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8.2 Evaluation of uncertainty associated with parameters for long-term safety
assessments of geological disposal
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This paper describes the current status of our data acquisition on quantifying uncer-
tainties associated with parameters for safety assessment on groundwater scenarios for
geological disposal of radioactive wastes.

First, sources of uncertainties and the resulting priority in data acquisition were briefed.
Then, the current status of data acquisition for quantifying the uncertainties in assessing
solubility, diffusivity in bentonite buffer and distribution coefficient on rocks is introduced.
The uncertainty with the solubility estimation is quantified from that associated with
thermodynamic data and that in estimating groundwater chemistry. The uncertainty asso-
ciated with the difiusivity in bentonite buffer is composed of variations of relevant factors
such as porosity of the bentonite buffer, montmorillonite content, chemical composition of
pore water and temperature. The uncertainty of factors such as the specific surface area of
the rock, pH, ionic strength, carbonate concentration in groundwater compose uncertainty
of the distribution coefficient of radionuclides on rocks. Based on these investigations,
problems to be solved in future studies are summarized.
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1. Introduction
Long-term safety assessments for geological disposal of radioactive wastes should include quan-

titative analysis on associated uncertainties. Mini-
mizing and quantifying uncertainties is anticipated
to contribute to increase credibility of the
long-term safety assessments. There is growing
interest in quantifying the uncertainties as prob-
abilistic distributions and in using the quantified
uncertainties as a part of risk information. The use
of the risk information is expected to improve effi-
ciency and effectiveness in making decisions espe-
cially in regulatory activities. Uncertainties in the
long-term safety assessments of geological disposal
consist of uncertainties with respect to parameters,
models and scenarios. This paper summarizes cur-
rent status of our data acquisition on quantifying
uncertainties associated with parameters for ra-
dionuclide migration analysis for safety assessment
of geological disposal.

There are a number of radionuclides and pa-
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rameters relevant to the safety assessment of geological disposal. It is neither possible nor necessary to
quantify all of the associated uncertainties. We should focus our experimental efforts on parameters
which induce large uncertainties and have not been quantitatively understood. JAERI's probabilistic
safety assessments^ for radionuclide migration provide probabilistic consequence distributions, and
concurrently quantify uncertainties with respect to parameters and conceptual models. Uncertainty
quantification, indicating parameters that induce major uncertainties in the radionuclide migration
analysis, can be made by using PRCC, partial rank correlation coefficient, as shown in Fig. 12). Figure.
1 shows that the Np migration in engineered barrier system has high correlation to solubility, effective
diffusivity and groundwater flow velocity, and not sensitive to the distribution coefficient on buffer
materials. Another analysis of PRCC between variable parameters and estimated flux from host rock2)

indicated the distribution coefficient as an important parameter for the host rock. Solubility, diffusion
in bentonite buffer material and sorption on rocks were selected as prioritized subjects in our data ac-
quisition for radionuclides migration.

We selected prioritized radionuclides to be studied based on the results from deterministic per-
formance assessments3'4), which were 79Se, 93Zr-93mNb, 126Sn, 135Cs, ^ N p - ^ U - 2 2 9 ™ , 242Pu-n6Ra, 14C,
129I. The solubility, the diffusivity in bentonite buffer and the distribution coefficient on rocks are im-
portant parameters for Se, Zr, Sn, Np and Pu. For soluble radionuclides such as Cs, C and I, the diffu-
sivity in bentonite buffer and the distribution coefficient on rocks are important. For 93mNb, 233U, 229Th
and 226Ra, daughter nuclides in decay chains, the distribution coefficient on the rock is the prioritized
parameter to be studied.

The uncertainties in the parameters originate in uncertainties associated with experimental data,
changes in physical / geochemical conditions in and around the repository with time, and inhomogene-
ity of natural barrier (spatial variation). The uncertainties associated with experimental data should be
determined in the experiments and compiled in databases. We suppose that changes in physical and
geochemical conditions are caused by NO3"/NO2"/NH3 rich environments possibly formed by reproc-
essing technological waste, corrosion of overpack, highly-alkaline environments formed by cementi-
tious materials, natural dissolved organic materials and saline environments in case of repository in
coastal areas. These chemical disturbances affect the parameters such as solubility, permeability, diffu-
sivity and sorptivity.

2. Uncertainties associated with solubility estimation
Solubility of Sn was determined as a function of pH, and the equilibrium constants were reported

by Amaya et al.5) for the reactions (1) and (2).
Sn(OH)4(s) + OH" = Sn(OH)5- K5 (1)
Sn(OH)4(s) + 2OH" = Sn(OH)6

2" K6 (2)

These reactions were studied for ionic strengths of 0.1 M, and reliable data for assessing the solubility
of Sn at high ionic strength, which is applicable to such as highly-alkaline environments, are not
available. We measured the solubility of Sn at high ionic strengths of 0.1, 1.0 and 2.0 M to determine
the equilibrium constants for reactions (1) and (2).

The results are shown in Fig. 2a. At the pH range between 9 and 13, the concentration of Sn in-
creased with pH with an average slope of around 1.3. The equilibrium constants were determined as
log Ks = -1.76 ( /= 0.1 M), -1.91 ( /= 1.0 M) and -1.41 ( /= 2.0), and \ogK6 = 1.67 ( /= 0.1 M), 0.70 (/
= 1.0 M) and 0.77 (/ = 2.0) by least squares fitting. The equilibrium constant for infinite dilution, / = 0,
was estimated by the SIT^ regression as logo's0 = -1.89±0.24 and logK6° = 1.3+0.5 and specific ion
interaction coefficients were calculated to be s(Sn(OHy - Na*) = -0.15±0.18 and s(Sn(OH)6

2- - Na4) =
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0.63+0.37.

By using these data, we can estimate the uncertainty associated with the solubility estimation. In

the case that the variation in pH is between 9 and 10 with the variation in ionic strength of 0.01 to 1.0,

the variation in the pH gives the variation in the solubility of 1 order of magnitude, uncertainty associ-

ated with log Ks° gives the variation in the solubility of 0.48 orders of magnitude and the variation in

the ionic strength gives the uncertainties of 0.19 orders of magnitude. We can assume that the variation

in pH of only 1 pH unit brings the largest uncertainty into the solubility estimation for Sn. The varia-

tion in the ionic strength was found to give a less variation in the solubility of Sn than those given by

other factors.
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Fig. 2a Solubility of Sn as a function of
pH and ionic strength.
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Fig. 2b Solubility of Zr as a function of
pH and ionic strength.

Solubility of Zr in neutral to alkaline pH range is limited by

ZrCOH)4(s) = Zr(OH)4(aq) KA (3)

and is predicted to be constant at 10"8'6 M (2.5xlO'9 M) up to pH 12 based on the thermodynamic data75

as shown by a dotted curve in Fig. 2b. Shibutani and Yui (1998)8) suggested increase in the solubility

of Zr at the pH range higher than 9 due to the formation of Zr(OH)5". In order to decrease the uncer-

tainty in estimating the solubility, the solubility of Zr was measured at pH higher than 11. As shown in

Fig. 2b, the concentration of Zr was under the detection limit (10"7-2 M = 6.4x10"8 M) at pH < 13

(log&j < -7.2) and increased with pH at pH > 13 with the slope of 2. This increase is described by the

reaction (4).

Zr(OH)4(s) + 2OH' = Zr(OH)6
2- \ogK6 = -5.22 ± 0.07 (at / = 2 M) (4)

For the reaction between Zr(OH)4(s) and Zr(OH)5", the upper limit of the equilibrium constant was

estimated to be

Zr(OH)4(s) + OH" = Zr(OH)5- \ogKs < -6.1 (at / = 2 M) (5)

which is consistent with the literature data (logAT5 = -7.4 7)). The log£5 value of-3.9 given by Shibutani

and Yui8) probably overestimated the equilibrium constant.

Because the dominant reaction is given by Eq. (3), the variation in pH does not make any varia-

tion in the solubility, and neither does the ionic strength. The uncertainty associated with KA, the equi-

librium constant for reaction (3), carries the largest uncertainty into the solubility estimation.

3. Uncertainties associated with diffusivity in bentonite buffer

The diffusivity of radionuclides in bentonite buffer can be affected by porosity, montmorillonite
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content, chemical composition of pore water, temperature and redox conditions. Dependence on the
dry density is an experimental expedient and should be resolved into the dependence on the porosity
and that on the montmorillonite content. Literature data on the difrusivity of radionuclides in bentonite
buffer have large variations. Figure 3 shows an example for Cs which has a variation of 4 orders of
magnitude ranging from 10'12 to 10"8 m2 s'1. Some of the data were found inappropriately determined
without confirming the steady-state diffusion, and were rejected in this analysis of ours. We also re-
jected some of the data for the reason that we could not check their validity because of insufficient
reporting. The diffusivities of Cs still have a variation of 3 orders of magnitude as shown in Fig. 3,
which would be due to the variations in the porosity, the montmorillonite content and the chemical
composition of pore water, and experimental errors. Temperature does not introduce any variations
into the data because these data were determine from experiments performed under the ambient tem-
perature ranging between 23 to 25°C: The redox conditions also do not affect because Cs is not redox
sensitive and stable as +1 oxidation state.
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Fig. 3 Literature data on effective diffusivity
of Cs in bentonite.

Fig. 4 Dependence of effective diffusivity
of Cs in bentonite on porosity.

Effective diffusivity of Cs 9> 10) in bentonite depends strongly on the porosity as shown in Fig. 4.
The dependence is formulated as De = 3.7X1CV'1 although the mechanism of the slope of 3.1 on the
logarithmic plot has not been understood. The literature data shown in Fig. 3 were determined under
the porosity range between 0.25 and 0.8. The variation in the porosity gives the variation of 1.6 orders
of magnitude (0.831/0.2531 = 37 = 1016). The effect of the montmorillonite content on the diffusivity is
under investigation11*, and assumed here to be factor of 4 (0.6 orders of magnitude) based on the
model developed by Ochs et al.n\ We performed a series of diffusion experiments of HTO, Sn, Pb, Cs,
Sr, I in sand-bentonite mixtures for 3 types of pore water, 0.01 M NaCl, 0.5 M NaCl and 0.5 M NaOH
solutions to clarify the effect of the chemical composition of the pore water on the diffusivity. The
diffusivity of Cs was (1.17±0.14)xl0-9 m2 s"1, (3.3±1.0)xl0-10 m2 s"1 and (3.6±l.l)xlO-10 m2 s"1, respec-
tively13). The variation in the diffusivity produced by the chemical composition of the pore water was a
factor of 4 (0.6 orders of magnitude).

Based on the information, the porosity of the bentonite buffer is considered to be the most impor-
tant factor in assessing the uncertainty associated with the effective difrusivity of radionuclide in ben-
tonite buffer.
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4. Uncertainties associated with distribution coefficient on rocks
It is anticipated that the distribution coefficient of radionuclides on rocks are associated with

large uncertainties affected by many factors such as specific surface area of the rocks, pH of the aque-
ous solutions, ionic strength, concentration of car-
bonate ions and redox conditions. Figure 5 shows
the distribution of the literature data on Np sorp-
tion on crystalline rocks. The specific surface area
of the rocks used in these previous sorption ex-
periments varied between 200 and 4xl04 m2 kg"1 13\
which brought an variation of factor of 200 (2.3
orders of magnitude) to the Kd value. The pH of
the solutions varied between 6 and 12 in these data,
which gave an variation in Kd of 1 order of mag-

nitude, which was estimated based on the pH de-
pendent Kd values presented in our previous pa-
per14l Variation in the carbonate concentrations in
these data ranged from 5xl0"5 to 4xlO"3 M, which
produced a variation of 1 order of magnitude for

Kd of Np on
Crystalline rocks

10° lO"2 0.1 1
Kd (m3 kg"1)

Fig. 5 Distribution of the literature data on
sorption of Np on crystalline rocks.

the Kd. The Kd values of Np, a redox sensitive element, vary by 1 order of magnitude depending on
the redox conditions13). The dependence of the l v a l u e of multivalent metal ions on the ionic strength
of the aqueous solution is known to be insignificant15).

Notwithstanding the above considerations, the variation in the Kd values in literature seems to be
much larger than one expected by integrating variations of each of the affecting factors. The variation
in the Kd values in literature may include large experimental errors especially systematic errors. It is
essential to minimize the systematic errors in the Kd determination by understanding the affecting
factors, and performing experiments with an established method under well-defined conditions. We
have started our experimental study from establishing a method of sampling and treatment of undis-
turbed rock cores and groundwater under maintained reducing environments of deep underground for
sorption experiments16)

5. Summary and future studies
The uncertainty with the solubility estimation is quantified from uncertainty associated with

thermodynamic data and that in estimating groundwater chemistry. The uncertainty associated with the
diffusivity in bentonite buffer is composed of variations of relevant factors such as porosity of the
bentonite buffer, montmorillonite content, chemical composition of pore water and temperature. The
uncertainty of factors such as the specific surface area of the rock, pH, ionic strength, carbonate con-
centration and redox conditions compose uncertainty of the distribution coefficient of radionuclides on
rocks.

Future experimental study should focus on:
- Acquisition and compilation of key data with their uncertainties (ex. solubility of selenium, diffusiv-

ity of Th, distribution coefficient of reduced species (Se(-II), Np(IV), U(IV))),

- Understanding of variations in physical/geochemical conditions of repositories - model development
and verification (ex. Eh of pore water, alteration of bentonite buffer (permeability, porosity, mont-
morillonite content)),

- Understanding of correlation between physical/geochemical conditions and parameters (ex. solubility
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vs. ionic strength, solubility vs. temperature, diffusivity vs. montmorillonite content, distribution co-
efficient at high ionic strength) and

- Understanding of inhomogeneity of natural barrier (ex. specific surface area).
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