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Abstract

The isolation capacity of a repository system for radionuclides is described by geochemical modeling. The
models for interpretation of experimental findings and for long-term extrapolation of experimental results are
based on thermodynamic approaches. The geochemical models include dissolution reactions of waste forms, the
evolution of the geochemical milieu, interactions of radionuclides with constituents of the groundwater (brines)
and the precipitation of new solid phases. Reliable thermodynamic data, understanding of radionuclide
complexation in aqueous multi-electrolyte solutions at the relevant ionic strength and knowledge on the
formation of pure and mixed solids and on sorption processes are urgently needed for such model calculations.

INTRODUCTION

Depending on the time scales which should be covered by performance assessment, both the
natural environment and the engineered structures will change significantly and an
unavoidable uncertainty concerning the future state or evolution of the repository system has
to be taken into account:

— Rate or frequency of natural processes which act on the system, and
— human activities in the future.

For performance assessment and long-term safety analyses of radioactive waste disposals
model calculations are required, which predict the quantity of dissolved radionuclides in the
solutions as a function of time. Within the time periods under consideration, both the natural
environment and engineered structures have to be taken into account. To evaluate the
uncertainties, performance assessment calculations consider different scenarios. Scenarios are
based on simplified assumptions and models, but the complete set of scenarios should cover
the expected range of possible future conditions and the evolution of the geological repository,
the engineered, geo-engineered and natural barriers and the radionuclides. Performance
assessment of a repository system including the possible natural evolution, which relies upon
the geochemical isolation potential for radionuclides, is the main field of R&D of the INE [1].

The extrapolation of short-term observations to time periods for the isolation of long-lived
radioactive waste is based on a multitude of investigations. These investigations cover
different fields of science, particularly the investigations with respect to the properties of the
radionuclides disposed of, and include the following topics:

• Site selection and description of the geology and hydrogeology,
• Influence of mining technology, temperature and stress development on the rock

formation,
• Performance of waste forms, canisters (technical barriers) and reactions of radionuclides,
• Buffers, backfill, sealing systems (geo-engineered barriers) and migration behaviour of

radionuclides in the near field,
• Migration of radionuclides in the surrounding aquifer system, and
• Transfer of radionuclides to man, dose factors.
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Actual R&D activities of INE are concentrated on investigations on the performance of the
multi-barrier system which consists of the engineered, geo-engineered and geological barriers.
The activities comprise an experimental investigation of the behaviour of radionuclides in the
barriers at relevant temperatures and geochemical conditions, the corresponding geochemical
modeling, coupling of geochemical models with transport models, and investigations to
evaluate the potential of models and databases developed to describe laboratory-scale results
in modeling real and repository-relevant systems. Validation of models and databases is
accomplished using natural analogues.

EXPERIMENTAL

Most of the experiments concerning the source term for radionuclide release from waste forms
in a repository in a German salt mine were performed in "standard" solutions, namely in 3
solutions defined by the natural system of oceanic salts. Solutions 1 (Q-brine) and 2 are
characterized by a high MgC^ content, whereas solution 3 is a NaCl brine with small amounts
of dissolved anhydrite. Most of the experiments were performed in an inert atmosphere
without CO2.

HLW glass

Spent fuel and HLW glass as waste forms contribute significantly to the isolation of
radionuclides [2]. Important processes which control the radionuclide release from the waste
are:

• Kinetics of corrosion,
• Formation of secondary alteration products (limited solubility)
• Sorption on surfaces in the near field,
• Colloid formation.

These processes are influenced by temperature, pressure, radiolysis and composition and
volume of groundwater (brine). The corrosion behaviour of HLW glasses has been
investigated for many years [3-6]. The corrosion/dissolution of glass is not necessarily
associated with a proportional release of radionuclides. The formation of new secondary
phases, such as silicates, molybdates, urinates, carbonates, etc. gives rise to a new barrier for
the re-immobilization of dissolved radionuclides from the waste form. On the other hand,
glass shows a significant impact on the corroding water (brine): In the presence of brines
containing high concentrations of MgCb the pH will be decreased to values between 3 and 4.
This low pH would strongly affect the solubility of actinide elements.

The presence of iron during glass corrosion effectively reduces the solution concentrations of
most measured radioactive elements. Such experiments were performed using a highly active
R7T7-type glass in contact with saline solutions. The maximum test temperature was
determined by the designed maximum surface temperature of 200°C for vitrified waste in the
repository. The findings of these experiments indicate that the concentrations of actinides (Np,
Am, Pu) and technetium depend in particular on the presence of reducing components such as
iron from container material. In the presence of container materials especially the
concentrations of the dose-to-man relevant elements Tc-99 and Np-237 were found to be
below the radiologically significant levels, while Pu concentration was found to be increased.
This effect might be caused by reduction of Pu(IV) to Pu(III) in the acidic environment.

82



Spent fuel

Many experiments have shown that spent fuel is a very stable material which is suitable for
direct disposal as a waste form in a geological repository. For the prediction of long-term
radionuclide release, processes controlling the potential mobilization of radionuclides are
investigated. The dissolution of spent fuel has been studied under anaerobic conditions in
saline and carbonate-free solutions (e.g. Refs [7-14]) in the absence/presence of corroding
container material. It has been found that processes which govern spent fuel dissolution and
the corresponding radionuclide release are controlled by a multitude of effects. Radiolysis,
especially oc-radiolysis, leads to oxidative dissolution. Sorption occurs on the spent fuel itself,
on iron corrosion products and on container materials, and solubility and co-precipitation
effects take place. Upper limits of oxidative dissolution rates are given by the production rates
of oxidative radiolysis products. This limitation leads to a strong decrease in surface-area
normalized reaction rates with increasing surface to volume ratio and imposes geometric
constraints on the prediction of the spent fuel behaviour in a repository.

The americium concentrations in the solution during spent fuel corrosion were by several
orders of magnitude lower than the solubility of Am(0H)3(s) and are likely controlled by
coprecipitation or by sorption processes. Plutonium concentrations may be controlled by
Pu(VI) or Pu(IV)(hydr-) oxides. Lowest Pu concentrations were found in the presence of Fe
corrosion products.

Cemented waste forms

Full-scale leaching tests of cemented waste forms were started between 1978 and 1989. Full-
scale samples having different pore volumes were leached in concentrated salt brines and tap
water for periods of up to 20 years. The attacking solutions were analyzed periodically.
Recently, experimental findings were evaluated and compared with results of model
calculations [15-17],

Leaching behaviour

Leaching behaviour of full-scale samples corresponds well with the findings of laboratory-
scale experiments. The leached activity measured in solutions of laboratory-scale and full-
scale samples is well reproducible and the ratio of the samples' surfaces to volumes of the
leachant can be used as a scale factor. The full-scale leaching experiments confirmed that
cemented waste forms do not have a retention capacity for caesium.

Mechanical durability of the waste forms

Mechanical durability of the waste forms, in the sense that no significant formation of cracks
or disintegration was observed, is estimated to be 10 to 20 years for cemented waste forms in
contact with MgCb-rich brines. Durability may be longer, if the cemented waste is exposed to
NaCl brine, especially in the case of a low pore volume (low W/C). For self-shielded waste
canisters, the lid system consisting of a high W/C cementitious product is identified to be the
weak point. Radionuclide release from such canisters may occur after 30 to 50 years.
However, durability of the high-quality concrete of the cylindrical walls is considerably
longer.
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Radionuclide release

Cemented waste forms do not retain caesium. Cs release follows a linear time function. Only
for short periods, diffusion-controlled transport processes may be relevant. Concentrations of
uranium in the attacking solutions were constant for more than 10 years, which can only be
explained by assuming that U is controlled by solid phases. Neptunium was measured to be
present in concentrations close to the detection limits.

Geochemical milieu of the leachants

One liter of Q-brine has the ability to corrode more than 0.5 kg of cement and NaCl brine of
approximately 0.01 kg. In the NaCl brine, the pH raised quickly to about 12 to 13. In Q-brine
the pH was buffered at about 8, and only after complete reaction of Mg from the brine did the
pH increase depending on the reaction progress. Due to the high Mg concentrations in the
solutions (also in the NaCl solutions by Mg release from cement), the carbonate
concentrations remain relatively low.

Natural barriers

In general, the application of laboratory experiments to natural conditions causes problems.
For this reason, the behaviour of natural radionuclides or chemical homologues of fission
products and actinides in groundwaters and solid materials is investigated. The in-situ
distribution coefficients (Ka) of these elements between groundwaters and solids are
determined. It was possible to obtain information on the type of binding of the elements to the
solid matrix by mineralogical characterization and by selective chemical extraction methods.

In-situ Ka values were determined in equilibrated groundwaters and in waters extracted by
centrifugation dew from sediments. The total element concentrations were measured in the
samples and the amount of trace elements bound to colloidal species was determined [18].
The following properties of the solid matrix were determined: BET surface, mineralogical
composition by means of scanning electron microscopy. In order to correlate the elements
with certain fractions of the sediments, the mineral phases were determined by x-ray
diffraction analyses and by sequential extraction schemes.

In-situ Ka values were determined for the following elements: Cs, Sr, Ba, Ra, La, Ce, Pr, U,
Zr, Th and Re. The distribution coefficients are in the same order of magnitude for pore
waters and equilibrated waters. Nevertheless, the Ka values show a scatter of about 1.5-2
orders of magnitude. The in-situ Ka values are higher by 2 orders of magnitude than laboratory
distribution coefficients. This discrepancy is attributed to the following reason: In the case of
Ka the total amount of elements in the solid phase is considered, whereas in laboratory Ka
experiments only the amount of surface-sorbed elements is taken into account. In order to
determine Kas comparable to KdS, the amount of trace elements which are bound at the
mineral surfaces and which are in direct interaction with the groundwater has to be measured.
This can be done by extraction with CH3COOH at pH = 2.4.

The correlation of the trace elements with the minerals showed that concentrations of Cs, rare-
earth elements, U and Th increase with increasing concentrations of Fe and Al in the
sediments. Rare-earth elements, U and Th are increased, too, in sediment fractions having
increased concentrations of calcite and aluminosilicates, e.g. clinochlore. Cs is correlated
significantly with illite and kaolinite and with Ca-containing minerals such as calcite, gypsum,
anhydrite, etc. The chemical behaviour of Cs and Sr corresponds to that of K and Ca. Surface
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sorption (cation exchange reactions), diffusion into interlayers and entrapping into the bulk of
the minerals are responsible for the binding of the elements under consideration to clay
minerals. A correlation of the rare-earth elements, U and Th with the cation exchange capacity
of the sediments could not be observed.

EXTRAPOLATION METHOD

The predictive geochemical modelling of thermodynamic properties of radionuclides in
complex natural aquatic systems requires a fundamental thermodynamic database as well as
an appropriate thermodynamic model for the excess GIBBS energy of the aqueous phase, valid
for a wide range of temperature, (pressure) and chemical composition. Different approaches
for calculating activity coefficients in electrolyte solutions have been proposed. Among these
the ion interaction approach (PITZER equations) is applicable to highly concentrated aqueous
solutions of unlimited complexity. However, accurate model parameters specific for
interactions of radionuclide species in trace concentrations are required [19].

Strong association reactions of actinides in concentrated electrolyte solutions, for example,
hydrolysis, or carbonate complexation require a combination of the ion interaction approach
and association concepts. Weak associations like chloride complexation of tri- or pentavalent
actinides can be treated as strong ion-ion interactions.

Based on the available experimental data, comprehensive sets of thermodynamic data
(chemical potentials, thermodynamic constants) and model parameters (Pitzer parameter) are
derived for tri- and pentavalent actinides. The model is applicable for predicting the major
homogeneous and heterogeneous equilibria of curium(III) and neptunium(V) in a wide range
of composition. The predictive capability of the model and Pitzer parameters was
demonstrated by comparison of the computed predictions with independent experimental
results.

The database applied is based on the PITZER "dataO" file provided with EQ3/6 code and
additions made at our institute with regard to uranium [20, 21] and other actinides [22, 23].
Based on the available experimental data, comprehensive sets of thermodynamic data
(chemical potentials, thermodynamic constants) and model parameters (Pitzer parameter) for
the major homogeneous and heterogeneous equilibria of americium/curium(III) and
neptunium(V) could be predicted [24]. For the high pH range which can be expected for glass
waste form dissolution in NaCl solutions, PITZER interaction coefficients for silicate and
alumina species were incorporated into the database [25].

RESULTS AND DISCUSSION

It cannot be assumed that permanent isolation of radioactive wastes from aquatic interactions
in geological formations is possible, either temporarily or spatially, because water is a natural
component of every geological site on both the macroscopic and the microscopic scale. The
retardation of radionuclide migration, enhanced by aquatic interactions, can be effected by a
well-conceived multi-barrier system which includes engineered, geo-engineered and
geological barriers. Depending on the time scales under investigation, both the natural
environment and the engineered structures will change significantly and an unavoidable
uncertainty as regards the future state or evolution of the repository system has to be taken
into account.
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Radionuclide transport from the repository to the biosphere is part of safety/performance
assessment. Transport of radionuclides is correlated to the flow of water (brine), therefore the
driving forces and the transport resistance are the key issues [26]. The long-term safety
analysis of a nuclear waste repository thus entails advanced knowledge of the aquatic
chemistry of the long-lived radionuclides and their migration behaviour with respect to the
barriers.

Two limiting types of control of the chemical reactions take place in the repository and the
surrounding aquifers: Thermodynamic control and kinetic control [26]. The understanding of
chemical thermodynamics is far superior to that of chemical kinetics. The recognition of this
fact leads to a larger confidence in predictions of future events, if they are based on
thermodynamics. Independently of thermodynamic or kinetic control, the extrapolation of
experimental data to those periods of time relevant to the isolation of long-lived radionuclides
in repositories involves model calculations based on the best experimental and theoretical data
available from various fields of science, such as geology, hydrology, mineralogy, and the
aquatic chemistry of radionuclides.

For the systems under consideration in this paper we found that the

• Long-term geochemical milieu in the near-field of radioactive wastes will be controlled by
the waste forms.

• Change of pH depends on the composition of the attacking solutions. For example, in a
cement system pH will be buffered at about 8 in a concentrated Q-brine (presence of
Mg2+), in water or NaCl brines, the pH will increase to about 12-13.

• For HLW glasses in Q-brine the pH will decrease to or below 5 in Q-brine and increase to
8-9 for NaCl brine.

• The source term for fission products depends mainly on their chemical states [1].
• Cs(I) and Sr(II) are released with the same rate as the constituents of the waste form, e.g.

Li or B in the case of HLW glass or Ca for cemented waste forms.
• Lanthanides can precipitate as solids, e.g. molybdates or as hydroxides.
• Formation of solid solutions by substitution of lanthanides seems to be possible.
• Concentrations of dissolved actinides, such as uranium, americium and plutonium in the

attacking solutions are controlled by solid phases.
• In the cement-Q-brine and NaCl brine, uranium is stable in the hexavalent oxidation state.

Computed U(VI) concentrations with Na2U2O7 (or schoepite) as the solubility-limiting
solid phase agreed well with the experimental findings. Maximum U(VT) concentration is
expected to be in the range of 10"5 mol/kg H2O in Q-brine and about 1(T6 mol/kg H2O in
NaCl brine.

• In the case of Am in HLW glass experiments, the dissolved concentrations measured were
significantly lower than predicted. Several mechanisms, such as formation of solid
solutions, are possible. Sorption of Am on precipitates of SiO2 seems to be the reason for
lower experimental concentrations.

• Neptunium was measured to be present in concentrations close to the detection limits.
Computations resulted in higher concentrations.

• A good agreement between computed and experimental Pu concentrations could be
shown. Pu was assumed to exist as Pu(IV).

High-temperature data for important species, the identification of temperature-dependent
sorption reactions and Ksp data as a function of temperature for the actinide-containing solids
are not available. It must be kept in mind that the model is not well defined. Different
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approaches may be chosen. Nevertheless, computations for a temperature of 25°C can explain
the experimental results obtained at 110°C and 190°C, respectively.

Thermodynamic modeling is one of the tools used to describe the characteristics of chemical
systems in nature and elsewhere. Models are used in science and technology as tools; they are
by choice and necessity incomplete and describe only those aspects of "reality", which the
modeller finds to be relevant for the understanding and description of real systems. From this,
it follows that modeling may be performed on different levels of sophistication, and necessary
elements are approximations of various kinds, based on the perceptions of the problem on
hand.

CONCLUSIONS

The examples presented in this paper cannot satisfy completely the demand of long-term
extrapolations, but they demonstrate possible approaches. Actual work of the INE shows
methods based on experimental and theoretical data and model calculations to extrapolate
thermodynamically or kinetically controlled processes.

Thermodynamic models and data concerning radionuclides and other components (waste
constituents, rock minerals, canister materials, etc.) in a repository are available:

• Radionuclide solubilities
- complexation with relevant groundwater constituents

• Characterization of solid phases
- pure radionuclide phases
- mixed phases (solid solutions)
- co-precipitation

• Thermodynamic models and data:
- Pitzer coefficient for dissolved species in the whole range of ionic strengths and
temperatures,
thermodynamic basis of sorption

• Kinetically controlled processes and non-equilibrium states have to be taken into
account:
- Corrosion of glass and spent fuel
- Radiolysis
- Characteristics and stability of colloids
- Characterization of metastable phases.

Models used in performance assessment are based on empirical data (not ab initio models.),
experiments are necessary to parameterize these models. This fact indicates that these models
and data primarily cover that test case they are developed for and an extrapolation of model
calculations to systems beyond this frame has to be done with care. In order to improve
reliability, the results of model calculations, including the understanding, mathematics, code
and data, need to be compared with special experiments that are not used for the
determination of model parameters or calibration and with natural analogues. In this context,
the terms verification and validation are often used. Some authors use these terms for the
process of comparing the results of model calculations with findings of real systems either in
the lab-scale or in natural systems. Other authors [27] state that "verification and validation of
numerical models of natural systems is impossible. This is because natural systems are never
closed and because model results are always non-unique. Models can be confirmed by
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demonstration of agreement between observation and prediction, but confirmation is
inherently partial. Complete confirmation is logically precluded by fallacy of affirming the
consequent and by incomplete access to natural phenomena. Models can only be evaluated in
relative terms, and their predictive value is always open to question. The primary value of
models is heuristic."

Extrapolations of radionuclide migration must confine the unavoidable uncertainty as regards
the future state or evolution of the aquatic system. Nevertheless, these uncertainties remain
and cannot be solved by laboratory experiments. They mainly include the rate or frequency of
natural processes which act on the system and human activities in the future. Also, the degree
of validation of models and data gives rise to uncertainties. Some important statements are
given by the National Research Council of the American Commission on Geoscience,
Environment and Resources [28]: Data and models are vital for two purposes:

• to understand the history and present characteristics of the system, and
• to predict the possible future behaviour.

Well known principles can be used to estimate or to set bounds on the behaviour of a site, so
that its likely suitability as a waste repository can be evaluated. But increased knowledge may
lead to a greater humility as regards one's ability to fully understand the phenomena involved.
The key task for performance assessment modelling is to separate the significant uncertainties
and risks from trivial ones. The treatment of uncertainties in long-term extrapolations deserves
distinguished concern.

Besides this more philosophical treatment of models for the long-term extrapolation,
radioactive waste disposal and performance assessment is an urgent need. The collective
opinion of OECD/NEA and IAEA [29] summarizes the state-of-the-art in safety assessment
methods by a number of interrelated elements, beginning with scenario development, model
development, etc. An important aspect of safety assessment is an iterative feedback between
these elements. The collective opinion reads:

Recognize that a correct and sufficient understanding of disposal systems is a basic
prerequisite for conducting safety assessment.

Note that the collection and evaluation of data are the major tasks on which further progress is
needed.

Acknowledge that significant progress in the ability to conduct safety assessment has been
made.

Acknowledge that quantitative safety assessments will always be complemented by
qualitative evidence.

Note that safety assessment methods can and will be further developed as a result of ongoing
work.
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