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ABSTRCT

This study has been carried out in order to increase the reliability of the performance

assessment of geological isolation systems for high level wastes. We have been investigating

a proper modeling of various phenomena, which would occur in the disposal environment

and improving the reliability of geochemical data used in the performance assessment. The

results are summarized as follows:

1

2)

3)

4)

5)

6)

Quality assurance for geochemical data and modeling

We have compiled technical report, geochemical database (newest thermodynamic
database), and calculation, conversion program for geochemical analysis, which
supporting the second progress report.

Study on groundwater categorization and dominant reaction based on site data

We have carried out HCA/PCA analysis based on observed deep groundwater to support
groundwater categorization of the second progress report. We concluded 3-type model
groundwater categorized by analysis.

Experimental study on thermodynamic data of Se and Pd

It is confirmed that sulfate reduction bacteria do not exist in our experimental
environment.

Planning on data acquisition for geochemical data of radioactive elements

Firstly we have pick up key radioactive elements and future studies based on the second
progress report. Then we have draw up R&D plan for QUALITY.

Geochemical study on the long-texm stability of backfill material

An extensive literature review was carried out about the effect of Iron on Bentonite
stability. Experimental conditions are researched to develop thermodynamic and kinetic
modeling.

Study on the technical geochemistry guideline of site selection for disposal

We have researched on the recommendation of sites for HLW(guideline of site selection)
m foreign country and site selection from a view point of natural analogue. And we have
summarized geochemistry technical guideline for site selection.

This work was performed by Mitsubishi Heavy Industries, LTD.(MHI) under contract with
Japan Nuclear Cycle Development Agency.
JNC Liaison : Waste Management and Fuel Cycle Research Center, Waste Isolation Research
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2.1  Critical Evaluation of Thermodynamic and Kinetic Data for
Non-Radioactive Minerals, Gases and Aqueous Species

Summary

This first report on the project “Critical Evaluation of Thermodynamic and Kinetic Data for
Non-Radioactive Minerals, Gases and Aqueous Species” summarizes work completed to date on the

following three tasks:
TASK-1: Thermodynamic data for primary minerals, aqueous species, and gases,
TASK-2: Rate laws and associated kinetic data for minerals and aqueous species, and

TASK-3: Thermodynamic and kinetic data for major and important minerals in
hyperalkaline environments associated with cementitious near-field

components.

The main emphasis of the work completed during this first reporting period is to
recommend high-guality thermodynamic data for minerals, gases and agqueous species.
The thermodynamic basis supporting these data is also documented, as are
statistical/mathematical methods used to define criteria for data selection and rejection.
A recommended course of action is proposed for final selection of these data prior to
their “freezing” for use in Heisei-12. Preliminary results on Tasks 2 and 3 are also briefly

described.

Recent progress in consolidating thermodynamic data appropriate for geologic systems has stressed

the development of compilations that fulfill two basic conditions:

- selected values are based on evalvations involving thermophysical, thermochemical,
volumetric and phase-equilibrium data, and thus are not constrained solely by

calorimetric data, and
+  the procedures employed in the evaluations are documented,
The first of these conditions is based on the realization that enthalpies of formation have not in

general been determined calorimetrically with the accuracy necessary to reproduce

phase-equilibrium data More recently it has also been recognized that solubility data should be



included in these evaluations to the extent possible because data retrieved solely from calorimetric
and phase-equilibrinm experiments are often inconsistent with experimental solubility behavior at
lower temperatures and pressures. This is particularly important for the present investigation where

mineral-solution equilibria at groundwater temperatures and pressures are of primary interest.

The second condition is necessary for two reasons. First, data-analysis procedures may lead to
recommended values of thermodynamic properties that are in conflict with accepted values. To
resolve these conflicts, it is essential to understand the thermodynamic framework and assumptions
supporting the procedures, as well as the statistical/mathematical basis for selecting, and rejecting,
experimental observations. Second, it is highly desirable that a user should be able to update and
refine the database as resuits of new experimental or field studies become available. This also

requires familiarity with the details of thermodynamic relations supporting the database.

Three groups of investigators have compiled several databases over the past 21 years that fulfill
these basic conditions. These databases are referred to in the following as “first tier” to emphasize
their current pre-eminence as sources of high-quality thermodynamic data. The first-tier databases
have to varying degrees grown out of older data compilations, many of which also contain

high-quality data. These are referred to below as second-tier sources.

The first-tier databases have all been developed by professors and students in Earth Sciences
departments of the:

»  University of California, Berkeley,
= University of British Cohimbia, and
»  University of Cambridge.

It is thus appropriate to consider each database as the result of a group effort, which continues to the
present day through investigations of former students now working at their own university or other
institution. Analyses and databases originating from the University of California, Berkeley, the
University of British Columbia, and the University of Cambridge are referred to as those from the
“Berkeley” group, “British Columbia™ group, and “Cambridge™ group, respectively. Second-tier data
of primary importance are based on calorimetric data generated by the U.S. Geological Survey.
These data to varying degrees are used as “reference” values in the first tier data sets to constrain

data from phase-equilibrium studies:.



The first-tier databases include data for minerals the greatly exceed the number of minerals slated for
consideration in the first year of this project. All these data are evaluated, however, because the
databases are all internally consistent and are thus best considered as a whole. All the minerals
recommended for consideration in this project are included in one or more of the first<tier databases,
with two exceptions: goethite and anhydrite. It is recommended that evaluation of these two minerals

should be deferred to the second year of the project.

First-tier databases generated by the Cambridge, British Columbia and Berkeley groups are all
recommended as the best available. These databases are internally consistent, and the accuracy of the
data has been verified by extensive comparisons with the results of high temperature/ pressure
phase-equilibrium studies. The most recent published databases among these groups are probably
best regarded as “works in progress”. Periodic revisions and expansions of all these databases are

expected in the future.

Of these three, the Berkeley-group databases, and the associated SUPCRT92 software, are further

recommended as the most relevant with respect to the nature of problems PNC must consider. These

databases and software include thermodynamic properties of minerals, gases and aqueous species, all
of which are needed to evaluate mineral-water equilibria at the relatively low temperatures and
pressures of interest to PNC. It is important to emphasize that the important process of evaluating the
accuracy of these data by simultaneous evaluation of calorimetric, phase-equilibrium, and solubility
data has only recently been sericusly attempted. It is expected these efforts will continue because the
SUPCRT92 software is now widely available and is actively being used by many international
groups. Progress may be slow, however, because such evaluations are extremely complex and labor

intensive.
Second-tier databases are not recommended for one or both of the following reasons.

1) -These databases are derived primarily or entirely from calorimetric data. This is
disadvantageous because calorimetric measurements have been shown to be insufficiently
accurate for reliable determination of enthalpies of formation. It is important to note that
some of these data provide the foundation for the first-tier databases, and in this sense the
first-tier databases represent improved extensions of the calorimetry-based databases. It is
recommended generally that selection c;f high-quality thermodynamic data should be based
on simultancous evaluation of calorimetric, phase-equilibrium, and solubility data,

whenever possible.



2) These databases are uncritical compilations for which the internal consistency among
reported parameters is highly questionable. Such compilations include databases supporting
many popular geochemical software packages, including EQ3/6 (dataO.com), PHREEQE,
and MINTEQA2®. Many such compilations also suffer from inadequate documentation, and
little or no evidence is given that the accuracy of the data has been verified by direct

comparison with experimental results.

Discussion of the above recommendations is urgently needed, and a consensus should be
reached soon in order to implement calculations necessary to achieve the project’s
objectives. Assuming the recommendations are adopted, the following strategy is suggested

for final selection of thermodynamic data prior to Heisei~12:

2 An internally consistent database, data0Q. sup, based on SUPCRT92 is available for use in
EQ3/6, however.

1. Thermodynamic data for minerals in SUPCRT92 do not compare well in some cases with
data reported in the later British Columbia and Cambridge databases. A large number of
‘these discrepancies have been resolved in published revisions. It is recommended that these
revised data should be incorporated into the project’s version of SUPCRT92. Similar
revisions and new data planned for aqueous species should also be incorporated as soon as

they are available (early 1997).

2. It should be acknowledged that thermodynamic data needed by PNC for some minerals and
aqueous species might not be included in the current, or revised, version of SUPCRT92. It is
recommended that a second-evel version of the database in SUPCRT92 should therefore be
developed, which includes the core database plus supplemental data obtained from other
sources on the standard-state Gibbs free energy and enthalpy of formation, and thirddaw
entropies of the needed minerals and/or aqueous species. Application of the second-evel
database must be undertaken with the understanding that the database is no longer internally
consistent. Moreover, extrapolations of the data to temperatures other than 25°C will not be
possible unless Maier-Kelly coefficients for minerals and gases, and equation-of-state
parameters for aqueous species are available. Recognizing these limitations in the
second-evel version of SUPCRT92, equilibrium constants, enthalpy of reaction, and other

data can nevertheless be calcuiated for additional mineral-water equilibria, as needed by J



INC. It is recommended that these additional minerals, gases and aqueous species should be

identified as soon as possible.

Revisions to SUPCRT92 and generation of a second-evel version of this software will need
to be completed several months prior to the time that PNC’s thermodynamic database is
officially frozen, to enable final calculation of thermodynamic data supporting other
geochemical codes such as PHREEQE. It is recommended that corresponding “freezing

times™ for the revisions and second-evel versions should be identified as soon as possible.

The following approach is proposed for dealing with discrepant values in PNC’s core
thermodynamic database relative those in SUPCRT92. Qver the short term {1 to 5 years),
carefully document these discrepancies and acknowledge that their significance is uncertain
because absolute uncertainties in the SUPCRT92 database are unknown, Over the longer
term, a course of action should be undertaken to establish consistency between the two
databases, either by rigorously evaluating the absolute uncertainties for key species in

SUPCRT92, or by incorporating core data into this database.



2.2 'Thermodynamic Database for Geochemical Calculations

Summary

The Japanese repository concept for permanent disposal of high-devel nuclear wastes is based on an
integrated system of natural and engineered barriers to radionuclide migration. A crystalline or
sedimentary host rock (into which the wastes will be emplaced at depths of 1000m, or 500m,
respectively) will function as the natural barrier. Engineered barriers will include a bentonite buffer,
stee] canister and vitrified-glass waste form. The natural and engineered barriers will act in concert,
such that the wastes are isolated from the geosphere for long periods of time (e.g., 1000 years), and
subsequent releases of radionuclides to the biosphere are below levels that would pose an

unacceptable risk to the public’s health.

The Japan Nuclear Cycle Development Institute (JNC) is carrying out an applied R&D program to
evaluate the feasibility of this concept’. The program is broad in scope, and includes field studies of
various geological environments (Tono, Kamaishi and Mobara sites), laboratory investigations of
chemical and transport phenomena (ENTRY and QUALITY facilities), and modeling-based
assessments of repository performance (PNC, 1992). A number of these studies deal specifically

with geochemical and chemical engineering issues, including:

»  the stability of engineered barriers in the disposal environment over time scales of

thousands to millions of years,

« the solubility, aqueous-speciation and sorption behavior of radioelements and

non-radioactive elements, and
+  general and site-specific geochemical processes controlling groundwater evolution.

These issues can be resolved with the aid of thermodynamic models, which are routinely used by
INC and others to interpret the results of experimental and field studies (Sasamoro and Yui, 1998;
Iwatsuki and Yoshida, 1998; Sasamoto and Yui, 1997; Oda et al., 1996; Sasaki et al., 1995), to
predict the long-term chemical evolution of natural and engineered-barrier systems (Yui and Shibata,
1998; Yui and Sasamoto; 1997; PNC, 1992), and to evaluate associated impacts on repository
performance (Yui and Shibutani, 1998; Yui and Sasamoro, 1998; PNC, 1992, Yui et al., 1992).

Thermodynamic models require basic thermodynamic data over an appropriate range of

temperatures and pressures. It is essential that the basic data are reliable, because, as stated by Silva



et al. (1995), .“.. the gquality of the models cannot be better than the quality of the data they are
based on”. Although the validity of this statement is beyond dispute, it is useful to clarify what the

terms “reliable™ and “quality” mean in the context of thermodynamic databases.

1- JNC was established in 1998, and is responsible for many of the repository R&D
functions formerly assigned to the Power Reactor and Nuclear Fuel Development
Corporation (PNC).

Here we adopt a pragmatic definition of both terms that is consistent with concepts underlying recent
advances in the development and management of thermodynamic databases (Helgeson et al., 1978;
Berman, 1988, Holland and Powell, 1990; Engi, 1992; Grenthe et al.,, 1992; Silva et al.,, 1995;
Gottschalk, 1997). Thus, a database is considered reliable (or to be of high quality) if the following

conditions are met, or are approximated as closely as possible:

+ internal consistency - internal consistency is established among all the data, and is
maintained as the database is updated and revised (the concept of internal consistency is

discussed further in Section 3),

+ experimental basis - selected values of thermodynamic parameters are based on
evaluations of all available types of relevant experimental (and field) studies, not just on
subsets of preferred experimental technique, or over arbitrary ranges of temperature and

pressure,
« documeniation ~all procedures in the evaluations are documented, and

« verification of accuracy -the accuracy of data retrieved from the evaluations is verified by

comparison of calculated thermodynamic quantities with their experimental counterparts.

Unfortunately, most published compilations of thermodynamic data are not internally consistent,
have not been evaluated on the basis of all (or even most) available types of experimental and field
studies, and are poorly documented with respect to data sources and reasons for data selection or
rejection (Engi, 1992; Nordstrom and Munoz, 1985; - important exceptions are summarized in
Section 3, however). For this reason, PNC’' commissioned a two-year project beginning in 1996 to

develop a thermodynamic database that adheres as closely as possible to the conditions stated above.



The project was limited in scope to data for minerals, gases and aqueous species characteristic of
geologic systems, and some engineered barriers (e.g., bentonite “clays” and corrosion products of
the steel canister). The project was also intended to complement, and to be consistent with, similar
efforts carried out by PNC to obtain reliable thermodynamic data for actinide and fission-product
elements (Yui et al., 1992).

The resuits of the project are sumumnarized in this report, where two new databases, SPRONS.JNC
and PHREEQE.JNC, are described, and where the basic philosophy and associated procedures used
to generate them are documented. The report is organized as follows. General comments addressing
the objectives of this study in relation to INC’s overall R&D program are summarized in Section 2.
A survey of existing, reliable thermodynamic databases appropriate for geologic systems is
summarized in Section 3. The results of the survey are used to define a general modeling-based
strategy for database development and management. The model, SUPCRT? (Johnson et al., 1991) is
consistent with SPRONS.NC, and is briefly described in Section 4. The SPRONS.JNC and
PHREEQE.INC databases are described in Section 5, and listings of these databases are provided in
Appendices A and B, respectively. The accuracy of these databases is assessed in Section 6 by
comparison of experimental and calculated equilibrium constants for selected heterogeneous

reactions (mineral and gas solubilities, Appendix C) and aqueous-speciation reactions (Appendix D).

2-SUPCRT is an abbreviation of “supercritical”; SPRONS stands for Sequential-access
(ASCTI) file of PROperties of Natural Substances



2.3  Kinetic Data for Geochemical Calculations

Summary

Kinetic data, including rate constants, reaction orders and activation energies, are compiled for 34
hydrolysis reactions involving feldspars, sheet silicates, zeolites, oxides, pyroxenes and amphiboles,
and for similar reactions involving calcite and pyrite, The data are compatible with a rate law
consistent with surface reaction control and transition-state theory, which is incorporated in the
geochemical software packages EQ3/6 and GWB. Kinetic data for the reactions noted above are
strictly compatible with the transition-state rate law only under far-from-equilibrium conditions. It is
possible that the data are conceptually consistent with this rate law under both far-from-equilibrinm
and near-to-equilibrium conditions, but this should be confirmed whenever possible through analysis

of original experimental results.

Due to limitations in the availability of kinetic data for mineral-water reactions, and in order to
simplify evaluations of geochemical models of groundwater evolution, it is convenient to assume
local-equilibrium in such models whenever possible. To assess whether this assumption is
reasonable, a modeling approach accounting for coupled fluid flow and water-rock interaction is
described that can be used to estimate spatial and temporal scales of local equilibrium. The approach
is demonstrated for conditions involving groundwater flow in fractures at INC’s Kamaishi in-situ
tests site, and is also used to estimate the travel time necessary for oxidizing surface waters ~to

migrate to the level of a HLW repository in crystalline rock.

The question of whether local equilibrivm is a reasonable assumption must be addressed using an
appropriate modeling approach. To be appropriate for conditions at the Kamaishi site using the
modeling approach noted above, the fracture fill must closely approximate a porous medium,
groundwater flow must be purely advective and diffusion of solutes across the fracture-host rock
boundary must not occur. Moreover, the mineralogical and physical properties of the fracture must

be homogeneous over a characteristic length that is greater than or equal to the equilibration length.

If these conditions are met, calculations suggest local equilibrium would be a valid assumption in

groundwater evolution models applied to the Kamaishi site if:

- it applies to reactions involving calcite, stilbite (assuming its dissolution! precipitation behavior

is similar to that of heulandite), laumontite, albite and prehnite, but not quartz;



+  Darcy flow velocities are relatively low (e.g., less than about 0.1 m/yr), and

+ it is based on the assumption that equilibrium corresponds to an uncertainty in the saturation
index of 0.0+0.4.

If, however, actual reaction rates in the field are lower than expected, possibly because reactive
surface areas are overestimated, the modeling approach may be inappropriate because it is probably
unrealistic to assume that fracture mineralogy is homogeneous over fracture lengths exceeding a few

meters or tens of meters.

An analytical model of redox-front migration behavior based on the stationary-state approximation,
and JNC’s conceptual model of a natural events scenario involving the migration of oxidizing
surface waters in fractures, suggests that oxidizing solutions could travel from the surface to the
depth of a repository in crystalline rock within 400 to 50,000 years. These estimates are relatively
short compared with time periods considered in safety assessments of repository performance, which
suggests that time-dependent variations in the redox environment of both the near field and
geosphere may need to be accounted for in these assessments. The flow velocities and
concentrations of reducing minerals assumed in JNC’s conceptual model may be overly conservative,

however,



2.4 Models of Cement-Water Interaction and a Compilation of
Associated Thermodynamic Data

Summary

Modelling approaches that have been proposed for cement-water systems are reviewed in this report,
and relevant supporting thermodynamic data are compiled. The thermodynamic data include
standard molal thermodynamic properties of minerals and related compounds comprising cements,
and equilibrium constants for associated hydrolysis reactions. Similar data for minerals that are
stable in hyperalkaline geologic environments (e.g., zeolites) are also included because these
minerals could be formed as hyperalkaline fluids emanating from cementitious materials in a
repository for ILW/TRU wastes interact with the surrounding host rock. Standard molal properties
{i.e., standard molal Gibbs free energies and enthalpies of formation and standard molal entropies),

and/or equilibrium constants for associated hydrolysis reactions, are inciuded for:

= cement minerals and related compounds (Reardon, 1992; Glasser et al., 1999),
«  calcium-silicate hydrate minerals (Sarkar era/., 1982), and

» zeolites (calorimetric and estimated values from various sources).

All these data are accepted at face value, and it is therefore cautioned that the data, considered as a
whole, may not be internally consistent. It is also important to note that the accuracy of these data

have not been evaluvated in the present study.

Several models appropriate for cement-water systems have been proposed in recent years. Most are
similar in the sense that they represent empirical fits to laboratory data for the CSH gel-water system,
and are therefore not thermodynamically defensible. An alternative modeling approach based on
thermodynamic principles of solid-solution behavior appropriate for CSH gel has recently been
proposed, however. It is reviewed in the present study, and evaluated in relation to experimental

resulis obtained by INC on cement-water interactions.

The salid-solution model is based upon a thermodynamically- and structurally-justifiable description
of CSH gel in terms of a non-ideal solid-solution of portlandite and calcium silicate end-member
components. Miscibility gap and solubility data for the two end-members have been employed using
the computer code “MBSSAS” to investigate solubility behavior for the solid-solution. A Lippmann
phase diagram constructed using MBSSAS was used to input data to PHREEQC to calculate fluid
compositional data in equilibrium with the gel solid-solution. A comparison of fluid compositions

calculated with the gel solid-solution model with those available in the literature for the CSH

—13—



gel-water system show good agreement.

The CSH gel solid-solution model was then used to simulate the results of INC leaching tests using
the PHREEQC software. Due to inadequacies of the PHREEQC code, it was necessary to input the
CSH gel solid-solution as discrete “portlandite” and “calcium silicate” end-members with variable
solubility products in accordance with the Lippmann phase diagram. CSH gel solid-solution alone

was considered to simulate the behavior of OPC.

The CSH gel solid-solution model provided a reasonable fit to the INC OPC leachate data, but there
were discrepancies with the experimental data for fluid leachate volumes between 10,000 and 30,000
ml. An alternative modeling approach (Berner, 1992) provided a better overall fit to the INC data

than the solid-solution model.

Re-evaluation of the CSH gel model with respect to possible variations in end-member miscibility
and solubility behavior, together with a better representation of the overall cement system (inclusion
of phases other than CSH gel) is anticipated to produce a better fit of modelled and experimental
data. Further development of the both the CSH gel solid-solution model and cementdeaching
simulation software (PHREEQC) is recommended to improve INCs capability to - predict the

evolution of cement pore fluid composition with time.



2.5 Geostatistical Analysis of Groundwater Chemistry in Japan:
Evaluation of the Base Case Groundwater Set

1.1  Purpose and Objectives

The chemical composition of .ambient groundwater for a geological, high level radicactive waste
repository is of crucial significance to issues such as radioelement solubility limits, sorption,
corrosion of the overpack, behavior of compacted clay buffers, and many other factors involved in
repository safety assessment. At this time, there are no candidate repository sites established in Japan
for the geological disposal of high-level radioactive waste, and only generic rock formations are
under consideration. It is important that a small, but representative set of groundwater types be
identified so that defensible models and data for generic repository performance assessment can be

established.

Over 15,000 separate analyses of Japanese groundwaters have been compiled into a data set for the
purpose of evaiuating the range of geochemical conditions for waste repositories in Japan. This
purpose of this report is to demonstrate the use of a multivariate statistical analysis technique,
principal component analysis (PCA), to derive a set of statistically based, representative groundwater
categories ffbm the multiple chemical components and temperature that characterize the deep
Japanese groundwater analyses. PCA also can be used to guide the selection of groundwaters that

could be used in scenario analyses of future geological events in Japan.

Chapter 2 provides a brief summary of the analytical methods used. The groundwater database used
in the analyses is discussed in Chapter 3. Results are presented in Chapter 4 for two groundwater
data sets: the Base Case and the Non-Quaternary Case. Conclusions are presented in Chapter 5 and
references in Chapter 6. Appendices A and C contain the graphical representations of results and
Appendices B and D contain the tabular presentation of results for the Base and Non-Quaternary

Cases respectively.

1.2  Background

Binary plots of chemical variables (,x; vs. xj) have been used by INC to evaluate the deep
Japanese groundwater data set. Such plots can provide useful visual correlations and trends.
However, they are limited in defining bounding or representative groundwater compositions for two
reasons. First, changes of groundwater chemistry evolve through multi-dimensional chemical space;
i.e., there are simultaneous co-variations in the concentrations of all cations and anions related to
complex rock-water interactions. Binary chemical plots provide only a possibly misleading,
two-dimensional projection of these much more convoluted multi-dimensional trends. Second,

specific groundwater samples that define bounding values in one binary plot are not necessarily the



same samples that define bounding values for some other binary plot. For example, it is not
generally defensible to simply combine the minimum vatues for Na* and CI” from one binary plot
with the minimum values for Ca™ and HCO5™ from another binary plot, and then assume that they
define the representative composition of dilute groundwater. This approach is only defensible if the

samples representing the minima for all components from the two plots are the same.

Other commonly used diagrammatic techniques for the classification and interpretation of
hydrochemical data, such as Piper diagrams [1] and Schoeller diagrams [2], also suffer from various
drawbacks. For example, Piper diagrams use percentages of ions rather than actual concentrations

while Schoeller diagrams are only suitable for a small number of samples.

Multivariate data analysis techniques, such as factor analysis have been shown to be more effective
in graphically presenting and interpreting hydrochemical data. This is particularly true when there
are large numbers of samples and/or large numbers of variables per sample to be evaluated [3,4,5].
Principal component analysis (PCA) is a multivariate statistical analysis technique fundamentally
similar to factor analysis. It has been used by SKB at the Aspt Hard Rock Laboratory site in Sweden
to identify end-member groundwater compositions and to describe the composition of waters in the
tunnels in terms of percent mixtures of the different end members [6]. It also has been used by the
Nirex to evaluate groundwater combositions and flow at Sellafield in the United Kingdom [7]. A
more advanced version of PCA is applied in this study to analyze deep groundwaters from across
Japan for the purpose of establishing representative groundwaters to support generic repository

studies.



26 Comments on PNC’s Thermodynamic Data Evaluation
Procedures and Recommended Revisions to PNC-TDB.H3.0

Summary

The Power Reacter and Nuclear Fuel Development Corporation (PNC) is evaluating the reliability of
its reference thermodynamic database, PNCTDB.H3.0 (Yui et al., 1992). Such evaluations are
needed periodically to account for new experimental data published in the scientific literature, and
new interpretations of older datasets. If the results of such studies conflict with accepted values in
the reference database, then the reasons for the discrepancies must be resolved, and the database
revised if necessary. This is a complex and rime-consuming task, but one that is critically important
for PNC because reliable and up-to-date thermodynamic data are needed soon to carry out

geochemical and performance assessment evaluations that will be discussed in the H-12 report.

PNC-GIS staff have evaluated data for many important mineral-water equilibria (equilibrium
constants and reaction enthalpies), and associated thermodynamic properties (A G%, AH®%, $°, and
¢®,) for individvual minerals, gases and aqueous species. Preliminary results are documented in the

following draft PNC Technical Reports':

TRA: Thermodynamic Data of Silica Minerals,

TR-2:  Thermodynamic Data of Feldspar for PNC Thermodynamic Database,

TR-3:  Revised Thermodynamic Data of Kaolinite,

TR-4:  Progress Report on Thermodynamic Database Development Project - Phyllosilicare
Group (Smectite),

TR-5: Thermodynamic Data for Muscovite,

TR-6:  Pyrite,

TR-7: Investigation of the Thermodynamic Data of Goethite,

TR-8:  Calcite and Dolomite, )

TR-D:  Thermodynamic Data of Siderite and of Related Aqueous Species, and

TR-10: Revised Thermodynamic Data of Gypsum and Anhydrite.

Each report considers the relevance of the selected mineral for PNC’s site
characterization/performance assessment investigations, and provides a summary of relevant
thermodynamic data (including data in PNCTDB.H3.0). These data are converted if necessary {e.g.,
standard Gibbs energies of formation are calculated from equilibrium constants using “core”

thermodynamic data for aqueous species from Silva et al. (1995)}, and compared. Reliable data are



identified based on this comparison, and revisions
- Report numbers, (TR-No.), are arbitrarily assigned for later reference. An additional report by M.
Mihara titled “The Developments of Thermodynamic Model of C-S-H Gel” is discussed separately in a

letter report by D. Savage. to the reference database, if any, are recommended,

A similar evaluation of thermodynamic data for minerals, gases, and aqueous species has also
recently been carried out for PNC by QuantiSci (Arthur et al., 1996). This study supports PNC’s
internal evaluations by recommending general guidelines and procedures necessary to establish
accuracy and internal consistency in thermodynamic databases. The study also evaluates criteria for
the selection of reliable data through analyses of results from multiple experimental and/or field
studies, and recommends such data for most of the minerals, gases and aqueous species considered
in PNC TRs 1-10.

The purpose of the present report is to compare the database evaluation procedures adopted by PNC
with those recommended by QuantiSci, and to compare “reliable” data recommended by both groups.
General remarks on the evaluation approaches adopted by PNC are summarized in the following

section. Specific comments on individual reports are included in these remarks.
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Abstract

A coupled reactive-transport model, TRACE, was developed and is used to simulate temporal and
spatial variations in the chemistry of buffer porewater that could result from dissolution of soluble
impurities, and by corrosion of the carbon steel overpack. The results using preliminary dataset
indicate that soluble impurities disperse accompanying pH increase along with time and the effects
of soluble impurities on porewater chemistry last for at least one hundred years. Incorporation of Fe,
released from the overpack by corrosion, into smectite clays in the buffer may indirectly minimize
increases in porewater pH generated by other ion-exchange reactions and calcite dissolution, but this

depends on whether Fe (OH) ,, rather than magnetite, is assumed to be a stable corrosion product.
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(1) Review comments on geochemical models of groundwater evolution: Tono in-situ test site.
(2) Review comments on geochemical models of groundwater evolution: Kamaishi in-situ test site.
(3) Review comments on geochemical models of groundwater evolution: Mobara in-situ test site

(4) Oxidation-Reduction reaction: Overview and implications for repository studies.



3.1 Review Comments on Geochemical Models of Groundwater
Evolution; Tono In-Situ Test Site

Summary

Field studies are being carried out by PNC to characterize the hydrogeologic and geochemical
properties of several types of geologic systems in Japan. The objectives of the field studies include
characterization of actual subsurface geochemical conditions in potential repository host rocks, and
testing of equilibrium-based geochemical models of groundwater chemistry and evolution in relation

to the actual behavior of real groundwater systems.

A draft PNC report (Sasamoto and Yui, 1998) describes the results of such testing for conditions at
one of the Tono In-Situ Test Site. The modeling approach and results discussed in this report are
reviewed with regard to the following questions:

» is the proposed model adequately constrained by site data?
» are modeling results and conclusions consistent with the site data?, and
» are modifications needed to improve the modeling approach?

It is concluded that the study by Sasamoto and Yui (1998) significantly advances and improves upon
PNC’s past efforts in the area of groundwater evolution modeling. This is primarily because a
broader range of geochemical tools, including evaluation of thermodynamic stability relations
among minerals and groundwaters at temperatures appropriate for the Tone site, and reaction-i:ath
simulations of possible irreversible processes controlling the evolution of Tono groundwaters are
considered. Model constraints are also more closely based on the site’s mineralogy and

hydrochemistry.

Recommendations to further strengthen and improve the Tono study, which is still in progress,

include:

« If available, all relevant data on the hydrochemistry of sedimentary host rocks at Tono
should be evaluated during development and testing of the conceptual model of

water—+ock interactions.

» More detailed information on the actual mineralogy of the Tono site is needed, including

LTS

the actual mineralogy of “plagioclase™, “clay” and “zeolite™.

The uncertain reliability of thermodynamic data for some clay minerals and zeolites



should be acknowledged. This effect of this uncertainty on model predictions should

also be discussed, at least qualitatively.

Interpretations should be undertaken with caution regarding the effects of dissolved

constituents, and temperature, on mineral-stability relations.



3.2 Review Comments on Geochemical Models of Groundwater
Evolution: Kamaishi In-Situ Test Site

Summary

Field studies are being carried out by PNC to characterize the hydrogeologic and geochemical
properties of several types of geologic systems in Japan. The objectives of the field studies include
characterization of actual subsurface geochemical conditions in potential repository host rocks, and
testing of equilibrium-based geochemical models of groundwater chemistry and evolution in relation

to the actual behavior of real groundwater systems.

A draft PNC report (Sasamoto and Yui, 1997) describes the results of such testing for conditions at
one of these sites, known as the Kamaishi In-Situ Tests Site. The modeling approach and results

discussed in this report are reviewed with regard to the following questions:
+ 1s the proposed model adequately constrained by site data
« are modeling results and conclusions consistent with the site data?, and
» are modifications needed to improve the modeling approach?

It is concluded that the study by Sasamoto and Yui (1997) is of very high technical quality overall,
and that PNC generally is carrying out a sophisticated and comprehensive study of geochemical
controls on the chemistry and chemical evolution of groundwater systems. Recommendations to

strengthen and improve the Kamaishi study include:

«  The exact nature of equilibrium in models of groundwater chemistry and evolution must
‘be clearly defined, and should include the concepts of local, partial and metastable
equilibrium. Including, or excluding, minerals for consideration in a model on the basis
of assumed partial or metastable equilibrium behavior should be supported by

referencing relevant laboratory and field studies.
+  Stable isotope and tritium data suggest that groundwaters flow relatively rapidly through
the Kamaishi site, and that an open-system model for this site may therefore be more

appropriate than the closed-system model evaluated by Sasamoto and Yui (1997).

»  PNC should consider all the groundwaters sampled at the Kamaishi site -not just the



older groundwaters sampled in the KH-1 borehole. Although it may reasonable to
assume the older groundwaters are the most likely to have attained equilibrium, the
younger groundwaters sampled in drifts and other boreholes may also provide valuable

clues about irreversible processes during early stages of groundwater evolution.

PNC should strengthen the assumption that oxidizing conditions in most Kamaishi
groundwaters can be traced to difficulties in measuring reliable redox potentials. The
resufts of various international studies, in which this has been convincingly

demonstrated in both the laboratory and field, should therefore be discussed.

Variations in the compositions of groundwaters among samples from individual
fractures intersecting the E.L. 550, E.L. 250m and KD-89 drifts should be evaluated to
support the (implicit) assumption that samples obtained from the KH- borehole are

representative of solutions in the Kurahashi granodiorite.

PNC studies (Osawa et al., 1995), which suggest that Kamaishi groundwaters flow
preferentially in fractures, or fractures and adjacent alteredvock zomes, should be
acknowledged. The possibility that groundwaters flow only in fractures, for example,
would suggest that only fracture minerals will affect groundwater evolution. Secondary
effects, such as diffusional mixing of solutions in fractures and altered zones may also

need to be considered, however.

More detailed information on the actual mineralogy of the Kamaishi site is needed,
including the compositions of plagioclase, sericite, chlorite, biotite, calcite and epidote,
and the identities of minerals that may occur in trace amounts (e.g., clays, kaolinite,

chalcedony).

Minerals considered to be heterogeneous equilibrium constraints should be selected
from among minerals actually present at Kamaishi. Minerals of igneous or hydrothermal
origin should be considered with caution because they are probably unstable at low
temperatures. Models indicating that groundwater compositions are supersaturated with
respect to Kamaishi minerals should also be revised such that these “metastable” phases

are assumed to equilibrate, if precipitation at low temperatures is reasonable.

A lack of highly reliable thermodynamic data should not deter choices of equilibrium

minerals. Reasonable estimates of the necessary data will greatly improve credibility in




the model, provided the uncertain reliability of the data is acknowledged and

documented,

» PNC’s approach in using a reference groundwater composition as the only criterion by
which the validity of equilibrium-based models is tested should be reconsidered. It is
recommended that PNC should instead consider the range in groundwater compositions
actually measured at Kamaishi. PNC should then evaluate whether alternative models of

groundwater evolution are equally valid, given this range.
It is also recommended that a more systematic approach toward developing and testing
equilibrium-based groundwater evolution models should be adopted. The approach should include

the following steps.

1. obtain detailed information on the mineralogy of the site and chemistry of site

groundwaters,

2. calculate the saturation index of minerals for which it is reasonable to assume that site

groundwaters are in contact,

3. develop a preliminary reaction-path model of groundwater evolution at the site, using the

resulis of Step 2 to guide initial selection of possible equilibrium phases,

4. evaluate model results for consistency with field observations,

5. if results are inconsistent with site data, modify the reaction-path model by revising one
assumption concerning whether a mineral observed at the site should be considered stable,

unstable or metastable.

6. iterate steps 4 and 5 until an optimal model is obtained that is consistent with site

mineralogy and which best explains observed groundwater compositions.

7. evaluate of the validity of the equilibrium approach by comparing results of the
optimized model with site data.

These steps emphasize the iterative use of reaction-path models to raise questions concerning the

validity of assumptions in an evolving conceptual model of the system. To carry this procedure out

successfully, the modeler must rely on expert judgment to answer these questions.



3.3 Review Comments on Geochemical Models of Groundwater
Evolution: Mobara In-Situ Test Site

Summary

Field studies are being carried out by JNC to characterize the hydrogeologic and geochemical
properties of several types of geologic systems in Japan. The objectives of the field studies include
characterization of actual subsurface geochemical conditions in potential repository host rocks, and
testing of equilibrium-based geochemical models of groundwater chemistry and evolution in relation

to the actual behavior of real groundwater systems.

Sasamoto and Yui (1999) summarize the results of JINC’s geochemical investigation at the Mobara
test site. In contrast to similar investigations carried out by JNC elsewhere, the Mobara study focuses
primarily on characterization of subsurface geochemical conditions, with less emphasis on testing of
geochemical models. Interpretation of subsurface geochemical conditions at Mobara is complicated
because these solutions contain high concentrations of dissolved gases, and because the hydrostatic
pressure at depths where the groundwater flows into wellbores (approximately 1000 meters from the
surface) is relatively high (roughly 100 bars). Much of the work summarized by Sasamoto and Yui
(1999) is therefore devoted to development and application of a geochemical modeling approach to
evaluate the effects of degassing on the chemistry of Mobara groundwaters (referred to as
back-titration models), and thus to characterize the chemistry of these solutions at in-situ pressures
and temperatures in the subsurface. The “corrected” groundwater compositions are then used to test
whether JNC*s SRLP and SRHP saline-type groundwater evolution models {Yui and Sasamoto,
1999) are reasonable.

In the present review of the report by Sasamoto and Yui (1999) it is concluded that the concepts
underlying the back-titration modeling approach are sound, and that the models are reasonably well
constrained by field data. Supplementary use of “degassing models”, which are essentially the
reverse of back-titration models, may provide some additional insight into processes that could
possibly occur in the wellbore and reservoir (e.g., concurrent degassing and precipitation of
carbonate minerals). Constraints adopted in the back-titration models on redox conditions should be

clarified, and the effects of other gases [e.g., H2S(g)] on these conditions may need to be considered.

The main conclusion of the report - that JNC’s SRLP and SRHP groundwaters are reasonable
because the composition of the corrected Mobara groundwater “falls between™ the compositions of
these two end-members — should be defended more clearly. It is questionable, for example, why the
compositions of the SRLP and SRHP groundwaters necessarily bound all possible types of saline

waters in Japan.



3.4 Oxidation-Reduction Reactions: Overview and Implications
for Repository Studies

Summary

The purpose of this report is to provide a survey and review on oxidation-reduction
( “redox” ) reactions, with particular emphasis on implications for disposal of high-level
waste (HLW) in deep geological formations. As an overview, the focus is on basic
principles, problems, and proposed research related specifically to the assessment of
redox for a HLW repository in Japan. For a more comprehensive treatment of redox and
the myriad associated issues, the reader is directed to the cited textbooks used as
primary references in this report.

Low redox conditions in deep geological formations is a key assumption in the “Second
Progress Report on Research and Development for the Geological Disposal of HLW in
Japan” (hereafter called “H12"” ). The release behavior of multi-valent radioelements,
(e.g., Tc, Se, U, Pu, Np), as well as daughter radioelements of these radioelements, from
a deep geological repository are sensitively related to redox conditions. Furthermore,
the performance of certain barrier materials, such as overpack and buffer, may be
impacted by redox conditions. Given this importance, this report summarizes some key

topics for future technical studies.
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Table-1 Procedure for acquisition(R&D) plan of geochemical data)

1.Title: Long-term Performance of Waste Forms Containing C-14 and 1-129

2.Objective

High-solubility, low-sorbing anionic radionuclides, such as C-14 and I-129, are calculated to migrate
relatively rapidly through buffer and far-field rock. Thus, restricting the rate of mobilization of
these species from waste forms presents the greatest possibility for reducing their overall release rate

from geological repositories.

3.Experimental Procedure

There are two basic types of waste forms that can be envisioned for encapsulating C and I. The
first type is a waste form that is unstable under geological repository conditions, but releases these
radionuclides at a low rate. The second type is a waste form that is stable under expected
geological repository conditions, hence the release rate of I and C will be limited by the

thermodynamic solubility of this stable waste form.

Cements, glasses and certain crystalline matrices are members of the first type, unstable under
repository conditions. The removal of C and I from such waste forms may be controlled by
different mechanisms, such as congruent matrix dissolution, selective (incongruent) leaching, or
diffusive ion-exchange. It will be vital therefore to (1) determine the shori-term and long-term
mechanisms controlling radionuclide release rates, and (2) then determine what these release rates
are as a function of expected geochemical conditions. Note that certain geochemical parameters,

such as salinity and pH may vary over long-time scales.

Stable crystalline matrices are somewhat easier to evaluate using conventional solubility tests.
Note that it will be important to bracket such solubility measurements from both over-saturated and
under-saturated conditions.  Also note that solubilities are also affected by geochemical parameters

such as salinity and pH that may change over long times.

4.Reducing Agent
Standard practice for achieving reducing test solutions should be used, such as iron filings as used

for solubility tests (Rai and coworkers, PNNL).

5.Preparation method of material
Crushing, sieving, and ultrasonic surface-cleaning of waste-form samples will probably be necessary

to advance the degree of waste-form reaction in the laboratory to time scales more appropriate to




repository disposal. In addition, it will be necessary to establish the homogeneity and atomic
configuration of C and I in the original waste-form matrix. EXAFS/XANES may be a useful

technique, although detection limits may be a limiting factor.

6.Analysing

It will be vital to combine advanced solution chemical techniques with advanced analytical
techniques for solids analysis. Bulk solids analyses, such as x-ray diffraction, are probably
inadequate for the purpose of these tests. Surface analytical techniques, such as electron
microprobe, TEM, STEM, PIXIE, SIMS, EELS and others should be considered to fully and

unambiguously determine release mechanisms and rates of such waste forms.

7.Data Evaluation Method

Release rates as a function of key solution parameters must be established for different waste forms.
It will be necessary to measure a number of solution species, not only disselved I and C, to evaluate
the release mechanisms of waste forms. Major chemical components that comprise the waste
forms (Al, 8i, Ca, Na, B) will have to be measured and compared against the concentration of
| radioelements and other minor components. Determining whether any secondary phases form, and
whether they incorporate 1 and C, will be necessary to establishing the long-term isolation

capabilities of I and C waste forms.

8.Schedule

To be determined.




Table-2 Procedure for acquisition(R&D) plan of geochemical data)

1.Title: Determination of Conversion Factors between Batch-derived and Diffusion-derived
Kds

2.0bjective : It would be extremely useful to convert the Jarge number of “batch~derived™ Kd data
to Kd values appropriate to intact materials (buffer, rock). Three key parameters are connected in

the following equation:
De= Dale+ pKd)

Where De is the effective diffusion coefficient for the intact material, Da is the apparent diffusion

coefficient, £ is the porosity and p is the density. This can be rearranged to show:
(De —eDa)/ pDa = Kd (intact) = f+ Kd (batch)

where f is an empirical conversion factor relating the true “intact” Kd to the measured “batch™ Kd.
If all of the terms on the left-hand side of this equation can be measured for intact material, the
| “intact” Kd value can be determined and compared to “batch” Kd values. By employing this
approach for a number of radioelements, a consistent set of conversion factors for cations and anions

can be established to alow conversion of other “batch” Kd values to “intact” Kd values.

3.Experimental Procedure

De can be measured in intact materials in a number of ways, including diffusion tests with
assumedly non-sorbing, conservative tracers (HTO) or by electrical conductivity measurements.
Appropriate current carrier solutions would have to be used for different materials (e.g., KCl

solution for Na-bentonite systems, NaCl solution for rocks).
Da measurements can be made by a number of diffusion techniques that are well established at INC.

It would be important, however, to make these systematic De and Da measurements on intact
samples at different (1) densities {(especially for buffer material that may change density over time
because of buffer erosion), (b} ionic strength of solutions to simulate different FRHP and SRHP
waters, and (c) different radioelement concentrations so as to evaluate if there are any non-linear

sorption effects that will require development of an isotherm.

4 Reducing Agent




Reducing conditions will be important for redox sensitive radioelements such as Se, Te¢, U, Np, and
Pu. Pre-conditioning waters with finely-divided iron filings is an approach that has worked well in
radioelement solubility tests (Rai and coworkers at PNNL). Hydrazine is another reducing agent,

but may present issues with respect to ion-complexing.

5. Preparation method of material
Buffer samples must be specially prepared with proper mixtures of materials and compaction to
specific densities. The same sample should be used for both De and Da measurements, to assure

maximum comparability of measurements.

6.Analysing
Standard Da techniques developed by JNC would be used. In addition, electrical conductivity
measurements techniques have been reported in the literature (Conca and coworkers; Neretneiks and

coworkers).

7.Data Evaluation Method
Measurement and interpretation of Da is difficult because it can be affected by factors such as

duration of the test, non-linear sorption behavior, and curve fitting of results.

Measurement of De and Da as a function of compaction density can be useful in determining
whether surface sorption or ion exchange is the dominant mechanism for sorption for each

radioelement.

8.Schedule

To be determined.




Table-3 Procedure for acquisition(R&D) plan of geochemical data)

1.Title: Determining the Chemical Buffering Properties of Bentonite-based Buffer

2.0bjective

The buffer, composed of swelling bentonite and sand-size additive, may impose long-term control
(“buffering™) on the chemical conditions of the repository near field and EBS. In particular, if such
buffering can be confirmed, site-selection acceptance criteria for groundwater pH, salinity, and Eh

may be more permissive

3 Experimental Procedure

There are three important aspects of chemical buffering that can be experimentally determined:

» buffer index (the value that the buffer seeks to impose for a chemical parameter),
« buffer capacity (the amount of buffer agents present in the material), and

« buffer kinetics (the rate at which the buffer acts to achieve the buffer index).

Buffer index can be readily measured for major and minor chemical components and as a function of
pH; measurement of index values as a function of Eh and trace chemical compenents are more
difficult, are subject to detection limits and may be highly uncertain. In particular, many redox
buffer pairs (e.g., HS- /SO,”) are extremely slow at temperatures < 100°C.,  However, reversible
redox buffering by smectite clay (the principle clay in bentonite) has been show to display a
reversible redox buffering capacity (Fe*'/Fe™* in octahedral sites) in the presence of hydrogen gas
mixtures.

" Titration, such as standard acid/base titration, can be employed to establish buffering capacity. The
difficulty is in controlling the rate of titration with respect to buffering reaction kinetics. If titration
solution is added faster than the buffering rate, a false measurement of buffer capacity may be made.
Lastly, there will be a need to make measurements of buffering on intact/ compacted buffer samples.
Because of the low permeability of such compacted material, the ingress of unreacted water and the
egress (collection) of reacted, buffered water is a major issue. Vacuum (suction), squeezing, and
centrifugation techniques have been applied in attempts to extract pristine pore waters from clay
sediments; the centrifugation technique, in particular, has a high likelihood of both controlling the
rate of “flow™ of water into and out of clay samples, but also allowing extraction without mechanical
crushing of clay particles that may release bound, interdayer water that typically is not mobile under
repository conditions.

If continuous water “flow” through samples can be established, then on-ine spectrophotometric

techniques or in sity chemical sensors can be employed to record changes in chemical parameters as




a function of time. In this way, buffering kinetics can be established.

4 Reducing Agent

Reducing conditions will be important for redox sensitive elements. Pre-conditioning waters with
finely-divided iron fillings is an approach that has worked well in solubility tests (Rai and coworkers
at PNNL), but the long-term stability of this poising of Eh is questionable because the dissolved
concentration of redox-buffering species is low. Hydrazine is another reducing agent, but may

present issues with respect to ion-complexing.

5.Preparation method of material

Buffer samples must be specially prepared with proper mixtures of materials and compaction to
specific densities. There may be a need to either ultrasonically clean uncompacted buffer material
or to “flush” the compacted system with initial water to remove ultra-small particles that are

anomalously reactive because of their high surface area to mass ratio.

6.Analysing

A continuous flow flow-through reactor system is envisioned; this may require centrifugation for
highly compacted buffer samples. Continuous measurement of egressing solution for major
chemical components and pH measurement is anticipated. Eh probes may be used but sluggish
response at low temperature is a potential concern. Addition of reactive redox pairs, such as
envisioned for GEOFRONTS, could be added to the ingressing soiution and spectrophotometric
studies of the concentration of the dissolved redox pairs could be made in samples taken from the

egressing solution.

7.Data Evaluation Method

Buffer index values and buffer capacity are relatively easy to measure, although the capacity for
buffering should attempt to exhaust the buffer from both directions (e.g., conduct both acid and base
titrations to examine pH buffering). Buffer kinetics is more problematical, especially for changing
redox conditions. Use of reactive dissolved gases (oxygen or hydrogen) under pressure might be

successful, as shown in previous redox studies of Fe?*/Fe®" in octahedral sites in smectite.

8.Schedule

To be determined.
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6.1 2R WME

Summary

Work carried out for the project ‘The Effect of Iron on Bentonite Stability’ for the three months
January 1999 to March 1999 is described. The following tasks have been pursued.

Characterisation of Kunipia-F

Kunipia-F has been characterised using electron probe microanalysis, XRD, SEM, TEM and cation

exchange methods.

Analytical data obtained using electron probe microanalysis are not of high quality but structural
formulae calculations show that ratios of oxide percent totals are consistent with reported chemical

analyses of Kunipia-F.

Qualitative and quantitative analysis of Kunipia-F using XRD have been carried out. The
quantitative data indicates that montmorillonite is the predominant phase present in Kunipia-F.
Glycolation suggests that the montmorillonite in samples Kunipia-F 1 and Kunipia-F 2 contains less
than 10 % illite interlayering. In order to determine whether or not beidellite is present, a

Greene-Kelly test is required.

SEM investigations showed that almost all the Kunipia-F material has a ‘cornflake’ morphology
with aggregates approaching 400 (m in diameter. Aggregate-forming particles are seen to be as

small as 1 1 m or less. Some tubular silicates observed may be zeolites.
SAED patterns of the montmorillonite obtained using transmission electron microscopy indicate that
the material is composed of thin crystallites which are disordered about the c-axis. A few traces of

graphite were found.

The cu{EDA), technique has been used in some preliminary CEC determinations. This technique

wiil be refined for further measurements of cation exchange capacity.




6.2 3 R¥kE

Summary

Work carried out for the project “The Effect of Iron on Bentonite Stability” for the period April -
September 1999 is described. The following tasks have been pursued.

Characterisation of Kunipia-F

Fourier Transform-Infrared (FT-IR) analysis of Kunipia-F has been carried out in preference to
Greene-Kelly tests as originally planned. In conjunction with the XRD and mineral formula data
given in the Second Progress Report, the FT-IR data seems to indicate that Kunipia-F is composed

primarily of sodium-montmorillonite.

Two sets of cation exchange capacity experiments have been carried out. Both were conducted in
duplicate so that four determinations were obtained in total. For Experiment 1, suspensions were
subjected to twelve hours of agitation. An agitation period of thirty minutes was used in Experiment
2. Significantly lower CEC values were obtained for Experiment 2. Initially, this may have been
interpreted as the shorter agitation period producing incomplete cation exchange. However, data
quality considerations indicate that the difference may be due in some part, to the analytical data -

possessing a component of analytical bias,

It is envisaged that CEC values will be obtained for batch reactor run products. If this is the case,
further CEC determinations will be carried out, along with leachable cation determinations. In
conjunction with very rigorous data quality control, these will enable the optimum agitation period
to be determined.

A series of préliminary acid-base titrations have been conducted, to determine optimum

experimental parameters (mainly relating to titration software). Further titrations will be required to

determine hydrolysis constants and for adsorption site-density calculations.

Experiments

Fe(ll) adsorption experiments have not been conducted as originally planned. Loss of iron (or



magnesium}) from the aqueous phase of a mineral suspension may be due to precipitation of discrete
iron mineral particles or adsorption of aqueous iron complexes to mineral surfaces. It is possible that
aqueous Fe(Il}) complexes will be adsorbed to montmorillonite particles and then undergo
transformation to iron compound precipitates. Without detailed spectroscopic analysis, it would not
be clear as to which process was in operation. Spectroscopic analysis of Kunipia-F is problematic in
that Kunipia-F possesses much structural iron. This is likely to interfere with adsorbed iron, in many
spectroscopic techniques (such as Mossbauer analysis). Techniques such as EXAFS (X-Ray
Absorption Fine Structure Spectroscopy) may be able to give more useful data, but gaining access to
this equipment is difficult and expensive. Therefore, it seems as if adsorption studies are not feasible

at present. This issue will be discussed with INC in early October.

Batch reactor experiments have been designed and the construction of the test rig is nearly complete.
The equipment will be tested and batch reactor expetiments will soon be underway (late October/

early November).

Modelling

The literature concerned with the derivation of thermodynamic data for smectite / sheet silicates has
been reviewed and is briefly outlined. A whole series of logarithmic activity diagrams have been
constructed and a selection of representative diagrams is given. The implications these have for
mineral stability in a HLW-EBS are discussed. The diagrams indicate that with a groundwater
composition pertaining to high log a [Fe**/(H')"] values, nontronite is stable under expected
repository conditions (relatively anoxic). Iron rich chlorites such as daphnite may also be stable. It is

possible that montmorillonite may be altered to these phases, if the kinetics are favourable.
Improved thermodynamic modelling in conjunction with batch reactor experiments will resolve

many of the unresolved issues relating to the effect of iron on bentonite stability. This will allow the

development of models of bentonite alteration in bentonite-steel HLW-EBS systems.



6.3 4 KWE

Summary

The Japanese engineered bather design for HLW disposal envisages the use of a massive steel
overpack around the waste canister and a substantial amount of a sodium-bentonite clay between the
canister/foverpack and the disposal tunnel walls. Similarly, an EBS design for TRU disposal would
also involve substantial amounts of both steel canister materials and bentonite. Although the potential
conversion of smectite to non-swelling illite in the repository environment has received considerable
attention in the radioactive waste literature, the conversion of smectite to non-swelling iron sheet

silicates has received little or none.

Iron dissolved from steel camisters during corrosion processes may react with the montmorillonite
component of the bentonite to form an iron—rich clay such as nontronite, or de-stabilise the clay to
form non-swelling sheet silicates such as chamosite. Iron and montmorillonite are present in a HLW
EBS in roughly equimolar proportions, so that if any reaction takes place, there is scope for it to take
place at a large scale. Natural system evidence shows that chloritisation reactions can take place at
temperatures as low as 40°C. Quantitative models of bentonite alteration require relevant input data

concerning the types, magnitudes, and rates of these reactions.
The objectives of this project (over 3 years) are to:

» Identify the types and amounts of solid products from experiments reacting montmorillonite
clay with varying amounts of Fe” for different times and different temperatures.

+ Evaluate the experimental data to derive rates and mechanisms of the alteration of
montmorillonite to Fe sheet silicates,

+ Investigate the thermodynamic stability of montmorillonite with regard to various Fe sheet
silicates. _

«  Conduct experiments with compacted bentonite and iron to investigate impacts upon swelling
behaviour.

+  Assess the impact of bentonite alteration by Fe-bearing solutions upon EBS design.

In this report, work carried out for the period April ~ December 1999 is described. The following

tasks have been pursved.



Characterisation of Kunipla-F

The bulk composition of Kunipia-F starting material was presented in the Second and Third Progress
Reports of this project. XRD analyses indicate that Kunipia-F consists predominantly of

di-octahedral smectite.

The end member composition of this smectite was determined by considering the FTR spectra of
the material and its mineral formula. These techniques indicate that Kunipia-F is composed

predominantly of sodinm-montmorillonite.

Cation exchange capacity and acid — base titrations have been carried out on Kunipia-F. The results
of these characterisation techniques are summarised in this report. It has been found that the cation
exchange capacity (CEC) of Kunipia-F is approximately 122 meq/00g, as determined by the
Cu(EDA),*" method.

Experiments

Batch reactor experiments have been designed. The experimental apparatus for these experiments
has been designed, built and tested. The experimental apparatus consists eighteen titanium vessels
and a batch reactor rig which consists of a large aluminium tray within which there are three
aluminium heating blocks, these can be heated independently. Each block can accommodate six

titanium vessels.

Batch reactor experiments are underway at 80, 150 and 250°C for run durations of 1, 3 and 6 months.
One gram of Kunipia-F was placed in each vessel along with 50 ml of either 0.1 or 0.2 M FeCl,
solution, which had been degassed with argon. The vessels were sealed under an N, atmosphere. The

" experimental parameters are summarised in the table below.

Modelling

Literature concerned with the derivation of thermodynamic data for smectite/sheet silicates has been
reviewed and is outlined. A series of logarithmic activity diagrams has been constructed and a

selection of representative diagrams is presented here.



These diagrams indicate that with a groundwater composition pertaining to high Fe?*/(H")? activity
ratios, nontronite is stable under expected repository conditions (relatively anoxic). Iron rich
chlorites such as daphnite may also be stable. It is possible that montmorilionite may be altered to
these phases, if kinetics are favourable, However, the logarithmic activity diagrams presented here
must be interpreted with caution. Further considerations are required on the determination of

thermodynamic data for smectite.
Improved thermodynamic modelling in conjunction with batch reactor experiments will resolve

many of the unresolved issues relating to the effect of iron on bentonite stability. This will allow the

development of models of bentonite alteration in a bentonite-steel HLW-EBS.
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71 KEB L ORI ORI FEE
(1) KE OB

Geochemical issues related to the selection of a site for the geologic disposal of
high-evel radioactive waste (HLW) are reviewed in this report. The basis for the
review 1s the multi-year site-selection process followed by the United States prior
to the selection of the Yucca Mountain site as the candidate site for the HLW
repository by the U.S. Congress in 1987. Specifically, the review considers only
the strengths and limitations of the geochemical aspects of the following site
selection issues: '

* the decision process and methodologies for assessing the suitability of the site
for repository development for site selection (Chapter 2),

» technical qualifying and disqualifying criteria considered in the decision process

(Chapters 3 and 4), and '

» methodologies for evaluating the effects of site characterization activities and
repository construction and operations on site performance (Chapter 5),

In addition, the applicability of the process or a modified form of the process to
site selection studies in Japan is assessed (Chapter 6). References cited are
provided in Chapter 7. Copies of the reviewed regulations are provided in the
Appendices.

(2} BRINDIESR

D

2)

IV F— 1 No real site selection has taken place in Belgium and the identification of Mol as a
possible site relates to the location of the Mol-Dessel nuclear research site there.  As far as the

authors are aware, there are no published criteria for site selection in Belgium.

7 4 2F 2 I ! Finnish site selection (like other aspects of its radioactive waste disposal
programme) is very like that carried out by Sweden. However, greater emphasis has been
placed upon rock structure and topography and relatively litile upon geochemistry. There is a
general recognition that different sites in Finland are unlikely to have very different
geochemical conditions at depths greater than 100 m. Selection criteria are very pragmatic
and not prescriptive in placing quantitative measures on the selection or rejection of a specific

site.



3) 7 Z 22X : Site selection in France has been built around geological and hydrogeological

factors with a relatively minor role for geochemical factors.

4) R Y : Geochemical criteria have played essentially no part in the selection of sites suitable

for the deep disposal of radioactve wastes in Germany. The role of geochemistry has focused

almost solely on establishing whether the minerals present in the evaporite formations selected

for disposal are stable from a thermal and chemical perspective.

5) A 2 : Geochemical criteria have had a very minor role in the selection of sites for

radioactive waste disposal in Spain.

6) AT x.—F ./ : Asummary of the technical and geoscientific factors affecting site selection

in Sweden are summarised in Table <summary>. Table <summary> Summary of important

repository siting factors (technical and geoscientific only). From SKB (1992).

Siting Factor

Comment

Long-term stable

environment

The repository should be situated in parts of the rock that do not comprise weak zones
of fractured rock in which significant future fault movements could be triggered.
The rock volumes used for the repository should not contain economic minerals or
similar, since these could lead to future intrusion which might disturb the safety
barriers. The groundwater at the selected depth should have long-term stable

chemically reducing conditions.

Safety

The rock shall comprise an extra safety barrier through its capacity to absorb and
retain any released radionuclides. This capacity is dependent upon groundwater
conditions (flows, flow paths), groundwater chemistry and retardation mechanisms
along the flow paths. These conditions can be allowed for by taking into account
factors such as hydraulic gradient, distance between proposed repository site and
discharge area, presence of water-bearing fracture zones and vein minerals, and

presence of saline groundwater.

Feasibility

construction

of

The feasibility of construction at a particular site is determined by the location and
nature of fracture zones, the presence of rock types with a tendency for collapse or to
be water-bearing, size and orientation of rock stresses and mechanical properties of

the bedrock.

Predictability

It is an advanatge if a site is easy to interpret, i.e. permits a high certainty in prediction
of bedrock conditions between investigated parts of a site. Predictability is

dependent upon degree of exposure and bedrock conditions.




7) A1 A : Nagra's HLW disposal concept has very limited requirements for the performance of
the geological barrier and much greater emphasis is placed upon the behaviour of the
engineered barriers. There is little specification of the requirements with regard to
geochemistry, and any requirements are purely secondary to those regarding physical
protection of the engineered barriers. Conclusions from the Kristallin-1 safety assessment
(Nagra, 1994) were that the key geological characterisitics of any potential site were as
follows:

an average specific groundwater flow in the range 10" to 10" m s’ (corresponding to a
hydraulic conductivity in the range 107 t0 10" ms™ fora hydraulic gradient of 1 %);

a groundwater of near-neutral pH, chemically reducing, with moderate salinity, thus ensuring
minimal alteration of bentonite, Iow solubilities and good sorption of radionuclides and an
adequate canister lifetime;

an overburden thickness of 400 m would protect the engineered barriers from near-surface

geological and climatic changes.
8) F[E : Geochemical criteria have not featured at all in published guidelines or rationale for the

selection of sites for the geological disposal of radioactive wastes in the UK. Instead, sites

have been identified from hydrogeological or geological criteria alone.
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