. He takes
account of all the relevant comments from the review of Ochs (1997) as well as the
modelling calculations performed by Bruno et al. (1999) on bentonite-groundwater
interactions and bentonite porewater evolution.



1.0 Sorption of Radioelements on Granitic Rock

The following references were reviewed in detail:

• Section 5.6, Andersson (1999);

• Carbol and Engkvist (19 97);

• Bruno and Duro (1997).

In addition to the above, other references quoted in the bibliography were consulted as
discussed in the text.

1.1 General Review Comments

The starting point for this review was the report by Andersson (1999) which discusses
uncertainties in data input for performance assessment, including sorption and diffusion
data.

Carbol and Engkvist (1997) chose to update the recommendations of Albinsson (1991)
for SKB 91 based on new experimental data compiled since 1991. These authors note
that there is a limited number of sources for relevant sorption data, which is true. Thus,
detailed statistical treatment of raw data is generally not possible. The statement by
Bruno and Duro (1997) is particularly true:

"The nature ofKtl means that stochastic analysis of the data are not very useful
because the variability in the Kd determined by different workers is mainly
originated by the different experimental conditions under which the parameter
was determined, and not by analytical error. "

With respect to groundwater composition, key parameters are pH (sorption by surface
complexation), Eh (radioelements exhibiting redox-sensitive behaviour), ionic strength
(sorption by ion exchange), and specific metal complexants such as SO4

2" and HCO3"
/CO3

2".

The realistic estimates of Carbol and Engkvist (1997) are generally consistent and
supported by good scientific arguments (expected chemical behaviour, analogy to other
elements). Recommended ranges are also reasonable for the most part, although
sensitivity analysis should be used to explore the importance of the lower limit of each
range. There are still substantial gaps in experimental data for radioelement sorption.
If, based on the lower limit of an uncertainty range, a radionuclide makes a significant
contribution to total dose, or if experimental data are lacking completely, then additional
experiments should be carried out using the elements identified.

Andersson (1999) has chosen to accept the recommendations of Carbol and Engkvist
(1997) without modification. He notes that Carbol and Engkvist (1997) attach more
importance to the groundwater composition than to the nature of the rock minerals,
despite the concerns raised by Bruno and Duro (1997) about the importance of the solid
phase. Carbol and Engkvist (1997) conclude that almost always the same highly
sorbing minerals are present in rock, although in different proportions, whereas Bruno
and Duro (1997) highlight the importance of fracture filling minerals which are exposed
initially to the radionuclides during groundwater transport.



In reviewing the recommendations of Carbol and Engkvist (1997), Bruno and Duro
(1997) were able to provide additional experimental data from the literature. However,
no experimental details were provided concerning the new sorption data. In any case,
there is the potential for creating a bias when comparing recommended Kd values with
only one set, or at most a few sets of experimental data.

The review of Bruno and Duro (1997) led to the following reasonable
recommendations:

• decrease the K{l for Sr under saline conditions by a factor of 10;

• differentiate between Kd values for oxidised and reduced forms of Se, with a
value of 0 mVkg selected for the oxidised form, cf. 0.001 m'/kg for reduced
form

• reduce the upper limit of Kd for Pa to 1 mVkg;

• reduce the recommended Kd value of Pu to 1 mVkg.

Although not taken into account in the database in Andersson (1999), the effect of such
values, particularly for Sr, will be covered by uncertainty range calculations.

Based on this additional information, most of the revised K(l values, provided by Carbol
and Engkvist (1997) and adopted by Andersson (1999), have not changed significantly
(i.e. by more than a factor of 2; see Table 1). The major exceptions apply to the
following elements:

• Sr (Kd value for non-saline groundwater conditions reduced by factor of 5; for saline
groundwater conditions by a factor of 50);

• Pd (Kd value increased by factor of 100 for non-saline groundwater conditions, and
10 for saline);

Ra (Rvalues for non-saline and saline groundwater conditions reduced by factor of 5).

Interestingly, the increases recommended for Pd (realistic xlOO larger) were made
although no additional experimental data were cited for this element. Each uncertainty
range provided typically spans one order of magnitude, which is often small in
comparison with the spread of experimental data. The lower limit in each range varies
from a factor of typically 2-5 less than the corresponding reasonable estimate, with the
exception of Pd (factors 10 and 100 less). The small difference (factor 2-5) presumably
reflects the fact that the reasonable estimate is skewed towards the lower end of each
range, which represents a suitably conservative selection for the reasonable estimate.

Given the importance of Kd as a retardation parameter, the uncertainty ranges appear
relatively narrow. There is a danger that the ranges will be treated as absolute, when
frequently they are based generally on a small number of experimental data or even a
lack of experimental data for the rock water systems being studied.

Andersson (1999) notes that the lower end of the uncertainty range quoted would be a
"clearly pessimistic selection". However, this lower end is typically a factor of 2-5 less
than the realistic value, cf. factor of at least 10 in previous sorption databases. Only in
the case of Pd, is the uncertainty range a factor of 10-100 less.

Andersson (1999) refers to the uncertainty ranges of Carbol and Engkvist (1997) as
"wide", but the ranges rarely span more than 2 orders of magnitude which is not



particularly wide when compared with the typical variability of experimental Kd values.
Thus, their statement that this lower limit "would cover both the experimental
uncertainties and the uncertainty in water chemistry at the sites" may not be valid.

There is always likely to be a lack of experimental data to support what is effectively
expert judgement. Therefore, the best management approach is to focus on those
elements for which no data exist (to confirm or update current recommendations, as
appropriate), or for radionuclides which appear as key contributors to dose. In the latter
case, variation in Kd



TABLE 1:

Radio-
element
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Kr
Sr
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Nb
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Tc (VII)

Pd
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Sn
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Pb
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Ac
Th
Pa

U(IV)
U(V1)

Np (IV)
Np(V)

Pu
Am
Cm

Lanthanides

Comparison of Kd values (m
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Bruno and
Reasonable

agreed
agreed

agreed'?
agreed ?
agreed ?
agreed ?

0 oxidising
0.001 reducing

agreed
0.00002 sal.

agreed
agreed
agreed
>0?

agreed ?

no assessment
no assessment

7
9

agreed
agreed
agreed
agreed

agreed ?
agreed ?

agreed
agreed
agreed

agreed ?
agreed ?
agreed ?
agreed
agreed

1
agreed
agreed
agreed

Duro (1997)
Uncertainty Range

agreed
agreed

0.01-0.5 both

0.01-0.5 both

N/A
0.0005-0.005

agreed
0.00001-0.0001 sal.

agreed
no assessment

agreed
0.01-1.0

no assessment

agreed
agreed

agreed ?
agreed ?
agreed
agreed

0.01-1.0 both

no range
no range

agreed
0.5-1.0
agreed

0.001-0.02 both

agreed ?
0.001-0.05 both

mm

0.1-5
agreed
agreed
agreed

COMMENT

C&E: 0.002 upper limit quoted in Table 12-1

B&D: recommend one range only

B&D: recommend one range only

B&D: separate oxidation states

radionuclide present as gas

B&D: reduction by factor of 10
new experimental data required
new experimental data required

B&D recommendation too high
new experimental data required

B&D: scarcity of data

Ni not good analogue > pH 7

C&E: range not discussed

B&D: recommend one range only

B&D: scarcity of data makes uncertainty
range impractical

B&D: recommend more restricted range

B&D: carbonate is key variable rather
than ionic strength

C&E: more restricted range in Table 12-1
C&E: more restricted range in Table 12-1

N/A = no entry or not applicable.

agreed?: no explicit agreement with realistic estimate or recommended range.



values can be explored by sensitivity analysis and, where a factor of 10 reduction is
significant in terms of a radionuclide's contribution to total dose, experimental work
should be carried out. Thus, Andersson's recommendation for probabilistic cases
should ensure that any .^-limiting cases are identified.

1.2 Detailed Comments

1.2.1 Treatment of uncertainty

SKB's treatment of uncertainty in the calculations (Andersson 1999) consists of
providing a range of values to be explored in terms of sensitivity analysis. Andersson's
recommendation for probabilistic cases should ensure that any ^-limiting cases are
identified.

Under certain circumstances, recommendations for Krl values can be supported by both
chemical analogues and thermodynamic modeling. Chemical analogues are acceptable
as long as there is strong support for identical chemistry between elements. However,
where the distribution in metal complexes as a function of pH is seen to vary
substantially, analogue behaviour is difficult to justify. This is the case for Ni and Pd as
shown by Bruno and Duro (1997) where similar chemical behaviour was apparent at pH
< 7, but was shown to vary above pH 7. Thermodynamic modeling is useful as long as
there are adequate thermodynamic data to support the calculations. While this is true for
certain elements, it is not the case for most.

In the same context, the findings from the Grimsel in situ radionuclide migration
experiments (Heer and Smith, 1998) supported a dual-porosity model and the Kd values
derived from the migration experiments agreed well with batch sorption data.

1.2.2 Experimental Data

The sorption data reviewed by Albinsson (1991) are obviously relevant to the review by
Carbol and Engkvist (1997), but these data are not presented either in Carbol and
Engkvist (1997) or in Bruno and Duro (1997), making a comprehensive review of
sorption recommendations difficult. Similarly, the review of Bruno and Duro (1997)
suffers from not providing all references for sorption data or recommendations provided
in comparison diagrams. Furthermore, their presentation of Kd values in diagrams is
inconsistent; sometimes including national waste programme recommendations,
sometimes not.

Andersson (1999) is probably being overly generous when he states that differences in
experimental data arise mainly from differences in groundwater composition. Although
groundwater composition plays a major role in determining Kd values, many sorption
measurements in the past have been performed without due care to identifying and
quantifying the key factors that contribute to Kd variability (with the definite exception
of measurements performed by Allard's group). Fortunately, better attention has been
paid to such factors when performing measurements over the last decade. Nevertheless,
gaps still exist, and for several elements few sorption data are available.

Carbol and Engkvist (1997) acknowledge that the focus of much of the experimental
data has been on Swedish research institutes and the reasons presented for relying on



such data (relevant rock-water systems, ability to compare similar element behaviour)
are justified.

1.2.3 Effect ofHumic Substances

For SKB 91, Allard et al. (1991) modified the recommendations of Albinsson (1991) to
take account of the possible effects of natural organic (humic and fulvic) acids. Such
material was assumed to complex with the metal ion, forming low-sorbing complexes
above the point of zero charge for the rock/mineral surface. Reduction by a factor of 2
was recommended for most cations (except Cs), but by a factor of 10 for trivalent
elements, although no experimental data were used to support the reductions. Allard et
al. (1991) used as an estimate for the concentration of humic substances of 10"4 kg/m3

(maximum value 5-10 kg/m"), a factor of 10 less than the total organic concentrations
adopted by Carbol and Engkvist (1997) for the deep Swedish groundwaters. Carbol and
Engkvist (1997) note, however, that the concentration of humic substances is typically
about 15% of the total dissolved organic carbon (DOC), so the relevant concentrations
are similar in both cases.

Even with the same concentration of humic substances, there is some discrepancy
between the conclusions of Allard et al. (1991) and Carbol and Engkvist (1997) which
merits some discussion. Bruno and Duro (1997) do not address the possible effects of
such organic material in solution.

Experimental data for radioelement sorption in the presence of low concentrations of
humic acids do exist for actinides (Am, Pu) and trivalent elements. For example,
Labonne et al. (1992) provided experimental evidence supported by surface
complexation modeling, of a reduction in the sorption of Am on silica in the presence of
humic acids in the range 1 to 10 mg/1. Reduction by a factor of at least 10 was noted.
Similar results have been reported by Neden et al. (1994) for the sorption of Eu on
alumina at neutral pH. On the other hand, Wei et al. (1998) noted the formation of Eu-
humate complexes (humic concentrations about 150 mg/1) but subsequent strong
sorption of these complexes. Therefore, conflicting reports exist even in the recent
literature!

Provided the concentration of humic substances is < 10 mg/1, the decision by Carbol and
Engkvist (1997) that the effects of such low concentration of humic substances are
negligible is probably a reasonable one. However, the possibility of higher organic
concentrations could be accommodated with respect to trivalent and certain actinides
{e.g. Am) by increasing the uncertainty range for such radioelements. Certainly,
organic concentrations should continue to be monitored to ensure that concentrations do
not exceed 10 mg/1.

1.2.4 Ionic strength

There is a slight inconsistency between the boundary between non-saline and saline of
Carbol and Engkvist (1997) and Ohlsson and Neretnieks (1997). The former selected
500 mg/1 of chloride as the limit for non-saline and 500 mg/1 to 6500 mg/1 as saline
reference groundwater, based on detailed work of Laaksoharju et al. (1998), whereas
Ohlsson and Neretnieks (1997) used a salt concentration of 1000 mg/1 as the limit below
which is low salinity water but 10,000 mg/1 as the lower limit for high ionic strength. In
effect, both sets of authors treat the same reference waters as either low ionic strength



(non-saline) or high ionic strength (saline), i.e. high ionic strength and saline are the
same category, so no discrepancies should be generated by the above inconsistency.
Much, however, depends on the salinities used as the basis for compiling/reviewing
experimental data on sorption and diffusion.

The suggestion by Bruno and Duro (1997) to use one range of Kd values for saline and
non-saline groundwaters may well be prompted by the experimental data, but
contradicts the underlying scientific basis that for elements that sorb by ion exchange,
competition for sorption sites would reduce the extent of sorption in the case of a saline
groundwater. In this context, the decision by Andersson (1999) to retain the differences
recommended by Carbol and Engkvist (1997) is consistent.

1.2.5 Effect of Temperature

Theoretically, sorption is expected to decrease with increasing temperature, all other
variables being constant. However, few data have been collected at elevated
temperature and the results from these experiments are often conflicting, primarily
because the chemistry of the solid-liquid-phase system does not remain constant, but is
affected by the increase in temperature.

Ames and coworkers (1983a, 1983b) carried out measurements on individual minerals
at elevated temperature. Unfortunately, their results are inconclusive in demonstrating
the influence of higher temperature (some Kd values higher, some lower with higher T).
The authors attribute some of the variability to changes in the solid phase (minerals)
brought about by higher temperature.

Baston et al. (1999) recently presented measurement data involving the sorption of Ac
and Pa on bentonite, tuff, and granodiorite at 20 C and 60 C. These researchers noted a
difference in Krl values depending on filtration technique, suggesting the presence of
'particulate' material (polymeric species). However, after ultrafiltration, the Kd values
for Ac and Pa at 20 and 60 C were similar. In this case, the presence of polymeric
species is an additional 'complication'.

1.2.6 Nature of Solid Phase

K(l values are very much dependent on the rock-water system being studied. In the
work of Carbol and Engkvist (1997), less emphasis was placed on the nature of the solid
phase (granitic rock) compared with the groundwater composition. With respect to the
rock, or solid phase, Carbol and Engkvist (1997) considered that the same highly-
sorbing component minerals are present in most crystalline rocks, although the
individual quantities may vary.

Carbol and Engkvist (1997) choose to ignore difference in experimental data between
intact and crushed rock samples. On balance, this is reasonable since expected
differences are expected to be less than a factor of 3.

1.2.7 Non-linear Sorption

Non-linear sorption has been demonstrated for certain elements, though normally at
concentrations above those found in deep natural waters. Nevertheless, the conclusion
of Carbol and Engkvist (1997) to ignore any change in Kd for Cs with Cs concentration



is acceptable for the Cs concentrations of relevance to the SFL repository. Such a
decision should not, of course, be made unilaterally (for the Swiss crystalline
groundwaters, for example, some consideration had to be given to non-linear sorption,
as discussed in Stenhouse, 1995).

1.2.8 Thermodynamic Data and Speciation

Speciation diagrams are frequently prepared to show the predominant species for a
particular radioelement. While such diagrams are useful for showing the dominant
species, no account is taken of the potential role of the solid phase for affecting the
equilibrium position. Thus, for example, where there is a strong preference for the
sorption of one particular type of species of a radioelement, some redistribution of
aqueous phases is expected due to a disturbance the equilibrium.

1.2.9 Editorial Comment - Internal Consistency

The ranges quoted in Table 12-1 of Carbol and Engkvist (1997) for Cd, though
expected on the basis of chemistry (saline vs. non-saline conditions) do not match the
recommendations in Section 12.4.3, page 48 of the same report.


