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FOREWORD

For the past ten years, the OECD Nuclear Energy Agency has been co-ordinating a multinational
effort to produce a database of selected thermochemical values for elements of interest in the
geological disposal of long-lived radioactive waste. This project is known as the NEA
Thermochemical Database (TDB) Project and has produced high-quality, critically reviewed
thermodynamic data for the inorganic species (and species with some selected organic ligands) of
several elementsincluding U, Np, Pu, Am, Tc, Se, Ni and Zr.

Both deterministic and probabilistic performance assessment (PA) exercises rely on the
availability of such qualified thermodynamic data for many radionuclides under the varying physico-
chemical conditions of radioactive waste repositories. Two of the major obstacles found in the PA
process had been identified as the lack of experimental thermodynamic information for some chemical
systems and the limited awareness in part of the scientific community of the precise thermodynamic
database requirements for PA applications.

Hence, the objective of this workshop was to provide a professiona forum in which PA experts
(as users of thermodynamic databases) and scientists involved in the field of chemical
thermodynamics could come together to further discuss the thermodynamic data requirements and
applications for PA with aview to helping define future activities of the NEA TDB Project.

The workshop, held on 29-30 May 2001 at the Universitat Politecnica de Catalunya in Barcelona
(Spain), was attended by approximately 50 participants from both OECD Member and non-member
countries, with mixed representation from the fields of PA and chemical thermodynamics.

These proceedings contain the full papers delivered by invited speakers as well as summary
records of the session discussions. Dr Jorg Hadermann, from Paul Scherrer Institute (Switzerland),
kindly agreed to moderate the special panel session held at the end of the workshop. The recorded
transcript of the discussion periods and panel session was prepared by the local organising committee
(see Annex 2) and edited by the NEA Secretariat.

The opinions and conclusions expressed in these proceedings are those of the authors only and do
not necessarily reflect the views of the organisations participating in the NEA TDB Phase |1 Project or
the OECD Member countries concerned.



Acknowl edgements

The organisation of the workshop and the preparation of the proceedings have benefited from the
support from the following organisations, in the framework of the NEA TDB Phase Il Project:

ANSTO, Australia SKB, Sweden
NIRAS/ONDRAF, Belgium SKI, Sweden
RAWRA, Czech Republic HSK, Switzerland
POSIVA, Finland NAGRA, Switzerland
ANDRA, France PSI, Switzerland
IPSN, France BNFL, United Kingdom
FZK, Germany NIREX, United Kingdom
PNC, Japan DoE, USA
ENRESA, Spain

The NEA wishes to further thank ENRESA aong with QuantiSci, S.L. and the Universitat
Politecnica de Catalunya for their specific contributions and support to the local organisation of the
workshop.



TABLE OF CONTENTS

L0111V o OSSPSR 3
EXECULIVE SUMIMBIY ..ottt e et b e n e nn s e e e neen s 9
OPENING SESSION ..ottt sttt sse e s te st eaeseeseesessessessessessensensensesensessensens 11

A. Mari

WEICOME SPEECN ... 13

C. Nordborg

Welcome Address on Behalf of the OECD/NEA..........cocooeiernnen e 15

M. Askarieh

Welcome Address on Behalf of the Management Board of the TDB Project............. 17

J. Astudillo

Welcome Address on Behalf of ENRESA ... 19
SESSION 1 ThETDB PrOJECL.....cciciiiieiesiesiesiesieeieie ettt sse st sse e saesee e esessennensens 21

Chair: M. Askarieh

F. Mompean

Overview of Work at the OECD/NEA Data Bank for the TDB Project...................... 23

H. Wanner

LI LCILI B2 o] Y 27

K. Spahiu

Phase || of the NEA TDB Project and Some Lessons L earned

fromthe Use Of Phase | Dalal.........cccoieeirieeiene et 31

DISCUSSION ...ttt sttt b et b ettt b e bt bbbt e e et et enenbe e 39
SESSION 2 Building the Bridges: Data to Performance ASSESSMENt .........ccoceeevereeieeiesienennens 41

Chair: J. Bruno

lonic Strength — Theory, Use, Cautions, Sources of Error.........cccccveveveiveeseseenns 43

T. Fanghanel

Application of Pitzer's lon-interaction Approach for the Calculation

of Excess Properties of Trace Radionuclidesin Electrolyte Solutions....................... 45



SESSION 3

K. Spahiu
The Use of SIT inthe NEA TDB Project — Advantages, Drawbacks

and Comparison with the Approaches Used in Some Geochemical Codes. ............... 61
DISCUSSION ...ttt sttt st b e bt b ettt b e bbb bt e e e ettt enenbennas 69
[Tz 1= s ] = L1 o P 71
|. Grenthe

Thermodynamics, Data Estimation and Performance Assessment. ........c.ccceeeveeneene. 73
W. Hummel

Can We Estimate Which Organic Complexes are Important in PA?........cccccevvvenee. 83

R.C. Ewing, F. Chen, SB. Clark
An Empirical Method for Calculating Thermodynamic Parameters for

U(V1) Phases, Applicationsto Performance Assessment Caculations....................... 93
R. Klenze

The Aqueous Chemistry and Thermodynamic of Actinides

and Fission ProductS (ACTAF) PrOjeCL.......cocvieeie et 103
[T oL 15\ o PR 105
Perfor ManCe ASSESSIMENT ......ooiiiiiieieeesee e nre s 109
Applicationsand Limitations of Using Thermodynamic Datain PA.............cc........ 111

Chair: H. Wanner

J. Bruno
Limitationsin the Use of NEA TDB Compilations. .........cccceeeerierienienenencneseeeeens 113

D.A. Kulik
Minimising Uncertainty Induced by Temperature Extrapol ations
of Thermodynamic Data: A Pragmatic View on the Integration of

Thermodynamic Databases into Geochemical Computer Codes.........cccooveeecevieennee. 125
U. Berner

Solubility Calculationsand Their Interpretation in PA ........cco v evecie e, 139
M. Yui

Difficulties Encountered in the Japanese Performance Assessment

Programme Using ThermodynamiC Data.............ccccovveereiieieesesee e seese s 151
T w15\ o PR 167
How Does Performance Assessment Usethe Data? .........cccoveveneneneieecincncnennns 171

Chair: C. Palmer

P. &lin
The DeterministiC APPIrOACH ....cc.uiii et ee e 173



C. Sockman
The Probabilistic APProaCh..........cceceeci e 179

L. Wang, J. Marivoet, P. De Canniére, X. Sllen,
H. Moors, M. Aertsens, M. Put, A. Dierckx
Data Callection Form: The Link Between Migration Studies and

Performance Assessment — Belgian Case .......ccooveererineninescsieeee s 181
DISCUSSION ...ttt b et s bbb n b e e n e seenenn e 191
PANEL SESSION —TDB Input in Performance ASSESSMENt ........ccccveveveiiesie i 193
ClOSING REMAIKS ..ottt st et e e s teeae e besre e sesbeeseeseesneeneessesreennens 205
ANNEX 1 — LiSt Of PArtiCIPANES......c.eeieiieiiiiete e 207
Annex 2 — OrganiSiNg COMMITLEE.........cceiiiieee ettt st besre e e beeae e resreeaenas 213






EXECUTIVE SUMMARY

The “Workshop on the use of Thermodynamical Databases in Performance Assessment”, hosted by
ENRESA, was held in Barcelona, Spain on 29-30 May 2001 with 46 participants from 12 countries.
The workshop emerged as a direct result of current activities in the framework of the OECD NEA
Thermochemical Database Project (NEA TDB) which aims at providing basic chemical thermodynamic
data for the modelling requirements for the safety assessment of radioactive waste disposal systems.

There were 16 ora presentations from invited speakers and a specia panel session, al followed by
genera discussions also contained in these proceedings, which is divided into four plenary sessions:

* Sessionl: The TDB Project

* Session II: Building the Bridges: Data to Performance Assessment (PA)
* Session lll: Performance Assessment

* Pane Session: TDB Input in Performance Assessment

Session | comprised presentations dealing with the origins, past and present organisation and
status of the NEA TDB Project, the main scientific achievements during both Phase | and Phase |1 of
the project and feedback from the use of Phase | thermodynamic compilations.

Session |1 was devoted to athorough presentation of the scientific methodology employed in the
critical review and database compilation exercises, such as NEA TDB. To this purpose, in a first
sub-session (lonic Srength — Theory, Use, Cautions, Sources of Error) the basic solution thermodynamic
tools for the reduction of data to a common standard state were presented in detail. In a second
sub-session (Data Estimation) methods available to estimate — when experimental data is incomplete
or not available — thermodynamic magnitudes for various types of systems were presented, together
with the programme of work and study cases contemplated in a major EU-funded research project on
the chemical thermodynamics of actinides.

Session |11 was divided also in two sub-sessions dealing respectively with the Applications and
Limitations of Using Thermodynamic Data in PA, where presentations focused on the problems that
are posed when the actual physico-chemical conditions found in repositories need to be described from
the limited existing databases, and How does Performance Assessment Use the Data?, where examples
extracted from three particular PA exercises (using probabilistic and deterministic approaches) were
presented.

The last session of the workshop took the form of a panel discussion during which the main
aspects of the preceding sessions were summarised by the panel members and emphasis was placed on
gathering the opinions of al the workshop participants on the topics that, from the current PA
standpoint, should be contemplated in a subsequent phase of the NEA TDB Project.



An important characteristic common to discussions held throughout the workshop was the active
participation in nearly al the debates of experts from the two communities: those closer to the
experimental determination of thermochemical data and those closer to their application in PA. This
joint debate is a Sgnificant progress in bringing together the two communities and therefore in fulfilling
the objective of the workshop.
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OPENING SESSION






WELCOME SPEECH

Antoni Mari
Vice-rector in Charge of Research
Universitat Politecnica de Catalunya

Professor Mari welcomed all the participants to the university with a brief speech in which he
highlighted the role played by international collaborative projects in the life of academic and research
establishments and wished everyone a successful and productive stay in Barcelona.
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WELCOME ADDRESS ON BEHALF OF THE OECD/NEA

Claes Nordborg
Head, Nuclear Science Division
OECD Nuclear Energy Agency

Ladies and Gentlemen,

It is a great pleasure for me to welcome you, on behaf of the OECD Nuclear Energy Agency
(NEA), to this workshop on “The Use of Thermodynamic Databases in Performance Assessment”.
| am pleased to say that thisis awelcome, not only from one division within NEA, which is often the
case at NEA organised workshops, but from two of the five NEA divisions. The Thermochemical Data
Base (TDB) Project is one of the first established cross-cutting activities within our agency and it has
served as amodel for other later projects, such as the NEA Sorption Project. The TDB project is well
established within the NEA and has had, for many years, full support from all the committees and
steering groups concerned.

| am not going to describe the TDB Project in this short talk, as you will hear all about it later this
morning. Instead | would like to give you a quick overview of how the project fits into the NEA
structure and what we expect from the outcome of this meeting.

For those of you who are not familiar with the NEA organisation, | can show you here a very
simplified chart of the different divisions (Figure 1). This chart shows that the TDB project does not
really belong to any one of the divisions, but is a semi-autonomous project, which receives scientific
guidance from the NEA Radioactive Waste Management section. The Data Bank acts as project
co-ordinator and is responsible for the day-to-day work and the maintenance and update of the
thermochemical database. The Data Bank has one staff member working full time for the TDB project.
This person, Federico Mompean, is here today and he is one of the individuals who will be speaking
about the TDB project later this morning.

The workshop today and tomorrow is of particular interest to usin the NEA for two main reasons.
First of dl, we are just now in a phase of the TDB Project where we need guidance for our future
programme of work. In addition, we have always stated that the goal of the TDB Project isto provide
internationally recognised thermodynamic data for the safety assessment of geological waste disposal
sites. It is to ensure that this statement is really true and also, as mentioned, to receive some guidance
about future work that this workshop is organised. The idea is thus to have users and producers of
chemical thermodynamic data come together and discuss both data needs in performance assessment
and possibilities to fulfil these needs.

Due to other commitments, | will unfortunately not be able to remain for the whole of the
workshop. However, | will be extremely interested to learn, later this week, about the outcome of your
discussions. | especidly hope that the panel session a the end of the workshop will bring some
interesting and constructive ideas for future work within the TDB project.

15



Figure 1. Simplified chart of NEA divisions
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In closing my short talk, | would first of al like to thank our hosts ENRESA, for their excellent
organisation and preparation of this meeting. | will take this opportunity to express our regret for the
extra work we imposed on the hosts, by postponing the meeting about six months from its original
schedule.

| would also like to thank the organising committee for all the work they devoted to the arrangement
of this workshop and especially our local hosts, the Technical University of Catalonia and Jordi Bruno,
who will ensure that you will have a good meeting and a very enjoyable stay here in Barcelona.

I wish you all avery interesting and productive workshop and | thank you for your attention.

16



WELCOME ADDRESS ON BEHALF OF THE
MANAGEMENT BOARD OF THE TDB PROJECT

M ehdi Askarieh
Chairman of the OECD/NEA TDB Phase || Management Board
Nirex Ltd, Curie Avenue, Harwell, Oxfordshire, OX11 ORH, UK

Dear Colleagues,

On behalf of the organisations represented in the Management Board of the OECD/NEA
Thermochemical Database Project Phase |1 (TDB-II), | would like to welcome you to this workshop.

The present phase of the NEA TDB Project was started in 1998 to continue the activities
launched by the Radioactive Waste Management Committee of the NEA with two primary aims:

« to make avalable a comprehensive, internationally recognised and quality-assured
thermodynamical database that will meet the speciaised modelling requirements for safety
assessments of radioactive waste disposal systems;

» toimprove the exchange of information and communication on chemical thermodynamic data
amongst the OECD/NEA Member countries.

For the next two days we are going to have the opportunity to contribute to achieving these two
aims by addressing a specific topic: the use of the data contained in the thermochemical compilations,
with particular attention to those selected in the NEA TDB critical reviews.

We shall have sessions in which the scientific framework for data selection will be presented and
discussed. We shall move later on to specific examples of the use of this datain performance assessment
and to the problems that can arise at this stage. The two communities that participate in this aspect of
radioactive waste management (those working in the chemical laboratories and those responsible for
the modelling of the repository concepts) will therefore have the opportunity to jointly discuss their
research potential and specific needs. A final panel session has been contemplated for this purpose.

| would like to encourage your active participation in the workshop. It will constitute a very
valuable feedback to those working on thermochemical databases and, more specificaly, will be
instrumental in orienting the future activities of the OECD/NEA TDB Project.

Many thanks for your attention and | wish you a successful workshop.

17






WELCOME ADDRESS ON BEHALF OF ENRESA

Julio Astudillo
Head of the R& D Department
ENRESA

Dear Colleagues,

It is a pleasure for ENRESA to welcome you to this TDB workshop of the NEA in which
ENRESA, together with other Spanish organisations, has collaborated since its conception.

From the point of view of the radioactive waste management agencies, the work to be devel oped
within the TDB project is of outstanding importance in order to be able to obtain not only a more
realistic knowledge of the thermodynamic properties of the main radionuclides included in high-level
wastes, but also and even more important, to dispose of reliable and contrasted data that can be
applied, both in the research of the long-term behaviour of high-activity wastes and in performance
assessment.

The OECD/NEA Data Bank has been making great efforts in this respect, and it is the ENRESA
intention to collaborate in this field, in which the harmonisation and comparison of data must
contribute with strength to the proposed analyses of each one of the user organisations.

We expect that the workshop will fulfil its established objectives and we also want to thank
UPC-QUANTISCI for their efforts concerning the organisation of this workshop, joining scientific
activities with the enjoyment of agreat city like Barcelona.

Thank you very much and enjoy the workshop.
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SESSION |

The TDB Project

Chair: M. Askarieh
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OVERVIEW OF WORK AT THE OECD/NEA DATA BANK FOR THE TDB PROJECT

Federico Mompean
TDB Project Supervisor
OECD/NEA Data Bank

The NEA TDB Project aims at making available a comprehensive, internally consistent and
quality-assured chemical thermodynamic database of selected chemical elementsin order to meet the
specialised modelling requirements for safety assessments of radioactive waste disposal systems.
The project was initiated by the NEA in 1984 and reorganised in 1998. During the period 1984-1998
(TDB Project Phase I, TDB-I), reviews on the chemical thermodynamics for the following elements
were completed: U [1], Am [2] and Tc [3]. A further review originating from TDB-I and dealing with
datafor Np and Pu appeared in print in May 2001 [4]. Although not gtrictly a part of TDB-I, a further
collective publication of OECD/NEA [5] is amuch-cited referencein the field of aquatic chemistry.

The second phase of the TDB Project (TDB Project Phase I, TDB-II) was started in 1998
following an agreement between the following Participating Organisations (“ participants’):

e ANSTO (Austraia);

* NIRAS/ONDRAF (Belgiumy;
*  RAWRA (Czech Republic);

* POSIVA (Finland);
 ANDRA and IPSN (France);
»  FZK (Germany);

«  PNC (Japan);

« ENRESA (Spain);

* SKB and SKI (Sweden);

* HSK, NAGRA and PSI (Switzerland);
*  BNFL and NIREX (UK);

« DOE (USA).

23



These funding organisations integrate the Management Board of the project. For technical matters,
the Management Board is assisted by an Executive Group.

The NEA acts during this second phase as Project Co-ordinator, implementing the work programme
according to the TDB Guidelines, which accrue the experience gained in the previous phase of the
project and congtitute one of the pillars of the quality assurance of the NEA TDB Database.

The TDB-II Agreement wasinitially concluded for a three-year period but, following its provisions,
it was recently been renewed until the end of 2002 in order to accommodate changes in the time
schedule of the Review Teams.

Figure 1lillustrates the relations between the different agentsin the NEA TDB Project.

Figure 1. Organisation of the NEA TDB Project

The current phase of the project benefits from the past experience during TDB Phase | and
is funded by the Participating Organisations. The NEA assumes the role of Co-ordinator,
implementing the programme of work decided by the TDB Phase || Management Board.
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The NEA TDB Phasell Review Teams

One of the responsibilities of the NEA, as Project Co-ordinator, is the nomination of the TDB-II
Review Teams and day-to-day follow up of their work. For TDB-II, the following reviews were
considered by the TDB Management Board as priority iSsues:

e update on the chemical thermodynamics of the inorganic species for the elements dealt with
in Phasel (U, Am, Tc, Np, Pu);

» chemical thermodynamics of inorganic species of Ni;
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» chemical thermodynamics of inorganic species of Se;
e chemical thermodynamics of inorganic species of Zr;

e chemical thermodynamics of species comprising al the above elements co-ordinated with
selected organic ligands (EDTA, isosaccharinic acid, oxalate and citrate).

Accordingly, five Review Teams were congtituted during 1999 and are integrated by 25 experts
of international reputation in the field of chemical thermodynamics from both OECD and non-OECD
countries.

The TDB-1I Review Teams perform their work by criticaly reviewing the scientific literature and
when necessary by re-evaluating the published data according to common standards. These standards and
other procedures followed in the TDB Project are detailed in the TDB Guidelines, which are available
for public consultation on the TDB Project web pages (http://www.nea.fr/html/dbtdb). The Guidelines
al so specify the rules for the assignment of the uncertainties of the thermodynamic data.

An essential characteristic of the data contained in the NEA TDB Reviews is the final stage of
“peer review” of the manuscripts prepared by the Review Teams. This peer review is performed by
independent experts from the scientific community, nominated by the NEA, who follow a detailed
documented procedure to revise the Review Team work. The final publication of the reviews is
conditioned to the satisfactory response to all comments and criticism raised by the peer reviewers.

Further rolesof the NEA as TDB Phasell Project Co-ordinator

The NEA Data Bank makes a further effort to collect and preserve al information and data rel evant
to the project. One of its mgjor assets is a compilation of nearly 10 000 scientific and technical
documents extracted from the scientific literature in the field of chemical thermodynamics through the

combined efforts of the TDB Reviewers and the NEA Data Bank staff.

A substantia effort is required to ensure the timely publication of the reviews in the public
scientific literature. The NEA Data Bank co-ordinates to this purpose:

» theedition of the drafts prepared by the reviewers;

» theorganisation of the peer review process,

» the compilation of the TDB bibliographical database;

» the maintenance and development of the selected values database and associated scientific

software.

Status of the TDB Phase |l Reviews

During 2000, the TDB Review Team on the update for U, Am, Np, Pu and Tc and the Review
Team dealing with organic ligands have completed a major part of their work. The Review Team on
dealing with the update has revised all the new literature which has appeared since the publication of

the reviews for the corresponding elements during TDB Phase |. Both teams will therefore be ready to
submit their manuscripts for peer review during 2001, with an estimated date of publication in 2002.
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Literature review work has been the mgjor task of the Review Teams on Ni, Se and Zr during 2000
and it is foreseen that 2001 will be devoted to the draft review preparation, aiming at publication late
in 2002.
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THE TDB STORY

Hans Wanner
Swiss Federal Nuclear Safety Inspectorate (HSK)
CH-5232 Villigen-HSK, Switzerland

The initiator of the NEA TDB project was Anthony Muller. He came from Sandia and was
employed at the NEA Division of Radiation Protection and Radioactive Waste Management from
1983 to 1986. He was aware that the radioactive waste management community needed a high-quality
thermodynamic database that is focused on the particular needs of this community. At that time, some
critically reviewed and widely used databases did exist: The Critical Stability Constants by Smith and
Martell (1974-1977), the NBS Tables of Chemical Thermodynamic Properties (1982) and the IAEA
project on Chemica Thermodynamics of the Actinides (10 volumes appeared between 1976 and 1992,
four volumes were not published, among which the volume on the actinide oxides). However, none of
them presents sufficiently comprehensive data sets for the needs of radioactive waste management.
Anthony Muller was very talented in convincing people. He thus succeeded to persuade the Radioactive
Waste Management Committee of the NEA of the need to start such an international effort. He defined
ten key elements (U, Np, Pu, Am, Tc, Cs, Sr, Ra, |, Pb) and set up expert teams for each element.
However, he grestly underestimated the effort needed for such a critical review, and he announced a
timetable that promised the review reports of all ten elements within a total duration of two to three
years. This unrealistic estimate put us and the TDB project into serious trouble in the late 1980s.

The writer of the present article was in charge of the TDB project from 1986 to 1992. He was
employed at the NEA Data Bank, which is a scientific environment with similar projects in the nuclear
data field. In order to build a quality assurance framework, the development of procedures for the
treatment and selection of data was started, which resulted in the following guidelines:

e TDB-0-The NEA Thermochemical Data Base Project (overview)

* TDB-1-Guidelinesfor the Review Procedure and Data Selection

» TDB-2 - Guidelinesfor the Extrapolation to Zero lonic Strength (SIT)

» TDB-3 - Guidelinesfor the Assignment of Uncertainties

» TDB-4 — Temperature Corrections to Thermodynamic Data and Enthalpy Calculations

* TDB-5- Standards and Conventions for TDB Publications

e TDB-6 — Guidelines for the Independent Peer Review of TDB Reports
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All these guidelines are available as PDF files on the Internet. These procedures uniformed the
extrapolation to zero ionic strength (SIT), the rationale in assigning uncertainties, the weighting of the
datain the SIT procedure, the treatment of inconsistent data, and it gave instructions on symbols and
terminology, as well as on the correction from molarity to molality (used by SIT) and from the 1 atm
to the 1 bar standard state.

In addition, some important decisions were taken in the early course of the project:
» All accepted data are based on experiments.
* All selected datarefer to 25°C, 1 bar and | = 0.

» All selected data are provided with uncertainties (95% confidence level, including systematic
errors).

« CODATA Key Values are used as auxiliary data.
» Further auxiliary data are selected according to the TDB procedures.
e Tota transparency in the judgement of the literature and in the data selection is required.

The NEA arranged for agreements with various national organisations which guaranteed financial
support of the reviewers, which is the standard way OECD projects work. However, the main reason
for slow progress was the limited availability of the reviewers. In view of the considerably larger
effort and slower progress than anticipated, it was decided to focus on the five elements U, Np, Pu,
Am and Tc, and to start on hew elements only when these five are close to completion.

In 1989, afirst draft of the uranium review was disseminated in 200 copies. Some data have been
revised or deleted between this draft and the final book published in 1992, and unfortunately several
databases till contain some of the old data.

Non-permanent posts at the OECD are limited to five years, which means that new project
co-ordinators for TDB have to be recruited every few years. Such a change of responsible personnel
leads to adelay of about six months in the progress of the project.

Ignasi Puigdomenech was TDB co-ordinator from 1992 to 1995 and published the americium
book. Amaia Sandino was responsible for the project between 1995 and 1997. In this period the book
on Maodelling in Aquatic Chemistry was completed and published. The preparation of this book was
started with the publication of the uranium book in 1992, and its purpose is to give advice to the users
of these data with regard to their application in performance assessment.

At this time, the success of the TDB project was undisputed, and since the last two publications
were expected to appear within very little time, a meeting was held a the NEA in which a
continuation of the project was discussed. It was decided that the NEA should have a budget that is
sufficient to pay the reviewers, in order to increase the influence on the progress of the work. Thisfell
into the era of Erik Osthols, who co-ordinated the TDB project from 1998 to 2000, and who succeeded
in issuing the technetium book in 1999. Federico Mompean joined the NEA last year and managed the
final rush of the publication of the Np/Pu book, which appeared very recently.

Figure 1 provides an overview of the history of Phase | of the NEA TDB Project and lists the
major milestones.
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Figure 1. Overview of the major milestonesin Phase | of the NEA TDB Project
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PHASE Il OF THE NEA TDB PROJECT AND SOME
LESSONSLEARNED FROM THE USE OF PHASE | DATA

Kastriot Spahiu
SKB, Sweden

I ntroduction

As the five initial reviews of the TDB Project come to their conclusion, the negotiations for an
independently funded continuation of the TDB Project through two meetings of an ad hoc group were
completed in late 1997. The participating organisations are ANSTO (Australia), NIRAS/ONDRAF
(Belgium), RAWRA (Czech Republic), POSIVA (Finland), ANDRA and IPSN (France), FZK
(Germany), INC/PNC (Japan), ENRESA (Spain), SKB and SKI (Sweden), HSK, NAGRA and PSI
(Switzerland), BNFL and NIREX (UK) and the DOE (USA). This project is referred to as the TDB
Phase Il Project, or ssimply TDB Il. The following new reviews will be performed within this project:

» anupdate of the existing U/Am/Tc/Np/Pu reviews (one review team for all elements);
» theinorganic chemistry of Ni;
» theinorganic chemistry of Se;

» the complexation of selected ssimple organic ligands (ISA, EDTA, citrate and oxalate) with U,
Am, Tc, Np, Pu, Ni, Se, Zr and some selected competing cations;

» theinorganic chemistry of Zr.

These review areas have been decided on taking into account the toxicity, mobility, radioactivity
and half-lives of the commonly occurring nuclides in radioactive waste, as well as the particular areas
of interest of the funding organisations.

To avoid the delays that have plagued Phase I, the organisation of the TDB Project has been
restructured (see below), and the funding provided has been calculated to cover all hecessary expenses
for the project.

Organisation of the TDB |1 Project

The second phase of the TDB Project is organised as a semi-autonomous project under the
guidance of a management board, representing the participating organisations or countries. The NEA
acts as the project co-ordinator, obtaining assistance and advice concerning technical matters from an
Executive Group within the Management Board. Asin Phase |, Review Teams evaluate existing data
and prepare interim and final reports. The Management Board is ultimately responsible for the project
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and defines and approves the annua programme of work and budget. The Executive Group, which
consists of four persons of strong technical background, acts as a technical adviser to the Management
Board. It also gives advice and assists the project co-ordinator. The main part of the work at the NEA
is performed by the NEA Data Bank and covers the co-ordination of the review teams (meetings, etc.),
editing of review report manuscripts and the update and maintenance of the TDB database. The Review
Teams consist of four to seven experts.

Team experts must be highly qualified in the scientific area covered by the review, and have a
wide range of direct experimental experience. This experience is crucial for the experts to be able to
judge the quality and completeness of the scientific publications under review. The reviewers critically
review the chemical thermodynamic data available for the element or ligand in question. The review
is carried out according to specified procedures, to ensure consistency and quality control. These
procedures are documented in the TDB Guidelines, available on the OECD/NEA TDB web site [1].
Based on their review, the reviewers recommend a set of data, and present these data along with their
associated uncertainties. They aso provide a detailed judtification for the selection, including their
primary data sourcesin the resulting report.

Currently, no sorption, diffusion or kinetic data are included in the project database, nor are data
for polyelectrolytes or organic ligands other than the selected set treated by the review group for
simple organic ligands.

The parameters included in the TDB database are not measured directly, but are obtained by
interpreting experimental results and using a set of auxiliary data, i.e. data for chemical species and
compounds which are not under direct investigation, but which nevertheless are necessary to evaluate
the data of interest. These auxiliary data are also required to make experimental equilibrium data
applicable to different sets of component (“master”) species.

In general, selected data are presented for a temperature of 298.15 K and a pressure of 1 bar.
More details about the specific reference conditions for the parameters used in the NEA TDB Project
reviews can be found in the TDB Guideine Report TDB-5 [2]

Timetablefor the TDB I project

The TDB |l Project was started on 1 April 1998 and formally ends when all review reports from
the TDB Il Review Teams are finished and ready to send to print.

Thereview procedure

The first step of the review procedure is the compilation of data published in the scientific
literature for each key element. In principle, the literature search should cover everything relevant that
has ever been published on the subject (for update reviews, the literature search will obviously start at
the date where the previous review report stopped). For most reviews, however, some restrictions have
to be made since the resources available are not sufficient to cover everything that could possibly
be included. These restrictions are subject to the consent of the Executive Group and ultimately
the Management Board. The restrictions are made primarily taking into account the needs of the
nuclear waste site performance assessment community, insofar as possible. The restrictions made are
documented in the respective review reports. As mentioned above, no sorption, diffusion or kinetic
data areincluded. Usually, aloys are also excluded, as are many ternary and quaternary compounds of
certain elements. Minerals are usualy excluded because of the lack of well-defined stoichiometries;
reliable thermodynamic datafor minerals are, in any case, scarce (see e.g. [3], Appendix D).
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In general, the OECD/NEA TDB reviews only take into account primary experimental data, not
estimates or caculated parameters. However, if scientifically well-established procedures for making
estimates of otherwise unavailable data (i.e. by analogies with similar elements) exist, such procedures
may be employed. If no reliable experimenta data exist and no data are available for similar elements
that would allow estimates to be made, the TBD reviews do not attempt to fill the resulting gaps in the
thermodynamic database. Areas that merit further experimental investigation are pointed out in the
review reports.

When possible, experimental source data are re-evaluated by using chemical models which are
found to be more accurate than those used by the original authors.

Thefina result is a selected set of data of formation and reaction for each key element considered
by the review, as well as for the auxiliary data that were used for recalculations in the critical review.
It is essential that a consistent auxiliary data set be used in conjunction with the data set of the key
element. The selection procedure is described in detail in the TDB-1 Guideline [4].

These data and their uncertainties are stored in the TDB database. Since various publications in
the scientific literature contain equilibrium constants or thermodynamic data of reaction rather than the
thermodynamic data of formation of single species, the database can aso store chemica reactions, as
well as the corresponding reaction data with uncertaintiesin Sl units. This also allows selected data to
be stored for reactions where no formation data can be extracted, as well as giving users of the
database the possibility to use the selected reaction data directly without having to recalculate these
data from formation data. Such recalculations usually lead to uncertainties that are much larger than
those assigned to the origina experimental data.

Uncertainty estimates of equilibrium data

One of the principal objectives of the NEA TDB development effort is to provide an idea of the
uncertainties associated with the data selected in this review. This makes the calculation of confidence
limits for the derived quantities possible. In general, the uncertainties should define the range within
which the corresponding data can be reproduced with a probability of 95% at any place and by any
appropriate method. In many cases, statistical trestment is limited or impossible due to the availability
of only one or afew data points. A particular problem has to be solved when significant discrepancies
occur between different source data. The TDB-3 Guideline [5] contains a description of the statistical
procedures that are used for the problems encountered.

Independent peer review

As in TDB Phase I, the reports are reviewed by an independent set of experts before fina
publication. Then as now, the purpose of this additional “peer review” is to obtain an independent
view of the judgements and assessments made by the primary reviewers, to verify assumptions, results
and conclusions, and to check whether the relevant literature has been exhaustively considered.
The procedures for performing the peer reviews are described in detail in the TDB-6 Guideline [6].
Thisis a very important part of the quality assurance for the published reviews. The independent peer
review is performed by personnel having technical expertise in the subject matter to be reviewed, to a
degree at least equivalent to that needed for the original review. Since the authors of the reviews are
specialists within the scientific area concerned, they are the persons best positioned to find suitable
scientists to perform the peer reviews. Hence, the peer reviewers are suggested by the members of the
Review Team, and submitted to the TDB Executive Group and Management Board for approval.

33



Some lessons lear ned from the use of Phase | data

To be useful in performance assessment work, a database must contain datafor all the elements of
interest in nuclear waste disposal and document why and how the data was selected. It should document
the sources of experimental data used, treat all published data on the solids and agueous species of the
elements of interest, and finally be internally consi stent.

The NEA TDB project [7] was started in response to the recognition of shortcomings in these
existing national databases. At the time, it was clear that although a number of thermodynamic data
compilations and reviews had aready been published [8-11], none of them could be used reliably as a
complete source data table to study the behaviour of radioelements in the environment. In particular,
the documentation on how and why a particular datum was selected is often omitted, in favour of
general guidelines or no information at all.

Grauer [12] discusses the consequences of this lack of documentation in the case of cadmium
carbonate solubilities reported in these reviews and compilations. Cadmium is an important industrial
contaminant and one of its potential solubility limiting solids in the environment is cadmium
carbonate. Stipp, et al. [13], besides carefully measuring the solubility of CdCOx(s), aso reconstructed
a diagram of the origin of the various solubility constants reported in literature for this compound.
They showed that the current table values for this constant are mostly based on a heat of dilution
determined in 1883 and differences in the assessment of this work and the use of different auxiliary
constants resulted in the spread of values given for the solubility product.

In order to represent the main processes governing the release of the radionuclides from the waste
form discussed above, and their migration to the biosphere, there is a need for a variety of data and
geochemical models. The solubility and adsorption behaviour of the radionuclides depends strongly on
their speciation.

The actinides are the main contributors to the radioactivity of HLW after a few hundred years
(however, fission products contribute during the initial period to a much higher activity). The agueous
chemistry of the actinides is characterised by multiple oxidation states (from Ill to VI in the
environment, but |1 and V11 are also known). For plutonium under certain conditions all four oxidation
states may coexist in water solutions. The chemical behaviour of the actinide elements in a particular
redox state [e.g. Th(IV), U(IV), Np(IV), Pu(IV), Am(IV)] is quite similar. However their redox behaviour
is quite different. The actinides are hard ions, i.e. form strong complexes with oxygen containing ligands
(OH", CO3, PO3, SO%). Especidly in their lower oxidation states they have strong hydrolysis and
atendency to polymerise, as well as very insoluble hydroxides. This, together with the ease of oxidation
of, eg. U(1V), makesit difficult to perform high-quality measurements and their evaluation, and require
in most cases the use of tracer methods. Thus, a large number of studies concerning the solubility of
amorphous and crystalline uranium (IV) oxide under reducing conditions do exist. However, the
measured uranium solubilities differ by more than five orders of magnitude ([14] and therein).

As an example of the review work, the critical review of astudy [15] of the phosphate complexation
of Pu(l1l) through solubility measurements of PUPO,xH,0 is presented below [16]. Then an overview
of the data and the need for future studies in the field of plutonium phosphate agqueous chemistry will
be presented.

The composition of the solid in the work of Moskvin [15] has been verified only by chemical
analysis, and no water content is reported. The solubility was measured at 20+1°C, an ionic medium



0.5M NaClQ,, at the pH interval 0.3-7.2. The author explains the solubility data assuming the formation
of the complex PuPO, with log;o3(PuPO,) = 19.2 and obtains 10g;0Kso = -24.4 for the reaction:

PUPO, [XH,0(s) == Pu®* +PO? +xH,0

No phase verification before and after equilibration was performed, and no holding reductant or
test of the oxidation state of plutonium in solution is reported. The solubility is measured only from
under-saturation. The third dissociation constant of the phosphoric acid used by the authors is high,
even compared to values used by the same author in other works. The formation of the complex
PuPO, at the very low total phosphate concentrations resulting from the dissolution of the solid and
low pH is not supported by studiesin similar systems.

Recent studies on phosphate complexation of three valent lanthanides [17,18] and americium [3,19]
have shown that the stability of similar M(111)PO, complexes has been overestimated by several orders
of magnitude. The same is true in the present case, namely amost al Pu(lll) in the ion exchange
experiments discussed in the second part of this same work should be in the form of PuPQ,, while the
author considers here only the formation of complexeswith H,PO; asligand.

The formation of the complex is based on the levelling-out of the solubility curve for pH = 4. This
is probably due to some experimenta shortcomings, especialy if the pH shift (from Table 2 in [15])
during the attainment of equilibrium is considered. Among possible explanations for the acidification
of the solution during the equilibration with the solid may be only solution reactions involving Pu®*
(and at these pH values the hydrolysis is negligible), or a phase transformation of the solid to some
hydroxyphosphate. Since no details on the holding reductant or the filtration procedure are reported, it
is aso possible that Pu(lll) is partialy oxidised to Pu(lV) and the colloidal Pu(lV) is considered as
soluble Pu(lll). For these reasons the solubility data for pH > 4 were discarded. The resulting solubility
product 10g;0Ks0(0.5 M NaClO,, 20°C) = -21.5+0.5 was recalculated at standard conditions with the
interaction coefficient €(p: 1o7) UE(uge+ ci05) = 049, obtaining 10guoKsp = -24.57+0.8, where the increased

error should account for the different temperature and the approximate interaction coefficient.

The same holds for the five phosphate complexes of Pu(lV), Pu(HPO,),, n=1-5, which are
present in most of the databases. It is shown [16] that the reported constants [20] are overestimated by
several orders of magnitude and for this reason have been rejected.

This type of review work, including recalculation of primary data and discussion of experimental
details in the original publication, is very time consuming and difficult to achieve in the various
national database compilations, where all species of all radionuclides have to be reviewed within
relatively limited time and resour ces.

On the other hand, this does not mean that Pu(lll or 1V) phosphate complexes do not exist, it
simply means that further studies of plutonium-phosphate agueous system are needed.

As mentioned above, specia care istaken to estimate the uncertainties in each stored datum at the
OECD/NEA database. Thereis, though, an apparent contradiction in the use of these data with various
geochemical caculation codes. to my knowledge none of the codes can make use of these
uncertainties. Thus, e.g. no code can use the uncertainties of all the possible complexes and of the
solubility product when calculating the solubility of a radioelement in a given medium. Thisis not a
simple task, but some more effort may be needed in this direction.
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In general, the OECD/NEA TDB reviews only take into account primary experimenta data, not
estimates or calculated parameters. Thus, the fact that data for a certain species or solid is missing in
the NEA database does not mean that it does not exist. In this case, if established procedures for
making estimates of unavailable data (i.e. by analogies with smilar elements) exist, they may be
employed in performance assessment calculations. This is illustrated with the example of nickel
solubilities in reducing sulphidic groundwaters [21]. The published solubility product constants for
NiS(s) vary by many orders of magnitude. Furthermore nickel sulphide complexes are very poorly
studied and their neglect may lead to a severe underestimation of nickel solubility, as judged from
analogy with the carefully studied analogue ZnS(s). In this case, besides recommending new careful
studies of the sulphide complexation of nickel and NiS(s) solubilities, a non-conservative estimation of
nickel solubilities in performance assessment may be avoided by using the analogy with Zn.

In the mean time, for certain elements like, for example, Th, aliterature collection and storage in
a database is continuously maintained at the OECD/NEA. It is important to know that in this case the
database has only a list of constants as published in the literature, without any critical review of the
data. It may be used to save time searching literature, but the quality of the data should be judged from
the original publication.

The various geochemical codes like EQ 3/6, PHREEQE, etc., in their various versions use
databases not aways of guarantied quality. Striving towards completeness, their databases sometimes
contain published data which have been shown later in the literature to be erroneous. Thus species as
UO,(H,POy) or Pu(lV)(COs)y, x = 1-5 are included in relatively recent versions of databases with
constants having more than 35 orders of magnitude error. It is the task of the modeller to assure the
highest possible quality of the database.

Even when using a high quality database, a modeller may find that important information is till
missing. The databases contain data at standard state conditions and at a reference temperature, which
means that they should be recal culated at the appropriate ionic medium and temperature.

Conclusion

The published TDB Project reviews have earned widespread recognition due to their high quality,
and have aso found many users in the general research community, in addition to the intended
audience of speciadistsin safety assessment studies. As the project now enters a new phase, it will aim
to continue producing high-quality, relevant review reports useful to scientists and safety assessment
modellers alike.
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DISCUSSION

J. Bruno remarked that it is not unusua to find data in some compilations for species for which
there is no evidence of their existence.

I. Grenthe criticised the analysis of some systems, whose chemistry is dominated by binary
species, in terms of species of higher order.

T. Fanghanel showed evidence contrary to the existence of the mixed hydroxicarbonate
CmOHCO4(s) based on fluorescence studies, which can have important implications for its chemical
analogue, Am. He also commented on the phase transformation occurring between the two Am
carbonates: Am,(COz)3(am) to NaAm(COs),(s) when increasing the ionic strength over 0.1 M.

L. Wang commented that some of the irregularities mentioned previously in the databases
associated with the inclusion of non-existing species had been corrected in the most recent releases, as
in the case of the database accompanying the EQ3/6 code.

K. Spahiu raised some issues on the uncertainties on the solubilities as well as on the incorrect,

but sometimes encountered, use of solubility product data from the compilations for each individual
isotope of a given e ement when various i sotopes are present.
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APPLICATION OF PITZER’SION-INTERACTION
APPROACH FOR THE CALCULATION OF EXCESS PROPERTIES
OF TRACE RADIONUCLIDESIN ELECTROLYTE SOLUTIONS

Thomas Fanghéane
Institute of Radiochemistry, Forschungszentrum Rossendorf
D-01314 Dresden (Germany)

Introduction to excess propertiesin eectrolyte solutions
Two basic problems are commonly encountered in aquatic chemistry:
* What isthe stoichiometry (and the structure) of the species formed in the solution?

* What are the quantities of these species as a function of the system composition and other
basic thermodynamic variables (such as temperature or pressure)?

To provide answers to these questions a first assumption is to consider that the system being
studied is in equilibrium. Under this assumption, in this paper the focus of attention will be on the
methods leading to answers for the second of the above-mentioned questions.

For a system in equilibrium at constant temperature and pressure, Gibbs free energy, G, should

have a minimum value. Let us consider a system that can described by chemical equilibria such as the
following:

M(ad) + L(a) == M(aq)
M (ag) + nH,0(1) == M(OH)x(ad) + nH"(a0)
MX EH,O(s) == M (ag)+X (ag)+nH,O(1)

It is convenient to express the change in Gibbs energy upon reaction as a function of the chemical
potential of the speciesinvolved in each case, i, by using the stoichiometric coefficients v; as:

Ar(-;m = zviui

The chemical potentials are themselves expressed in the customary way as a sum of a
standard-state contribution (standard chemical potential) plus aterm which is afunction of the activity
of the corresponding species:

K, =H + RTIna,
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Before proceeding any further in practice, it would be useful to define the standard state. For
solution equilibria two standard states are considered:

* For the solids (s) or solvent (1), i.e. H,O, involved in the equilibria, the standard state is
chosen asthat corresponding to the pure components:

Mo =M +RTIna,;x, - La, -1
» For the agueous species (ag), the standard state is that corresponding to a hypothetical 1 molal

solution holding the same interactions as an infinite dilution solution, where activity
coefficients will become unity:

Mo =H2 +RT Inay; Vs =%;m—» Oy, -1

By reference to these standard states, it is possible to rewrite the change in Gibbs energy for the
relevant reaction as:

AG,, = Zviui =Z\)iuf’ +RTZ\)i Ina,

Sincein equilibrium AG,, = 0, using K° = Ma; the well-known equation relation between standard
chemical potentials and the standard state equilibrium constant:

Zvipi“ =-RTInK®

This equation shows that in order to determine the equilibrium composition of the system,
knowledge is needed of :

«  Standard chemical potentials, themselves functions of temperature and pressure: g = f (T,p);

e Activity coefficients, y, = f(my,...,m,T,p) and water activities, a, = f(hy,...,m,T,p), in turn
obtained from osmotic coefficients. @= —1000InaW/M wyMm.

For most systems, the following additional simplifications can be safely introduced:

* neglecting the dependence on pressure for the activity coefficients and water activities
(for pressure excursions below 500 bar): yy,aw # f(p);

e assuming constant temperature (that corresponding to the standard state);

» neglecting the dependences of activity coefficients on the molalities of trace species (i.e. those
speciesfor which my << my): vy, # f(my);

These simplifications result in the following practical dependences of activity coefficients and
water activities on the molalities of the different species present:

Yo = fi(my,...,my)
ay = f(my,...,my)

46



This results in the expression for the excess Gibbs energy, G*, which is a function of the
molalities of the present species:

G= = f(m,...,m)=RT=n (1-@+Iny;)

where the excess property is defined as the difference between the actual value of the magnitude and
the value for an ideal system:

X* = X(actual) — X(ideal)

Electrolyte thermodynamics

Lacking a suitable ab initio theory describing electrolyte solutions, recourse is often made to
extensions of the limiting law established by Debye and Hickel. This limiting law provides a
description based on coulombic forces, but neglects al direct effects that are expected at short range.
Therefore Debye-Hiickel 1aw is appropriate only to work near the infinite dilution limit and constitutes
only a crude approximation at dightly higher concentrations. Several extensions of the Debye-Hickel
limiting law have been proposed bearing in mind the need to describe short-range interactions under
varying degrees of specificity and resulting in different ranges of applicability. Figure 1 contains a
summary of some of these approaches. The rest of this section is devoted to the illustration of the basic
elements of the approach due to Pitzer.

Figure 1. Activity coefficient models
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The paper by Dr. Spahiu in these proceedings focuses on the Bransted-Guggenheim-Scatchard
(BGS) specific ion-interaction model (SIT). Here we shall only mention that within this latter model,
the activity coefficients are calcul ated using the expression:

l0GoY; =l0gy,yP" + zsu m

where the first term represents an “effective distance” Debye-Hickel contribution and the second
represents an expansion reflecting other cation-anion interactions.
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In Pitzer’ s approach, the excess Gibbs energy is expressed as the following expansion:

W(j;_l_ = f(l)+Zmej}\ij(|)+ZZmejnwijk

where | =%z mZ? istheionic strength, w,, represents the number of kilograms of water, f(l) is the

Debye-Hiickel limiting law, and the coefficients A(I) and W« represent the binary and triple short
range interactions between the i, j and k ionic species respectively. Correspondingly, the expression
for the activity coefficients and the osmotic coefficient are derived from the excess Gibbs energy
using:

8(G=/w,RT)O
om
(oG /ow, ),

- RTS m

Iny, =

w

resulting in (the following formulais written for the case of the cation M in an electrolyte MX, similar
formulae can be derived for Inyx and @):

InYy =Z§F +3 M. (2B, + ZCya) + 3 M 2Py + 3 M
+§<za,mama’wMaa’ +ZM ngcmacca-l-zgmn)\nM

where ¢ stands for cations, a for anions, n for neutral species, Zy for the charge of the cation M and
Z= Zm|Zi|. F includes the Debye-Hiickel dlope term and other terms depending on the ionic

strength. Bua and Cy, can be written in terms of the B, B and C coefficients for each ion pair and
the ionic strength, ®y. as a function of the corresponding 6 for cation pairs and the ionic strength so
that the calcul ated activity coefficient accounts for the following interactions:

« cation-anion— B, p® and C® coefficients;

e ion-neutral species—A;

e cation-cation or anion-anion — 9;

» cation-cation-anion or cation-anion-anion — Y.

Applicability of the Pitzer approach

Within the framework presented above an accurate description of the thermodynamic properties
of dectrolyte systems of high complexity has been possible up to high values of the ionic strength
(I =20 m). An example of this extended range of applicability is the description of seawater based on
the species: Na'", K*, Mg, Ca™/CI”, SO?~ and the (HCO;, CO3% , CO,) sub-system. Moreover, the
approach is flexible enough to account for complex formation equilibria
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Figure 2 illugtrates the three main types of data needed in order to apply the theoretical
framework together with the experimental methods more adequate to obtain the desired information:

» datafor the standard chemical potentia of the solid species involved in the equilibria, which
can be obtained from solubility measurements of from thermochemical measurements;

» datafor the standard chemical potentia of the agueous species, obtained from heterogeneous
solid-liquid or liquid-liquid equilibria conjugated with spectroscopic techniques such as
UV-VIS, timeresolved laser fluorescence spectroscopy or laser photoacoustic detection
spectrosocopy;

o Pitzer's theory parameters, obtained from heterogeneous equilibria by means of emf or
isopiestic measurements and the full range of spectroscopic techniques mentioned above.

Figure 2. Appropriate experimental methodsto obtain
the needed data, 2,3, and Pitzer parameters

Application

«— 9I-Eq. (solubility)
~—— thermochem. (c ,,H...)

«— heterog. Eq. (s/1,1/1)
——— Spectroscopy (UV-VIS TRLFS, LPAS

-— EMF; Isopiestic...
-—— Spectroscopy (UV-VIS, TRLFS, LPAS
~—— heterog. Eq. (s/1,1/1,1/g)

Pitzer
param.

1. Chemical model (y, = const.)

2. Excess properties (3, K = f(composition)

Figure 2 also illustrates the need to identify a chemical model under conditions where the activity

coefficients are constant and then proceed to determine the excess properties represented by the model
parameters.

Among the wealth of examples that can be extracted from the literature dealing with the

application of Pitzer's approach, the An(l11) carbonate system can be mentioned. For this system,
complex formation can be depicted by the equilibria:

An® +nCO2" == An(CO,)*™

Selected fluorescence emission spectra measured over a wide range of carbonate concentrations
and at constant NaCl moldity (1 molal) are presented in Figure 3. Figure 3(a) contains spectra measured
at low carbonate concentrations ([ CO3™] < 10 molal) and low pH (pH < 7) while in Figure 3(b) the
results of batch experiments ([ CO3 ] > 10~ molal; pH > 8) are presented. As the carbonate concentration
isincreased, a shift of several nm in the maximum of the emission band towards higher wavelength is
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Figure 3. Fluorescence spectra of Cm(CO;)3 2 (n = 0-4) at different [ CO% ] concentrations
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observed. This shift is attributed to the formation of inner-sphere carbonate complexes of Cm(lll).
The single component emission spectra of the Cm** agueous ion, Cm(l11) bicarbonate and Cm(lI1)
carbonate complexes derived by peak deconvolution are plotted in Figure 4 in the wavelength range
580-620 nm.

Figure 4. Single component fluor escence emission
spectra of Cm* and Cm(l I1)car bonate complexes
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Using the emission spectra of these individual species, all emission spectra measured at varying
carbonate concentrations and constant ionic strength (1 m NaCl) are deconvoluted. In order to verify

the postulated complex formation equilibria, 109, [Cm(CO,;)32"]1/[Cm(CO;)52"] is plotted as a
function of log,,[CO3% ] in Figure 5. Straight lines with a slope of one confirm the initialy postulated
Cm carbonate complexes.

Figure5. Correlation of the experimentally ratio
10g,[CM(CO;)3 " [/[Cm(CO;)32"] with the log,,[CO% ]

Cm?® +C0Z =Cm(CO,)*

log[Cm(CO ,),*2"]/[CM(CO,),,, >*"]

log [CO,%]

Figure 6 contains selected fluorescence emission spectra in a series of solutions at constant
carbonate concentration and increasing NaCl molality. With increasing NaCl concentration, the spectrum
is shifted toward higher wavelength, which indicates a change in the Cm(l11) species distribution due
to changes in the activity coefficients. The increase in my, leads to a stabilisation of the higher
carbonate complexes with higher negative charge.

Figure 6. Fluorescence spectra of Cm(CO;)3 2" (n = 1-4) at different [NaCl] concentrations
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The stepwise carbonate complexation equilibria:

Cm(CO,)2"+C03 == cm(COo, )™  (n=1-4)

n

measured spectroscopically as a function of the NaCl molality are plotted in Figure 7. These data are
used to determine the ion-interaction parameters for all Cm carbonate complexes.

Figure 7. Complexation constants of Cm(CO;)32" (n = 1-4) obtained from the Pitzer approach
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The lines in Figure 7 represent the complexation constants calculated with the Pitzer approach.
Taking into account available literature data on the carbonate complexation of trivalent actinides an
overall model was derived, as illustrated in Figures 8 and 9, resulting in a fairly good agreement
between model and experiment.

The present state of our knowledge on the thermodynamics of trivalent actinides (chemical

potentials of aqueous and solid species and ion-interaction parameters of the agueous species) is
illustrated in Figure 10.
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Figure 8. Overall model
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Figure 10. Present state of our knowledge on the thermodynamics of trivalent actinides
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Figures 11, 12 and 13 show experimental and model calculations for the variation of the solubility
of various trivalent actinides solids as a function of the acidity or the carbonate concentration for
various types of well-characterised solids in different media. In all cases the model curves shown have
been calculated by using the available Pitzer's approach parameters. Figure 13 illustrates further the
applicability of the model in accounting for the solubility products of various Np(V) solid phases.

Figure 11. Solubility of Am(I11) solids as a function of [H]
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Figure 12. Solubility of AMOHCO4(s)
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Figure 13. Experimental and predicted solubility products of Np(V) hydroxide
and carbonate solid phases as a function of NaClO4 and NaCl molality
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The schematic representation in Figure 14 summarises the present situation with respect to the
available experimenta information for different oxidation states for the actinide series. In particular,
the limited data existing for the tetravalent agueous species and the problem of characterisation of the
solid phases are highlighted.

Outside the actinide series, an example for another element with waste management implications
can be shown for Tc. Figure 15 shows the solubility data for KTcO, and CsTcO, solids in MgCl,
media and the fit to Pitzer's approach equations. The corresponding parameters have been used to
predict the solubility of KTcO4(s) in four concentrated multi-component solutions of different
composition (shown in Figure 16 as |, Il, 1l and V). The predictions for these brines evaluated using
Pitzer’' s approach can be compared to the experimental valuesin the table contained in Figure 17.
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Figure 14. Available experimental data for different oxidation statesfor the actinide series
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Figure 16. M odel validation by comparing predicted and independent experimental solubility
data of KTcOy(s) in concentrated multi-component solutions of different composition
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Figure 17. Experimental and calculated solubilities of KTcO, in high-saline brines

Brine main components (molal) 1 log mTcQ,
Na K Mg Ca Cl SO, (exp) |(pred.)

I 2.500 | 1.400 | 2.000 | O 6.500 | 0.700 | 10.60 | -2.24 | -2.24

1I 0.499 | 0.498 | 4.000 | 0 8.500 | 0.249 | 13.25 | -2.26 | -2.32

111 4990 | 0.894 | 0.893 | 0 5290 | 1.190 975 | -1.94 | -1.83

v 6.040 | 0.037 | 0.019 | 0.023 | 6.040 | 0.059 6.26 | -1.00 | -0.94

Limitations of Pitzer’sand SIT approaches

Table 1 summarises some of the acknowledged limitations and advantages of the two most
currently used theoretical approaches for evaluation of excess properties in electrolyte solutions.

Table 1. Summary of acknowledged limitations and advantages of Pitzer’sand SIT approaches

Pitzer’s SIT
Range of ionic strepgth for 6-20 3.4
recommended application
Systems No restrictions on complexity of systems | Restricted to simple systems.
or charge of the species. Systematic errors for ions with
charge = 2 since trenary interactions
and ionic strength dependence of
interaction parameters are neglected
Parametrisation Relatively large quantities of precise Few experimental data are sufficient
experimental data are needed. to implement equations.
Redundancy among parameters.
Restricted experimental information.
Difficult physical interpretation of
parameters.
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Some of the points contained in Table 1 are further illustrated in Figures 18, 19 and 20. Figure 21
highlights the limitations found in the application of Pitzer's approach to tetravalent actinides due to
the current lack of experimental data on trace activity coefficients.

Figure18. Limitations of BGS (SIT)
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Figure 20. Limitation of BGS (SIT), neglecting ternary interactions.
Example: H in different media (NaCl, CsCl)
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THE USE OF SIT IN THE NEA TDB PROJECT —ADVANTAGES, DRAWBACKSAND
COMPARISON WITH THE APPROACHESUSED IN SOME GEOCHEMICAL CODES

Kastriot Spahiu
SKB, Sweden

I ntroduction

The problem of the estimation of medium effects on equilibrium constants can be separated in
two closely related parts:

» Extrapolation of the values obtained at relatively high ionic medium concentrations, but in
general trace concentrations of the species of interest, to the standard state (often named
extrapolation to zero ionic strength)

* Recalculation of the constants thus obtained to electrolyte mixtures of various ionic strengths,
depending on the type of the system studied.

Chemical equilibria form the basis of many geochemical codes and the pertinent database contains
thermodynamic constants for all the relevant equilibria, including complexation, solubility, redox
reactions, etc. Thermodynamic models can not be better than the quality of the database used, thus its
selection and validation is of crucial importance.

The compilation of the database is related to activity coefficient calculations, since, except in very
special cases, it is impossible to study equilibria in standard state conditions, that is infinitely dilute
aqueous solutions. In general the constants are determined at a certain ionic strength, depending on the
choice of the experimentalist and related to the complexity of the system to be studied. These constants
are conditional constants and are valid only for the conditions in which they have been determined.

Complexation, redox or solubility equilibria studies are based on the determination of the activity
of the ligand, of the free metal ion or of the complexes formed for known total concentrations which
vary within broad limits. Experimental techniques include, among others, ion selective electrodes, redox
electrodes, radioactive tracers and spectrophotometric techniques of various types. The aim of the
studies is the simultaneous determination of the species formed (chemical model) and their stability
constants. Calculation methods are based on the comparison of the experimental data with the
pertinent mathematical model, through graphical methods and/or computer programs.

Except for very simple cases, e.g. dissociation constants of weak acids, it is impossible to measure
a very low ionic strengths, since the signal measured while making a change in the system may change
due to the change in the chemical composition of the system studied and/or because of the change of
the activity coefficients, that isthe reciprocal influence of all the species present in the system.
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An important achievement in chemical equilibrium analysis was the use of the ionic medium
method, as of 1940. According to this method precise thermodynamic information for a given system
can be obtained in the presence of an inert electrolyte of fairly high concentration (0.5-4 M), in order
to ensure that activity factors remain reasonably constant during the measurements. This seems to be
the only possibility to decouple the effect of changesin concentrations due to chemical reactions from
the variation of the activity coefficients. This is particularly critical for ions of charge higher than
2 where strong hydrolysis and strong dependence of the activity coefficients on the ionic strength
make very difficult the study of the equilibria in dilute media. Thus, there are otherwise excellent
studies of reactions involving four valent actinide ions reaching concentrations of 1 mM, but realised
in the presence of only 10 mM of an inert salt. The change of the concentration of the An(1V) ion is
accompanied with changes in ionic strength in a region where activity coefficients depend very strongly
on it (not to speak about changes in relative concentrations), rending the results almost useless.

Therefore most of the constants are determined in the presence of arelatively high concentration
of an inert electrolyte. Consequently, we are then faced with the problem of converting these data to
the standard state, which normally for solutesis the infinite dilute aqueous solution.

This simply means that a calculation of the activity coefficients of the species involved in the
equilibrium studied, including metal complexes of various composition, should be carried out in the
particular €l ectrolyte mixture.

The same also applies to the second part of the problem, the recalculation of the database constants
to the geochemical medium of interest. The range of applicability of geochemical models goes from
very diluted groundwaters through seawater up to brines.

There are different ways of tackling this problem, all of them related to the state of the art of the
theory of electrolyte solutions and to the required precision.

The specifics with complexation equilibria is that the activity coefficients of metal complexes
(except for very strong ones e.g. [Fe(CN)g]) can not be measured by, e.g. isopiestic measurements in
pure solutions of the complex ion and a counter-ion, simply because it is impossible to prepare such
solutions. They are measured indirectly through time-consuming measurements of the corresponding
constant in 4-5 ionic strengths (at best) and with a precision quite often much lower than activity
coefficient measurements of pure electrolytes (e.g. isopiestic measurements).

Actually, there is no feasible quantum statistical theory to solve the problem of activity coefficient
calculation even for pure electrolytes at moderate and high ionic strengths. For the most part,
empirica formulas (e.g. Davi€e's for low ionic strengths) and semi-empirical approaches have been
used. Of the latter, the most important are:

* ion association approaches;

» gpecificion interaction approaches,

e ion hydration approaches.

In all these approaches equations of various degrees of complexity are available, and in genera

higher precision is reached by increasing the number of experimentally determined parameters to be
introduced.
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lon association approaches consider ion pair formation, and take this into account in the calculation
of areduced ionic strength, then use different equations (from Davi€' s to Helgeson's) to calculate the
activity coefficients of the species present in the system as functions of only ionic strength [1,2]. They
have been and continue to be extensively used in geochemical codes. Their use at moderate or high
ionic strengths, especialy for “trace species’, is not recommended following arguments presented,
e.g. by Harvie, et al. [3].

Specific ion interaction approaches use a Debye-Hiickel term for long-range electrostatic forces
and aviria seriesin powers of molality for short-range forces [4], with coefficients specific for each
pair of ions (included in short-range forces are al quantum-statistical interactions of ions with each
other, with the solvent, triple interactions, etc.).

In the following only ion interaction approaches will be discussed. Some of their advantages
concerning the specific problems of ionic strength effect on equilibrium constants are;

* The equations are easily extended to mixtures of electrolytes with the same parameters
determined from activity coefficient measurements in pure electrolytes (or in simpler binary
mixtures in the more elaborated versions as Pitzer’s).

e A separation in conventional singleion activitiesis possible.

» The same equations are used for “trace components’, as is often the case for metal ion
complexes.

The most successful equations of the specific interaction (SI) approaches have been Pitzer's [5-9],
used in a variety of geochemical systems up to very high ionic strengths, mainly for solubility
equilibria[3,9-11]. The problem with their use in complexation equilibriais that the equations contain
three parameters for pure electrolytes and for mixtures extra parameters are added. It seems almost
impossible to obtain these parameters from indirect measurements of relatively low precision, asisthe
case with equilibrium constants. The main difficulty in the case of complex ions relays exactly in the
main advantage of this approach for common electolytes: its high precision is due to a large
Debye-Huckel term, which is compensated by pure electrolyte terms and mixing terms. In the case of
metal ion species, the only data available are those obtained in electrolyte mixtures and it seems to be
a not-so-simple task to split the two contributions.

The method used in the NEA reviews for estimating ionic strength effects is the simplest
Sl approach, mainly developed according to the ideas of Bransted [12,13], Guggenheim [14] and
Scatchard [15], which for consistency with previous literature [16,17], will be referred to as Specific
Interaction Theory (SIT). The SIT method was established as the method of choice for the TDB Project
during Phase |, and it will also be used in Phase 1.
General representation of SIT and itsuse

According to SIT the activity factor y; of an ion of charge z in a solution of the overall ionic
strength | (1 =0.5) m z?) may be expressed as:

logay; =-2zD(1)+ 3 (jk.1 Jm, (1)
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Here D(I) 0. 51059://__ (in agueous solutions at 25°C, 1 atm) represents the Debye-Hiickel term,

accounting for long-range electrostatic interactions. The summation extends over all ions k present in
the solution (single electrolyte or mixture) at the molality m,. The £(j,k,I) terms, caled interaction
coefficients, account for various short-range forces between ions of opposite charge sign and are set
equal to zero when the ions j and k are of the same charge sign. This means that short-range
interactions between ions of the same charge sign are neglected, since they will be in general quite far
apart from each other in moderately concentrated solutions, due to electrostatic repulsion. The factor
1.5 in the denominator of the Debye-Huickel term was suggested by Scatchard in order to minimise the
concentration dependence of the interaction coefficients for 1:1, 2:1 and 1:2 electrolytes. Thus for

|z z | < 2 theionic strength dependence of the interaction coefficientsis very small.

The main advantage of SIT, as compared to other specific interaction approaches, isits simplicity
while applied in evaluating ionic strength effects on stability constants. It has al the advantages of the
specific interaction approaches, being simpler at the cost of a lower accuracy, which still is often
acceptable for most purposes. Also, certain trends on the magnitude of interaction coefficients make
possible reasonabl e estimates when there is lack of data, e.g. for complexes of actinides.

Interaction coefficients can be calculated from data on activity coefficient measurements of
solutions of pure electrolytes, tabulated, e.g. in Robinson and Stokes [18], in the manner described as
follows.

By combining Eqg. (1) with the expressions for the mean activity coefficient of the strong
electrolyte Mz Xz :

(v, +v_)logwy: =V, 10gY,,» +V_10Gi0Y, .- 2
and for theionic strength of a solution of this electrolyte of molality m:

R ©

the following expression is obtained:

i 4
S(Mz+,xz—,|):%(wgmy¢+|Z+L|D) ( )

Since SIT has been used mainly for extrapolating stability constants of metal ion complexes to
zero ionic strength, interaction coefficients for the main cations with ClO;, NOs, CI™ and for the
main anions with H*, Na" and Li*, are available, including many interaction coefficients of metal ion
complexes. The values of interaction coefficients not reported in their most complete list [19] have
been calculated for all 1:1, 2:1 and 1:2 electrolytes for which activity coefficient measurementsin pure
solutions are available, including organic salts with anions of considerable size. Data on activity
coefficients of the corresponding pure electrolytes have been calculated using Pitzer's equations and
coefficients [6], since they reproduce measured values with acceptable accuracy for this purpose.
The values reported in Table 1 correspond to the interaction coefficient of the anion and cation of the
salt, calculated in the ionic strength interval 0.5-4 m, along with the standard deviation. For 1:2



interaction coefficients the ionic strength dependence is given explicitly in athird column in the form
€(i,j,1) =&(i,)) + €2(i,j) loguol, following previous experience [16,17]. In this way a better fit between
measured and cal culated activity coefficientsis achieved.

In the case of 2:2 electrolytes the expression ¢, (1 2 has been tested for the interaction coefficient,
where | is the stoichiometric ionic strength (1 = 4 m) and is decreased by multiplying it with the factor
| -¢2 to account for its lower values because of complexation.

Thus the activity coefficient of a two-valent ion in a solution of the corresponding 2:2 electrolyte
of molality m; iswritten:

logiy, = —4D(1)+(e,1 2 )m, ©)

By applying this equation to data of Pitzer [20] on activity coefficient measurements of
2:2 electrolytesin the range of ionic strength specified in Table 3 (including measurementsin very low
concentrations), values of g; and €, have been determined for al the electrolytes. In any case, these
values are recommended for use only after an extensive test in mixtures of electrolytes.

In conclusion, new interaction coefficients for amost 100 electrolytes are available, greatly
increasing the existing database to be used in the calculations. Interaction coefficients for ions
of importance in nuclear repositories, like caesium and strontium, are included in Table 1, while
interaction coefficients for organic ions can be used as guess values for complex ions of comparable
charge, size and polarisability.

Advantages, drawbacks and future development of SIT

The SIT method has several advantages that make it more suitable for the TDB project. It is
simpler (fewer parameters are needed), less sensitive to errors and missing parameters can easily be
estimated from values for ions of similar charge and size [19]. For an extensive discussion on different
methods for the estimation of activity coefficients in electrolyte solutions, see Chapter 1X of Ref. [19].

Some of the drawbacks of SIT are the absence of a complete database for all the common
electrolytes and especially of parameters for 2:2 electrolytes, on which an attempt is made here to
improve the situation. This would make possible the use of SIT in the modelling of geochemical
systems, since carbonate, sulphate, Mg and Ca ions are al important components of such systems.
Another drawback of SIT is the limited range of ionic strength validity. It is not valid for high ionic
strengths and an improvement is also needed at low ionic strengths for highly-charged ions. Another
necessary improvement isthe inclusion of 6ij terms for mixtures.

In any case, while using the OECD/NEA database with geochemical modelling codes, specia
care should be taken when performing calculations in non-dilute media. The geochemical modelling
codes use other methods for ionic medium corrections (e.g. PHREEQE normally uses an ion
association approach, while EQ 3/6 an ion hydration one). Sometimes weak complexes are used to
account for ionic strength effects by the various codes, while the NEA TDB data were extrapolated at
zero ionic strength neglecting these complexes[22].
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Table 1. Interaction coefficientsfor 1:1, 2:1 and 1:2 electrolytes
(a) 1:1 electrolytes*

Inorganic comp. (M X) ge(M*,X) 1:1 salts of carboxylicacids | ¢(M*,X")
HBr 0.15+0.01 | CsAcetate 0.11+0.01
HI 0.18+0.01 | RbAcetate 0.10+0.01
CsF 0.06+0.01 | Tl Acetate -0.07+0.02
CsCl -0.05+0.02 | NaPropionate 0.11+0.01
CsBr -0.04+0.02 | NaHMalonate -0.04+0.01
Csl -0.06+0.02 | NaHSuccinate -0.03+0.01
CsNO; -0.16+0.03 | NaHAdipate -0.01+0.01
CsNO, -0.04+0.02 | K HMadonate -0.07+0.01
RbF 0.05+0.01 | K HSuccinate -0.05+0.01
RbCl -0.025+0.01 | K HAdipate -0.01+0.01
RbBr -0.03+0.01 | Tetralkylammonium halides | g(M*,X")
Rbl -0.03+0.01 | Mey,NF 0.18+0.01
RbNO; -0.14+0.03 | Et,NF 0.32+0.01
RbNO, -0.09+0.03 | PryNF 0.43+0.03
NaH,AsO, -0.08+0.01 | BusNF 0.48+0.02
KH,ASO, -0.12+0.02 | M&NCI -0.08+0.02
NaBF4 -0.07+0.01 | Et4,NCI -0.07+0.04
NaBO, -0.09+0.03 | Buy,NCl -0.04+0.02

* Additional interaction coefficients for more than 40 other organic electrolytes (e.g. sulphonic acids and salts)
have been calculated for amost all datain Ref. [6] and are available on request.
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Table 1. Interaction coefficientsfor 1:1, 2:1 and 1:2 electrolytes (cont.)

(b) Inorganic 2:1 electrolytes and 1: 2 el ectrolytes*

2:1salts(MoX) | g(M?% X)) 2:1 salts(M,X) g(M?*, X))

Sr(Cl0,), 0.23+0.005 | Srl» 0.25+0.01

SI(NO3), -0.06+0.01 | Bal, 0.23+0.01

SCl, 0.13+0.01 | Col, 0.33+0.01

FeCl, 0.14+0.01 | Znl, 0.32+0.03

ZnCl, 0.04+0.03 1:2 salts(M X,) e(M* X*) 21 £
MgBr, 0.26£0.01 | NaS,05 -0.12+0.03 | -0.135  0.079
CaBr, 0.18+0.01 | NaHasO, -0.21+0.06 |-0.117 -0.121
SBr, 0.18+0.01 | K,HasO, -0.02+0.01 | 0.018  -0.038
BaBr, 0.13+0.01 | RSO, -0.15+0.04 | -0.176  0.119
CoBr, 0.25:t0.01 | Cs,SO, -0.13+0.04 |-0.151 0.113
ZnBr, 0.21+0.03 | (NH4),SO, -0.23+0.07 | -0.279 0.232
Mgl, 0.32+0.01 | cigCo(en) ,NH;NO,|Cl, | -0.29+0.08 | -0.362 0.278
Cal, 0.27+0.01 | tr[Co(en) ;NH;NO,]Br, | -0.36x0.09 | -0.436  0.333

* | =3 m, € values calculated in the ionic strength interval | = 0.6-4.2 m. For 1:2 electrolytes with standard deviations
larger than 0.03, €(i,j,|) = €1 + €, l0gyl, with the values of €; and €, in the right hand column.

Table 2. Interaction coefficientsfor 2:2 electrolytes calculated as
e(i,j,1)=¢, 0 from data of Pitzer [20], without considering complexation

Electrolyte E(M 2+X2',|)=81D e lonic strength
(M?X*) € € interval, molal
MgSO, -0.632 0.723 0.02-7.2
NiSO, -0.816 0.676 0.02-7.2
CusO, -0.916 0.693 0.02-7.2
ZnS0O, -0.745 0.663 0.02-7.2
CdSsO, -0.919 0.690 0.02-7.2
MnSO, -0.491 0.405 0.02-5.6
U0O,S0, -0.669 0.428 0.02-5.6
BeSO, -0.4025 0.464 0.02-6.4
CasO, -0.927 0.724 0.02-0.8
CoSO, -0.767 0.645 0.02-0.8
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DISCUSSION

J. Bruno opened the discussion by highlighting the usefulness of Davies' approach during the
Chemval | project.

I. Grenthe argued that at the beginning of the NEA TDB Project there were not enough datain the
literature to compare different ionic strength approaches. Therefore the SIT was used in NEA TDB as
an attempt to unify criteria. Moreover, the impossibility of determining the Pitzer coefficients for all
the relevant systems supported the decision of using the SIT approach.

K. Spahiu pointed out that SIT is used for correcting data to different ionic strength but that one
of the problemsisto extrapolate the datato infinite dilution.

T. Fanghanel agreed with the use of SIT provided there was a clear statement of its limitations,
such as those occurring at high ionic strength and its lack of description of ternary interactions.
Moreover, he pointed out the existing gap between thermochemical cycle data and el ectrolyte data due
to the correction to zero ionic strength. It is very difficult to adequately transfer ionic strength
corrections to geochemical codes due to, among other reasons, the fact that they are collected in very
different ways.

J. Bruno summarised the main points of the discussion so far, specifically: the use and limitations
of each approach, the difficulty in transferring the corrections to geochemica codes and the lack of
consistency in collecting thermochemical data.

B. Grambow raised the point of how temperature affects the activity coefficients.

I. Grenthe said that in the NEA book “Modelling in Aquatic Chemistry”, some indications of how
these corrections can be undertaken are given.

B. Grambow asked whether there is any preferred approach for extending data to higher
temperatures.

T. Fanghénel answered that for the calculation of € empirical approaches are the only ones
available and that a large influence of temperature is expected due to the change in the solvent
properties. In general, he said that there exists alack of knowledge on the subject.

K. Spahiu pointed out that SKB is interested in temperatures up to 70°C and that the temperature
effects within that range might not be dramatic.

J. Bruno argued that despite SKB being interested only in temperatures below 70°C, other studies
need to extend the temperature range up to higher values. Furthermore he disagreed with the perception
of T. Fanghanel that there is no knowledge on this issue, the problem being that the existing knowledge
islimited.

69



I. Grenthe pointed out the possibility of developing an experimental programme to study systems
at higher temperatures. Another possibility would be to devel op the models based on our fundamental
understanding, that is: to see what are the consequences of introducing a given effect in the dataand in
this way to identify the main points worth studying. Finaly, he highlighted the fact that problems arise
when theories are used outside their domain of applicability.

C. Tweed stated the need of experimental data to validate the models. She noted that when we
agree we usually think we are right, which is not mandatory. An agreement does not imply a correct
assumption. Therefore, experiments must validate our agreements.

I. Grenthe said that the logical sequence for the modelling is: based on data build up the theory
that allows developing an estimation procedure, which can then be validated with data. That is, carry
out an iterative procedure. The important point being: What data must be considered?

T. Fanghane said that it is difficult to find funds for developing an experimental programme at
high temperatures. On the other hand, he said that there is a need for key experimental data because
not only does the eectrolyte chemistry change at higher temperature, but al chemistry is indeed
affected. He further elaborated that, by using spectroscopic techniques, it is possible to validate data
on, for example, the complexation of Cm.

I. Grenthe said that to obtain adequate data it is necessary to use specific experimental techniques,
which in some circles may be considered to be “old-fashioned science’. Thus, the current difficulties
experienced in obtaining financial support.

U. Berner raised the following question to the speakers. How chemically consistent is our system
if we do not have a complete database for activity coefficients? And how can we estimate these
parameters?

T. Fanghanel answered that correlations can be used for these purposes.

I. Grenthe said that it is feasible to ensure that two different models (such as SIT and Pitzer)
converge at reasonably low ionic strength, a procedure that can be used to verify the consistency of the
approach.

T. Fanghanel stated that problems exist for the highly charged species. In such cases, we can
obtain up to 10 or 15 orders of magnitude of difference by using different approaches. He highlighted
the need to find a solution for the problem of highly charged ions.

K. Spahiu commented on the experimental difficulty of isolating complexes, thus making the
determination of interaction coefficients difficult.
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THERMODYNAMICS, DATA ESTIMATION AND PERFORMANCE ASSESSMENT

Ingmar Grenthe
Dept. of Chemistry, Inorganic Chemistry, Royal Institute of Technology (KTH)
S-10044 Stockholm

I ntroduction

Performance assessment provides a narrative of a system and its development. One may use a
literary metaphor; the procedure is like writing a novel where the “chapters’ are the various sub-systems
and where both the “plot” and the “grammar” are based on scientific and other information, some hard
facts and other more or less reliable guesses. | will begin with some general remarks on models, which
may provide a useful starting point for what follows.

» Models never provide complete descriptions of real systems; they are used to highlight certain
aspects of them and to answer “what-if” questions.

* Modédling is an iterative process that provides guidance as to what are important phenomena
and what islessrelevant for the description of the system and its function.

* Itisnecessary to distinguish between model uncertainties and parameter uncertainties.

» It is often better to estimate a quantity for which no data are available than to exclude the
particular process where it is needed. Thermodynamics provide not only numerical values for
different chemical processes, but more important a theory framework that can be used for the
estimation of data.

I will not discuss activity coefficient corrections of thermodynamic data, an important area that
has already been addressed by Professor Fanghénel.

In the following overview | will be using examples of estimations of different kinds to illustrate
what can be accomplished using thermodynamics in combination with chemical theories. Let us begin
with the thermodynamics of solid phases and their solubility; | do not need to emphasise their
importance in performance assessment. Let us take thermodynamic data for crystalline uranium dioxide
as the first example. Table 1 shows thermodynamic data of two types, data obtained using calorimetry
and data obtained using equilibrium measurements, solubility measurementsin this case.

What happens if the two experimental methods do not provide concordant results? Which value
should then be used? In general the one that is more precise, often the one based on calorimetry. This
answer should be qualified — provided that the thermodynamic state of the system is the same in both
experiments. In many cases this is not the case, as solubility data of oxide phases are hampered by
ill-defined surface phases which determine the solubility, while the calorimetric data refer to bulk
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Table 1. Thermodynamic data obtained using calorimetry and solubility measurements

Calorimetry

U(s, 298.15K, 0.1 MPa) + Ox(g, f = 1, 298.15 K, 0.1 MPa) — UO(s, 298.15K, 0.1 MPa) (1)

Using combustion calorimetry we measure A, H ¢ (1)=A, H 2 (UO,(s)); Using calorimetry we can also
measure the entropy of the reactants and products and therefore also A, S, (1) . Using the relationship
A,Ge(1)=A,He(1)-TA, S (1) we can then calculate the Gibbs energy of formation of UOL(S).

Solubility measurements

We measure the equilibrium concentration of U*" is acid solutions according to:

UOL(s) + 4H" == U*" + 2H,0 2
for which log,* K, =-A,Gg(2)/2.303 RT log,, K, = — A,G?/2.303RT.
AGg =0,Ge(U*)+2 A,Ge(H,0)-4,Ge (U0, (s)-4 A, G (HY) ()

The Gibbs energy of formation, A;Gg, is a quantity that is tabulated in thermodynamic databases, cf.
NEA [1]. It is obvious that the Gibbs energy of formation of UO,(s) can be calculated from A, Gg

from solubility data, provided we know the remaining Gibbs energy of formation in Eqg. (3). Thereis
nothing strange about this, it is a consequence of the experimental fact that the thermodynamic
quantities are state functions.

properties. In performance assessment the surface phases are in general more important than bulk
phases. Notice that the discrepancy between solubility measurements and calorimetric data is often a
problem of system definition and not due to experimental uncertainty. | do not think it correct to use
thermodynamic data for bulk phases and claim that they are “conservative’. Be careful when using
thermodynamic data for solid phases and look into the conditions under which these data have been
measured.

Note that one can calculate the Gibbs energy of reaction for any hypothetica reaction provided
the Gibbs energy of formation of reactants and products is known; this is not an estimation, it is
precise information based on theory.

It is difficult, expensive and time consuming to determine thermodynamic data for solid phases
and there are very few laboratories |eft with the competence to perform work of this kind. Methods for
the estimation of thermodynamic quantities of solid phases are therefore important; Professor Ewing
will describe such methods | ater this afternoon.

Before proceeding, | want to make a comment on the uncertainty estimates used in the NEA
thermodynamic database [1]. The uncertainty is based on expert judgement in combination with the
estimated precision of the experimental data given by the authors of the various papers. However, the
quality of the latter information varies greatly between the different authors.
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The thermodynamic data in a database are more than a compilation, they are the experimental
basis for an important class of chemica theories which may be used for estimating unknown data.
When evaluating thermodynamic data from the literature (as done in the NEA reviews), these theories
provide an important additional check on the consistency of the thermodynamic data. Estimations
must always be based on theory, and the characteristics of these theories differ widely, as exemplified
in the following. Let us begin with the heuristic ones, as they all have their origin in concepts of
chemical bonding and chemical structure (see Table 2)

Table 2. Heuristic models

Chemical bonding is directional and can be seen as the result of a balance between
attractive and repulsive forces; these depend on the size and chemica character of the
atoms linked. These factors will determine the geometry and the stoichiometry (the
chemical composition) of the compounds we are studying, the co-ordination number of
the metal ion is a reflexion of these characteristics. Stoichiometry is one of the most
important quantities when making estimations of chemical properties, e.g. for the
modelling of the chemical speciation in a complex ground- or surface-water system. It is
often straightforward to suggest a reliable stoichiometry for species in solution; however,
multi-component systems may pose problems. These can in many cases be overcome by
estimates of the strength of the chemical bonding, in our case between a metal ion and a
ligand. These estimates are qualitative and based on two simplified concepts of chemical
bonding, the electrostatic vs. the covalent model. Thiswill tell us that fluoride complexes
are much stronger than chloride complexes for actinides, in the same way actinide-oxygen
and nitrogen bonds are much stronger than the corresponding sulphur and phosphorous
bonds. This fact will immediately indicate the metal-ligand interactions that will decide
the speciation in solution.

We can go one step further and use the heuristic models in correlations of various types;
these will provide semi-quantitative estimates of equilibrium constants with an uncertainty
that is often less than one order of magnitude. The correlation must aways have a
scientific basis, and this will to alarge extent decide how successful it is for estimations.
The rationale behind many correlations goes back to concepts of the chemical bonding.

If the chemical bonding between a group of metal ions, M;, and two different ligands, X and Y,
are similar we may expect a correlation between them, e.g. alinear relationship between log M;X and
log M;Y. This relationship may be used to estimate log M X for a particular metal, I, if the
corresponding value for log M,Y is known. In the same way we can make a linear free energy plot for
aset of ligands and two different metal ions. An example of the latter is shown below.
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These correlations can only be used if there is evidence for similar type of bonding in the different
systems, e.g. mainly ionic. In addition one must have structural information that the steric constraints
in the complexes do not vary much.

Another example is the correlation between log;,)MX and log;oHX, where X is the anion of
different weak organic acids HX. The underlying chemical principle here is the similarity in bonding
between the proton and different metal ions. In the example the acid strength is varied through the use
of substituentsin the part of the ligand that does not participate in the bonding to the metal ion. Thistype
of correlation is often quite good. Wolfgang Hummel may elaborate this theme in his presentation.

10G10 K roL
I

8 Substituted
1 . ® Salicylic Acids
§7 . ® Phenols

10g10 K 1

Another example of correlation is obtained by comparing the stepwise equilibrium constantsin a
given system. Here the metal ligand bond characteristics are presumably the same, and the step-wise
constants will then depend on statistical factors and geometric constraints. More details are given in
Chapter 111, of “Modelling in Aquatic Chemistry” [2].

There are other models used to predict unknown equilibrium constants that superficially are
more elaborate than the ones described so far, however they share the same characteristic features,
i.e. asimplified model of chemical bonding and a “calibration” that is very similar to the correlation
procedure described above. Neck and Kim [3] have suggested a simple and accurate model for the
estimation of equilibrium constants for actinides based on the known value of one equilibrium
constant and an e ectrostatic model to describe ligand-ligand repulsions:

logy B, =nlogy, B, = ®E, (ML, )/RT In10 4)

where repEL = NA(1/2)(Z|_Z|_'92/(d|__|_' . 8|_.|_').
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NpO,* : ™ Neck et al.94
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Fig. 3. Formation constants of Np(V), U(VI) and Pu(VI) carbonate
complexes at I =0 and 25 °C; experimental data from [1,2,4,20,22,
23] and model calculation.
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€L is a parameter describing the eectrostatic shielding between the negative charges of the
ligands L and L'. This “dielectric constant” depends on the geometry and it is a “fitting” parameter
that has to be determined from experimenta equilibrium constants. The figure shows a comparison
between model predictions and experimental data. Note that the relationship is only used to describe
the variation of log;of3, for a given metal-ion, the charge of which is a constant and therefore not
included explicitly. This method seems useful when estimating the step-wise equilibrium constants for
a given meta-ligand system, if experimental data cannot be obtained over the entire concentration
range where the complexes exist in measurable amounts.

An appealing feature of this model is that it does not contain many adjustable parameters.
Brown and Sylva [4] have proposed a much more elaborate model which relies on simplified
concepts of chemical bonding and parameters that have to be estimated from experimental data.

The electron structure of the metal-ion and ligand are taken into account by introducing empirical
parameters €y and €. Their correlation equations have the following principle form:

logy Blzlntl-'-s'pl[gl(ZM/rlsl +gz)] ©)

where Int; and Slp, are the intercept and dope, respectively, of the regression line.
0, =(1+D+€2S)(Zy +2) (6)

and:

9. =g(n)(zw -1)-0.05d[(y-1)(e? -3)-1[n-(3+2y){1-yZ,](1-9) ™
S has the value zero or unity depending on the absence or presence of s-electrons in the valence
shell; D = 1 when d-electrons are present, and is otherwise zero. The principal quantum number is n;
g(n) isa Sater function and y is a new ligand-dependent parameter. A disadvantage of the model is that

there are alarger number of fitting parameters, but also a “shaky” theoretical foundation. An example
of the type of corréation obtained is given in the following figure:

tog Byy

)iz, /5day)
Experimental log B1 3 values plotted against the function

91(2M/rM2 + qz) for the sulphate, ammine, and chloride jons
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The last two models are based on an e ectrostatic model of the chemica bond. Other types of
correlations are based on the same assumption, as indicated by the following example:

Figure IT1.21: The dependence of logo K1 for the formation of metal fluoride com-
plexes, MF™*, with the rtatio of the charge to the M-F distance. Ionic radii are
from [69SHA/PRE], and stability constants are from [76SMI/MAR. 82MAR/S’VII'
89SMI/MAR] (circles: data at [ =0, triangles: data at [ > 0) ' o

1o-ﬁ

10 Kl

log

What is the theoretical justification of the electrostatic assumption? The answer can only be given
if we compare the ssmple model approaches with one that has a firm theoretical foundation. This is
where quantum chemistry and ab initio models enter the stage (see Table 3).

Table 3. Abinitio model

These models use “first principles’, they start from the known electronic structure of a
certain reactants and products. These are approximated by a set of wave functions and the
total energy of the system is determined. These data provide detailed information of the
geometry of the different species as well as thermodynamic quantities such as equilibrium
constants. The parameter-fitting is not related to the specific species/reactions studied but
is related to the properties of the inner electron shells and the directional characteristics
of the valence orbitals. These properties are general, not element specific. We are NOT
dealing with a parameter-fitting of the type used in the first set of examples of estimation
methods. Thisis an areawhere there is much current activity, and it is an area that should
be followed closdly by this community.

It turns out that electrostatic interactions are the dominating influence of chemical bonding in many
actinide complexes and aso for the interactions between complexes and the surrounding solvent.
Hence, the ab initio models provide a qualitative validation of the electrostatic correlations described
above.

I will conclude the remark on ab initio methods by the following figure that shows the results of
some of our own recent studies. The structure of the complexes UO,F,(H,0)* and UO,(OH)2" [{H,0)
are shown in thisfigure; the water is not co-ordinated to uranium in the second complex.
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The quantum chemical methods provide, in this case, hot only a quantitative structure description
that can be compared with experiments, but aso information on the energy of reaction and on
mechanisms of chemical transformations.

A paper on data estimation for aqueous species would be incomplete without a discussion of the
effect of temperature on equilibrium constants and thereby on chemical speciation. The problem is
straightforward if there is experimenta data on the enthalpy of reaction, —A,HS, or if this quantity can
be estimated. The methodology has been described in detail in Chapter X of “Maodelling in Aquatic
Chemistry” and | will just make a short summary. An example of the use of an electrostatic model to
describe the temperature dependence of equilibrium constants is given by Plyasunov and Grenthe.
An outline of the method originally from Ryzhenko, Bryzgalin and Rafal’ skiy is given below.

The standard Gibbs energy of reaction, A,Gg,, isassumed to be a sum of two terms, one describing
non-electrostatic and the other electrostatic contributions, where the latter isindependent of T and P.
AGy(T,P)=4,Ge,,. +4.G, (T,P) )]

mnonel

where A,G?, (T, P) is described by assuming a coulomb model:
AG2(T,P)=-[Z.Z.|, ®N, /amD(T,P) €)

where |Z.Z,|, describes the effective charges of cation and anion, a the distance between them and

D(T,P) the relative permitivity of the medium (the dielectric constant). The “effective” chargeisasum
of three terms:

-QZz +aziL/2a* - (aZ.f Q/2a/2a° (10)

7.7,

ef=L

2.7,

where L is the total number of ligands in the mononuclear complex, Q is a stereochemical factor that
dependson L, Q = (3L?—5L + 2)/8; a isthe polarisability of the ligand.

Using standard thermodynamics one can then deduce:

logy, K°(T, P)=(298.15/T ) togy, K °(298.15,1) + log,, K (T, P) (11)
Z.Z;| &N E 1 1 E
a(T,P)RTIn100D(T,P) 298.15

=(298.15/T ) ogy, K °(298.15,1) +

The results of this model are described in the following figure; for more details the reader is
referred to Ref. [2].

Figure X.14: Comparison of experimental equilibrium constants (squares: [88PAL/DRT
circles: [93PAL/HYDY) for reaction: Fe’* + CHyCOO™ = FeCH;COOY with those ¢
Lained on the basis of the Ryzhenko-Bryzgalin model.

0.5 . .
298.15 373.15 473.15 573.15
T/K
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This method can aso be used to estimate A, S5, and A,C3,,, for which experimental datararely are

available. The problem with estimates that cover alarge temperature rangeisthat A,H g is not congtant.
This problem can be circumvented by using “isocoulombic”, or “isoelectric” reactions. An example of
thefirst typeis the reaction:

M(OH)* +HCO; == MCO3; +OH" (12)
and of the second type:
UOZ" +CO, (ag) +H,0 == UO,CO;(ag) +2H* (13)

For both of these types of reaction the electrostatic contributions discussed above cancdl, resulting
in an enthalpy of reaction, A, H?, , that is very near constant. The reaction:

U0z +CO% = UO,CO,(aq) (14)

is obviously not an isocoulombic/isoelectric reaction, but it can be transformed to one if we combine it
with:

CO,(ag) +H,0 == CO3 +2H* (15)

for which accurate enthalpy data are available over a large temperature range. The following two
figures show the variation of log,oK for an isocoulombic and an “ordinary” reaction.

Figure X.3: Equilibrium constants from {T6NIK] for Reaction (X.26), H,O(1) + Uodt =
H* + UO,0H* (), compared with results from the “constant AH™ equation.
Eq. (X.18), using log,q A°(1y) = —(5.157 £ 0.005) and AH = (+50.4 £0.1) kJ - mol™!
(solid line).
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Conclusions
There is a wealth of implicit chemical information in the NEA (and other) thermodynamic

databases that should be used both when planning laboratory experiments and when writing the
performance assessment novels.
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CAN WE ESTIMATE WHICH ORGANIC COMPLEXESARE IMPORTANT IN PA?

Wolfgang Hummel
Waste Management Laboratory, Paul Scherrer Institute
CH-5232 Villigen PSI, Switzerland

Abstract

Can we estimate which organic complexes are important in performance assessments (PA) of repositories
for radioactive waste? The answer is “yes’, but with a varying degree of uncertainty depending on the
information available. This very general and somewhat trivial statement isillustrated by three worked
examples. The examples focus on the behaviour of U(VI) in aqueous solution. They illustrate three
cases in the sequence of decreasing amount of information available:

1) Thecomplexing organic ligand is identified.

2) Some natural organics (humics) are present.

3) Some organic carbon isfound in aqueous solution.
The modelling approach is the so-called “back door approach” (inverse modelling), beginning with the

question, “What properties must an organic ligand have in order to significantly influence the speciation,
and hence the solubility and sorption, of a given radionuclide?’
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I ntroduction

Radionuclides dissolved in pore waters of underground repositories in general do not occur as
free metal ions but as metal-ligand complexes. The complexing ligands can be inorganic anions like
hydroxide, chloride or carbonate. However, depending on the situation, the speciation of radionuclides
can be totally dominated by organic complexes. Geochemical models ignoring these organic ligands
may produce grossly erroneous results concerning radionuclide speciation. As the aqueous speciation
of metal ions is directly related to solubility and sorption of the radionuclides, in consequence these
phenomena may also be migudged by orders of magnitude. Hence, any assessment of the behaviour of
radionuclides escaping from an underground repository critically depends on a sound treatment of the
influence of organic complexation on radionuclide speciation.

Can we egtimate which organic complexes are important in performance assessments (PA) of
repositories for radioactive waste? The answer is “yes’, but with a varying degree of uncertainty
depending on the information available. In the following | discuss this very general and somewhat trivial
statement by elaborating on three worked examples. The examples focus on the behaviour of U(VI) in
agueous solution. They illustrate three cases in the sequence of decreasing amount of information
available:

1) The complexing organic ligand is identified.
2) Some natural organics (humics) are present.
3) Some organic carbon isfound in aqueous solution.

In all these cases performance assessors would like to have clear statements asto if and how they
should consider the organicsin their model calculations.

In the pagt, it was attempted to get a handle on this problem by including complexation data of all
kinds of organic ligands into geochemical speciation models. However, this effort proved to be futile
as the number of potentially complexing organic ligands is large, and information concerning the
concentration of these organic ligands in pore waters is sparse and varies by orders of magnitude.
In addition, conventional geochemical models cannot be used to calculate the effects of natural organic
ligands (humic substances). We started to solve these problems through a new modelling approach, the
so-called “back door approach” [1], beginning with the question, “What properties must an organic
ligand have in order to significantly influence the speciation, and hence the solubility and sorption, of
agiven radionuclide?’ First, simple organic ligands were treated in this manner [2], and later the back
door approach was extended to cope with humic and fulvic acids [3,4].

Case 1: The complexing organic ligand isidentified

In some cases the complexing organic ligands have been identified. Some organics are widely
used for decontamination processes, like ethylenediaminetetraacetate (EDTA) and citrate, and are part
of the radioactive waste. Others form through radiolytic degradation of organic waste. For example,
radiolytic degradation experiments with acidic ion-exchange resins revealed oxalate and a ligand X,
characterised only by some measured stability constants, to be the most strongly complexing ligands
of the degradation products [5]. In the case of anion exchange resins ammonia and methylamines are
formed [6].



In our example we illustrate the influence of oxalate complexes on the agueous speciation of
U(V1). For the thermodynamic constants used in our “back door” calculations and for a detailed
discussion of estimation procedures for ternary complexes in the systems U(V1)-oxa ate-hydroxide and
U(VI)-oxalate-carbonate see the worked example in Chapter 3 of Modelling in Aquatic Chemistry [2].
Further discussions of thermodynamic data and a detailed case study of the system Ni oxalate can be

found in Ref. [7].

Figure 1 shows the oxalate concentrations as a function of pH and CO, partial pressure at which
90% of the total dissolved U(V1) is bound to oxalate. At low pH and low CO, partia pressure a few
micromole per litre of dissolved oxalate are sufficient for this effect. With increasing pH U(VI)
hydrolysis competes with oxalate complexation and thus more oxalate is needed to maintain 90%
complexation. With increasing CO, partia pressure and increasing pH, the strong competition of
U(VI1) carbonate complexation rapidly increases the concentration of oxaate needed for 90% U(VI)

oxalate complexation.

Figurel. “Floating towel” representation of the conditions
at which 90% of total dissolved U(VI) isbound to oxalate
Note that the somewhat arbitrary level of 90% complexation has been chosen in all examples

as this number corresponds, in simple geochemical models, to one order of magnitude
increase in radionuclide solubility or one order of magnitude reduction of radionuclide sorption
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The surface of Figure 1 provides a quick overview of the general features of the U(VI) oxalate
system. However, a two-dimensional contour plot of this surface is better suited for quantitative
examination (Figure 2). | addition, pH and CO, partia pressure values of amost 1 000 Swiss
groundwater analyses are plotted in Figure 2. It can be seen from the figure that most groundwater

data are found in the range 0.0001 M < [oxalate] < 0.01 M.

The next question is whether such concentrations of dissolved oxaate are feasible in groundwater
systems. Ca oxalate minerals are known and their solubility products are well-established [7]. Hence,
precipitation of Ca oxalate solids will limit the concentration of dissolved oxalate in natural systems.
In order to obtain a reasonable number of dissolved Ca we again inspect the database of Swiss
groundwater analyses (Figure 3). This figure reveals that in most waters the dissolved Ca concentration
ranges between 0.001 M and 0.01 M. Only in a few cases does the Ca concentration drop as low as
0.0001 M. This number has been designated the Ca concentration in subsequent “back door”
calculations. In such away the threshold of the effect of Ca oxalate precipitation on the U(VI) oxaate

system can be estimated (Figure 4).
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Figure 2. Two-dimensional representation of the “floating towel” in Figure 1 showing contour
lines of oxalate concentrations at which 90% of total dissolved U(V1) is bound to oxalate

Triangles represent pH and CO, partial pressure data of Swiss groundwater analyses
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Figure 4. Contour lines of oxalate concentrations at
which 90% of total dissolved U(VI) isbound to oxalate

Trianglesrepresent pH and CO, partial pressure data of Swiss groundwater analyses. The grey area represents the range
of feasible concentrations of dissolved oxalate assuming 0.0001 M dissolved Ca and precipitation of Ca oxalate solids.

log (pCO,)
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As can bee seen in Figure 4, the concentration of dissolved oxaate is limited to less than
0.0003 M (grey area in Figure 4). Most groundwater data are located at higher concentrations of
oxalate (white area of Figure 4) and in all these cases oxalate will not influence the U(1V) speciation.
A few groundwater data are located in the grey area. What about these cases? The maximum oxalate
concentration of 0.0003 M can only be reached if the concentration of dissolved Ca is as low as
0.0001 M. Figure 3 reveals that the Ca concentrations increase with decreasing pH, and at pH < 7 values
above 0.001 M are generally found. As a consequence, the feasible concentrations of dissolved oxalate
decrease in these cases due to increasing Ca oxalate precipitation. Comparing Figures 3 and 4 (and
ignoring the few erratic Ca data in Figure 3 at pH < 7) we conclude that oxaate will not have any
influence on the U(VI) speciation in groundwater systems. Hence, the influence of oxalate on U(VI)
speciation is expected to be insignificant for performance assessments of Swiss repositories for
radioactive waste.

Case 2: Some natural organics (humics) are present

Humic substances are ubiquitous constituents of natural waters. However, unlike the simple
organic ligands discussed in the previous section, no chemical 1abelled “humic substances’ exists, and
there are no simple methods of analysis for humic substances. The fractionation of humic substances
into humic and fulvic acids is only defined operationally. The number of compounds that constitute
these fractions may be 10, 100, 1 000 or more compounds, and their molecular structure remains an
interesting unresolved question. The modelling of metal-humate interactions has been a field of active
research for more than three decades. A plethora of articles has been published in this time span
discussing a multitude of humic binding models. For a detailed review of these binding models see
Ref. [3]. However, despite all of this effort there is still no consensus on how to treat metal-humate
interactions in a consistent way, and it is easy to predict that more work will be done on this topic in
the future.

A synopsis of large sets of reliable experimental data for Ca, Co, Ni, Eu, Am, Cm, Np(V) and
U(V1), originating from research done in our lab [8] and collected from the literature, reveas a
consistent picture of the influence of metal concentration, pH and ionic strength on metal humic
interactions [4,9]. The pH dependence of Eu, Am, Cm and U(VI) humate complexation at trace metal
concentration is shown in Figure 5. Note that there is no statistically significant difference in the pH
behaviour of U(VI) and the trivalent cations Eu, Am and Cm.

However, this consistent behaviour cannot be interpreted with high numerical accuracy by simple
binding models, as the need for more adjustable parameters increases proportional to the width of the
experimental parameter range to be fitted. This experience triggered the proposal of a pragmatic
approach for performance assessment purposes. The “conservative roof” approach [4] does not aim to
accurately model all experimental data (e.g. dashed line in Figure 5) but rather allows to estimate the
maximum effects on metal complexation to be expected from humic substances (solid line in Figure 5).

The “conservative roof” model [4] now allows the same type of “back door” calculations for humic
substances (Figure 6) as shown for the case of simple organic ligands like oxalate (Figure 1). The only
difference is that the concentration of humics needed to complex 90% of the dissolved U(VI) is
calculated in g/l instead of mol/l in order to circumvent the ambiguities concerning the molar mass of
the ill-defined system *humic substance”.

The concentration of humics needed to complex 90% of U(V1) and 90% of Eu is the same at low

pH (Figure 6). Thisis a consequence of the similar complexation behaviour of U(VI) and Eu (Figure 5).
With increasing pH the complexation strength in both cases increases and thus, the concentration of
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Figure5. The pH dependence of Eu, Am, Cm and U(VI)
humate complexation at trace metal concentration

The dashed line represents a linear regression of the Eu, Cmand Am
data and the solid line the trace of the “ conservative roof” model [4]
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Figure 6. “Floating towel” representation of the conditions at which 90% of thetotal
concentration of U(VI) isbound to humic substance (in g/l and for 0.1 M ionic strength, white
surface). For comparison, the corresponding Eu “ floating towel” is shown as black surface.

log [humic Substance] ()

humics needed to maintain the 90% complexation level decreases. However, as soon as hydrolysis and
carbonate complexation start to compete with metal-humate interactions the surfaces of U(V1) and Eu
diverge rapidly. The much stronger U(VI) hydrolysis and U(VI) carbonate complexation induce a
steep raise of the “floating towel” of U(VI) in the neutral and alkaline region of the parameter space

(white surface in Figure 6).

These differences in inorganic competition between Eu and U(VI) cause large differences
concerning the impact of humate complexation on Eu and U(VI) speciation in the region of natural
groundwaters. Whereas 10~ g/l (0.1 ppb) of dissolved humic substances is enough to dominate the Eu
speciation (see [4] for a detailed discussion), humic concentrations of 0.1 to 1 mg/I (0.1 to 1 ppm) are
needed to complex 90% of the dissolved U(VI) (Figure 7). Concentrations of dissolved humic substances
in the range of 0.1 to 1 ppm can be reached in streams, rivers and lakes. Tea-coloured waters such as
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Figure 7. Two-dimensional representation of the “floating towe” in
Figure 6 showing contour linesat which 90% of total dissolved U(VI)
isbound to humic substance (in g/l and for 0.1 M ionic strength)

Triangles represent pH and CO, partial pressure data of Swiss groundwater analyses
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marshes, bogs and swamps vary from 10 to 30 ppm humic substances. There are indications that for
Swiss groundwaters the humic concentration in general does not exceed the ppm range and in most
cases it might be closer to ppb than ppm. Hence, the influence of humic substances on U(VI) speciation
might be insignificant in al cases relevant for performance assessments of Swiss repositories for
radioactive waste.

Case 3: Some organic carbon isfound in aqueous solution

In most cases the information available for the geochemical modeller about organic ligands is
restricted to some concentration measurements (or even vague guesses) of dissolved organic carbon.
Nevertheless, performance assessors would like to have a clear statement as to if and how they should
consider organics in such cases. The only feasible approach is now to push the “back door approach”
to its full extent and ask the question, “What properties must an organic ligand have in order to
significantly influence the speciation of a given radionuclide?’ In practice, this question can be answered
by the following sequence of actions. We first select a small number of organic ligands representing a
wide range of complexation strength (due to different functional groups and molecular structures),
perform a series of back door calculations for al these ligands, visualise all the results concomitantly
using suitable computer graphics and draw some general conclusions by inspecting and interpreting
the resulting figures.

In the following example | selected the minimum number of three ligands for clarity and brevity.
In addition to the already-discussed ligands oxalate, representing simple organic acids, and humics,
representing ill-defined natural organics, EDTA is added in this example. EDTA is widely used for
decontamination processes and represents the class of strongly complexing synthetic ligands, forming
chelate complexes with all metal cations. Figure 8 shows the results of back door calculations for
U(VI) complexation with oxalate, EDTA and humic substances as a function of pH and CO, partial
pressure. Note that all calculations have been carried out in g/l rather than mol/l for direct comparison
of humics with the other organic ligands. As can be seen in Figure 8, the general features are the same
for al organic ligands. At pH < 5 the protonation of the organic acid causes an increase of the total
amount of ligand needed to maintain the 90% complexation level. Likewise, at high pH the increasing
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Figure 8. “Floating towel” representation of the conditions at which 90% of thetotal
concentration of U(VI) isbound to ethylenediaminetetraacetate (EDTA),
oxalate or humic substances (in g/l and for 0.1 M ionic strength)

log [organic ligang] (o)

competition due to the formation of U(VI)-hydroxide complexes causes an increase in the ligand
concentration needed for 90% U(VI) complexation. The strongest effect is seen at high pH and high
CO; partial pressure because of the increasing competition of U(V1)-carbonate complexes. The plateau
of the EDTA surface around neutral pH is caused by the competition of Ca-EDTA complexes. The level
of this plateau is directly related to the calcium concentration assumed in the calculations. In Figure 8
the Ca concentration was fixed to 0.0001 M. In most natural waters the Ca concentration is higher than
that value (see Figure 3) and thus the EDTA surface shown in Figure 8 represents the worst-case

scenario with respect to the influence of EDTA on U(V1) speciation.

As can be seen in Figure 8, 0.01 mg/l of humic substance is sufficient in neutral and dightly acidic
surface waters to dominate the U(V1) speciation, but we need at least 1 mg/l organic acid to achieve
the same level of complexation with oxalate. In the case of EDTA, even higher concentrations (0.1 g/l)
are needed to have 90% of U(VI) complexed by EDTA. In the case of Swiss groundwaters, several
grams per litre EDTA would be needed to complex 90% of the dissolved U(V1) (Figure 9).

Figure 9. Two-dimensional representation of the EDTA *“floating towel”
in Figure 8 showing contour linesat which 90% of total dissolved
U(VI1)isbound to EDTA (in g/l and for 0.1 M ionic strength)

Triangles represent pH and CO, partial pressure data of Swiss groundwater analyses
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This sequence is unexpected at the first glance. For most trace metals (e.g. transition metals and rare
earth metals) the sequence is EDTA < humic substance < oxalate, i.e. EDTA has the strongest influence
on trace metal concentration. In the case of U(VI), the opposite behaviour is found with EDTA
causing the weakest influence on U(V1) speciation. Or, the other way round, we need very high EDTA
concentrations for dominating the U(V1) speciation. What is the explanation for this erratic behaviour
of EDTA? The reason is found in the molecular structure of the U(VI)-EDTA complex. In general,
EDTA binds a meta ion with six functional groups (four carboxylate groups and two amine groups)
which causes a strong chelate effect. Dissolved U(V1) has the structure of alinear O=U=0 oxo-cation,
and EDTA can bind this molecule with a maximum of only four functional groupsinstead of the usual
six bonds. The result is a rather weak complex compared with other trace metals. In addition, the
strong competition of Ca-EDTA complexes (where EDTA can bind Cawith al six functional groups)
further decreases the influence of EDTA on U(V1) speciation.

The general conclusion from this rather limited example is that the influence of simple organic
ligands, containing only carboxylate and amine groups, on U(V1) speciation might be insignificant in
al cases relevant for performance assessments of Swiss repositories for radioactive waste. The same
statement is also valid for Np(V1) and Pu(VI). However, this conclusion cannot be extended to other
redox states of the actinides like Np(V), U(IV) or Pu(lll). Furthermore, even if these organic ligands
are not expected to dominate the speciation of hexavalent actinides they may reduce dissolved actinide
cations to lower redox states, and thus change speciation, solubility and sorption of the actinides.
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Abstract

Uranyl mineras form by oxidation and alteration of uraninite, UO,., and the UO, in used nuclear
fuels. The thermodynamic database for these phases is extremely limited. However, the Gibbs free
energies and enthalpies for uranyl phases may be estimated based on a method that sums polyhedral
contributions. The molar contributions of the structural componentsto A;GS and A;HZ are derived
by multiple regression using the thermodynamic data of phases for which the crystal structures are
known. In comparison with experimentally determined values, the average residuals associated with
the predicted A:GS and A;HZ for the uranyl phases used in the model are 0.08 and 0.10%,
respectively. There is also good agreement between the predicted minera stability relations and field
occurrences, thus providing confidence in this method for the estimation of A;Gg and A{HS of the
U(VI) phases. This approach provides a means of generating estimated thermodynamic data for
performance assessment cal culations and a basis for making bounding calculations of phase stabilities
and solubilities.
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I ntroduction

UO, under oxidising conditions is not stable and rapidly forms a wide variety of uranyl
oxyhydroxides, silicates, phosphates, carbonates and vanadates depending on groundwater composition.
A critical issue is the fate of the radionuclides released during the alteration and matrix corrosion of
the UO,. Some of the radionuclides are incorporated into the secondary uranyl phases [1-3] and, in
fact, these phases may become the primary source term for the near-field release of radionuclides.
Thus, the paragenesis, structure and stability of these phases are of critical importance in evaluating
the long-term behaviour of spent nuclear fuel in arepository under oxidising conditions.

Unfortunately, the thermodynamic database for these uranyl phases is limited and in some cases
contradictory [4]. There is an immediate need to be able to estimate thermodynamic parameters and
solubility constants. This paper represents an effort to estimate by regression analysis the standard
Gibbs free energies (A;GS) and enthalpies (A;HS) of formation of U(VI) phases based on their
structural components. Although present experimental data are limited and the different types of
uranyl polyhedra were not treated separately in this analysis, this approach allows one to utilise all
data presently available and will allow for the immediate refinement of estimated thermodynamic
values as new experimental data become available. We aso identify phases for which future structural
analysis and additional thermodynamic data will provide the greatest impact on the development of the
required database. Additionally, the estimated values may be used when suitable samples are not
available for experimental determinations (i.e. uranyl phases often occur as fine-grained mixtures of
variable composition). We present a method that is similar to that developed by Chermak and
Rimstidt [5] for estimating the A; G5, and A(H 5, of silicate minerals.

A detailed summary of previous work is given by Chen, et al. [6]. The structural anaysis of the
U(VI1) mineralsis based on the work by Burns, et al. [7-8]. The approach proposed in this paper offers
the following advantages over previous estimation techniques:

e The structura component-summation technique provides smaller uncertainty relative to the
oxide-summation technique if the co-ordinations of the cations are considered.

« The A;Gg and A:H S may be estimated even though data for representative phasesin similar

structural classes are not available because each type of cation polyhedron is considered to
possess a set of well-defined properties.

» Small errorsin individual data of the reference phases can be reduced through the averaging
provided by multiple regression if the database is large enough.

Fictive structural component

A fictive structura component is a cation co-ordination polyhedron with a similar structural
function, and it may be expressed in the form of an oxide or hydroxide. Because the cations in crystal
structures are commonly co-ordinated directly to oxygen atoms, and the hydrogen ions sharing oxygen
with other cations are considered to be part of the structural water, all structural components are
expressed as cation oxides in this study. In U(VI) phases, the basic fictive structural components are
uranyl polyhedra with different co-ordination numbers [8]. The Urg, polyhedron polymerises with
other Ur@, or other cation co-ordination polyhedrato form clusters, chains, sheets and even framework
structures [7]. The structural units (clusters, chains and sheets) are connected by hydrogen bonds and
low-valence cations that are commonly co-ordinated by 8 to 12 anions and are denoted by the
subscript (1). In framework structures, the similar structural components are co-ordination polyhedra
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of those cations located in the voids of other structure types with co-ordination numbers of 8-12.
The structural function of hydrogen ions that are part of the structural water is similar to that of
low-valance cations in sharing oxygen with cations in the structure units, compensating charge in the
structure and connecting the structural units. Thus, the structural water (H.O(g) is regarded as an
individual structural component and is different from the water of hydration (H,O4)). On the other
hand, the co-ordination polyhedra of cations other than UO3* may also form individual co-ordination
polyhedra within the structural units. These cations are different from those located in inter-structural
unit sites. Their co-ordination numbers are no more than 6 and are indicated by the Roman numeral in
the subscript of the relevant structural components. Constituent fictive structural components of
example U(V1) phases arelisted in Table 1 (a more comprehensive list is provided by Chen, et al. [6]),
including some of the uranyl phases that may be important during the alteration of spent UO, fuel.

Table 1. Example constituent structural componentsfor selected U(VI) phases

Mineral Formula Constituent structural components
Schoepite [(UO2)sO(OH)12] (H20)12 6H,0(s) + 8Ur@; + 12H,0(
Becquerelite  Ca[(UO,)30,(0OH)5]»(H20)s CaQy + 3H,O) + 6Ur@s; + 8H,0
Protasite Ba[(UO,)305(0H),] (H20)3 BaO + H,O(g) + 3Ur@s; + 3H,0)
Curite Phbs[(UO,)s0g(OH)e] (H20)5 3PbOyy + 3H,0(g + 6Urgs + 2Ur@, +3H,0

1.5H,0

Sklodowskite Mg[(UOZ)(S OgOH)] 2(H20)6 MgO(|) + Hzo(s) +2U regs + 2Si Oz(w) + 6H20(H)
Soddyite [(UO,)2(S04)](H20)2 2Ur@s + SiOyv) + 2H,0(g)

Database

Grenthe, et al. [4] have completed a comprehensive review of the literature of thermodynamic
data for uranium and have developed a database of uranium species, including some U(VI) minerals,
for use in safety assessments of radioactive waste repositories. This database has been widely adopted
among chemists and geochemists, and when available, the A; G2 and A;H 2 data used in the regression
analysis of this study for deriving the contributions of fictive structural components have been adopted
from Grenthe, et al. [4]. We note that:

» The thermodynamic properties of fictive cation oxides in structures are quite different from
those of pure oxides, as has been demonstrated for silicate minerals [5].

* a-UO; contains distorted polyhedra and studied samples may not have had the exact
stoichiometry of UOs .

« PB-UO; and y-UO; do not contain the uranyl ion, with the U®* cation being co-ordinated in
some other way, and the polyhedra are highly irregular.

Thusthe A;G2 and A;H g of the simple oxides for U(VI) were not included in the model data.

Because the thermodynamic properties of a fictive component calculated in this way are average
contributions of the component to the relevant properties of uranyl solid phases, thermodynamic data
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of phases with irregular structures (e.g. containing highly distorted polyhedra, involving U®* cations
not combined with oxygen anions to form uranyl cations) were not included in the model database.
Only data for those phases for which the crystal structures are known were used in this study. In the
limited amount of A;Gg and A;H g data for uranium (V1) compounds given by Grenthe, et al. [4],
notably absent are data for uranyl silicates. In recent years, new solubility data have been published for
some uranyl phases, and the use of these datain this analysis are discussed in detail in Chen, et al. [6].

Although each type of cation polyhedron is considered to possess a set of well-defined properties,
the linkage topology of the polyhedra can aso account for a few per cent of the variation of
thermodynamic properties for a particular type of cation polyhedron from structure to structure.
Notably, the anion topology for the sheets of phases MxU,O; (M =K, Rb, Caand Sr; X =1 or 2)
contain only hexagons, and each hexagon is populated with a uranyl cation to form a hexa-bipyramid
with each edge of the hexagon in the plane of the sheet being shared with neighbouring polyhedra [7].
The linkage between the cation polyhedra within sheets of this type of structure is much stronger than
that found in other sheet structures of U(V1) phases. In the course of the present anaysis, we have found
that the A; G (298) and A; H g (298) values for phases with this structure type are always more negative
than predicted. Because few phases possess this kind of structure, we suggest that thermodynamic
properties of these phases neither be used in the reference database nor predicted using the present
empirical method. Because the structures of most uranyl phases are based upon infinite sheets of
polyhedra [7] and the prediction will be improved if the estimation is made within the phases that are
structurally more analogous, uranyl phases containing isolated uranyl polyhedra were aso not
included in the model. Chen, et al. [6] provide a list (see their Table 2) of the thermodynamic data
used to calculate g and h; valuesin this study.

Calculation methods

Regression analysis was used to determine the molar contributions of structural components
(g and hy) to A;GS and A:H S of uranium (V1) phases for the following models: A;GS = Znig; and
A:HS =Znh;, where n; is the number of moles of component i. The g or h; of the components that
occur in at least two phases for which the relevant thermodynamic data (A:GS or A;HQ) and
structural information are available were included in the predictor variables of the regression analysis.
The details of the technique are given in Chen, et al. [6]. We note that no significant differences exist
among the calculated g; or h; values for different uranyl polyhedron types (Urg, Urgs and Urgs), and
the result is rather sensitive to the change of the data used in the model. Because those phases that
contain highly distorted or unusua polyhedra are excluded from the model, the number of the
equatorial <U®--O> bonds and their bond strengths generally depend on co-ordination number. Thus,
differences are to be expected among the g or h; values of different types of uranyl co-ordination
polyhedron. We suspect significant differences will be demonstrated when the model database is
enlarged. The sensitivity of the regression result to the variation of the data used in the model depends
on the ratio of the number of data and predictive variables. Enlarging the database or reducing the
number of variables will make the result less sensitive to the change of the data used in the regression,
as is demonstrated by taking the three types of uranyl co-ordination polyhedra as a single component
in order to reduce the number of predictive variables. Thus, when the database is small, this treatment
makes the result more reliable. For the present calculations the different uranyl polyhedra are
considered as a single component, as long as no significant differences occur among the calculated g;
and h; values for the different uranyl polyhedron types. The different uranyl polyhedra can be considered
separately as soon as additional data are available. In order to avoid under- or over-weighting of the
contribution of a particular phase, the number of uranium (V1) polyhedra (the sum of Urg, Urgs and
Urgs) for anindividual minera in the regression model was normalised to 1.0.
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Based on the regression results, the molar contribution of other selected structural components to
A:GS(298) or A;HE (298) of uranyl phases was calculated for each mineral for each component,
because each of these structural components were contained in only one phase for which the crystal
structure and A;Gg, (298) and A H 5 (298) have been experimentally determined. All the thermodynamic
data used to calculate the g and h; values are given in Chen, et al. [6].

Results

The g and h; values derived from the regression model are listed in Chen, et al. [6]. The average
differences between the predicted and the measured values for the phases used in the regression
analysis are 0.095% for A;Gg,(298) and 0.09% for A;H§ (298), and these differences are normally
distributed when the number of uranyl cations in the formulais normalised to 1.0. The average reported
associated errors (20) of experimentally determined data for silicate minerals are 0.16% for A; G2 and
0.13% for A;Hp [5], and those for U(VI) minerals are dightly higher. Thus, the associated errors for
the predicted A;G2(298) and A;H g (298) values are generaly below those of the experimentally
determined values within the model database. This is the statistical result of averaging the error over
the entire data set.

Asablind test, Table 2 lists the measured and predicted A; G2 (298) values for uranyl phases that
were not used in the in the development of the database for the model. The measured A;Gg, (298)
values for the uranyl phosphates were selected by Grenthe, et al. [4] in the uranium thermodynamic
database, but their crystal structures remain unknown. The difference between the measured and
predicted values for anhydrous uranyl phosphate, (UO,)3(POs),, is 0.32% and may mainly result from
the uncertainty of g; for PO,y which was calculated using the A;G, (298) value of UO,HPO,4H,0
by the error propagation method. From the difference between the measured A;Gg (298) values of
(UO,)3(PO,).BH0 and (UO,)3(PO,).[4H,0, we obtain the molar contribution of molecular water
(H2O¢)) to the A(Gg, of uranyl phosphates to be -239.5 kJ/mol, which agrees with that obtained by the
multiple-regression analysis. However, the difference between the measured A;:Gg (298) values of
(UO,)3(PO,)2[4H0 and (UO,)3(PO,), is —1 023 kImol, indicating that the molar contribution of
molecular water to the A; G (298) of uranyl phosphates is -255.75 kJ/mol. This discrepancy accounts
for the large residual of the predicted A;Gg, (298) vaues for (UO,)3(PO,),[4H,0 and (UO,)3(PO,),BH,0,
and experimental studies are needed to explain this discrepancy. Probable sources of this discrepancy
include:

* The structure of (UO,)3(PO,).[4H,0 and (UO,)3(PO,).BH,0 are similar to each other and
quite different from that of (UO,)3(POy)..

e The number of molecular waters in the samples may not be identical to their nominal
stoichiometries.

*  The A;Gg(298) value of (UO,)3(PO,),[4H,0 isin error (the “measured” A;Gg (298) value of
(UOg)g(PO4)2|:6H20 was estimated based on that of (UOg)g(PO4)2H20)

Table 3 lists the measured and predicted A; H g (298) values for selected uranyl phases that were
not used in the development of the database for the model. Similar to the case for A;Gg (298), the
predicted A H g (298) value of (UO,)HPO,4H,0 is also much more positive than that measured, and
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Table2. Measured and predicted A;Gg, valuesfor theuranyl
phases not used in the model and their related residuals

Phases M easured Predicted Residuals %
(kJmol ™) (kdmhol ™) (kdmhol ™) residuals
(UO2)3(PO,), -5116.0+ 5.5 -5132.2 16.2 0.32
(UO,)3(PO,),ZH,0 61390+ 6.4 -6 093.4 -45.6 0.74
(UOz)g(PO4)2[6H20 -6618.0+ 7.0 -6 574.0 -44 0.66
Cay(UO,)(CO,)311H,0 -6418.8+ 12 -6 452.2 334 0.52
CaMg(UO,)(COy)s12H,0  -6561.4+8 -6 556.4 -5.0 0.07
Mg,(UO,)(CO5)318H,0 -7881.1+8 -7 862.9 -18.2 0.23
N&a,Ca(UO,)(CO;5)36H,0 -5207.1+ 24 -5215.7 8.64 0.17

Note: The measured values for the uranyl phosphates are from Grenthe, et al. [4] and the measured values for the
liebigite group minerals were calculated based on the solubility data reported by Alwan and Williams[9].

Table 3. Measured and predicted A;H 2 valuesfor uranyl
phases not used in the model and their associated residuals

Phases M easurfad Predictid Resi duzills _%
(kJmol ™) (kdmhol™)  (kJmol™) residuals
(UO,)5(PO4)2 -5491.3 + 3.5 -5512.3 21.0 0.38
(UO,)5(PO,),@H,0 -6739.1+ 9.1 -6 690.9 -48.2 0.72
Cay(UO,)(CO3)511H,0 -7301.6+24 -7 306.3 47 0.06
CaMg(UO,)(CO5)s2H,0 -7 504.4+ 20 -7 495.3 9.1 0.12
Mg,(UO,)(CO3)318H,0 -9164.2 + 20 -9165.7 1.5 0.02
Na,Ca(UO,)(CO3)3BH,0 -5893.0 + 36 -5826.3 -53.1 1.13
Li,U,0; -32136+53 -3024.7 -8.9 0.28

* From Grenthe, et al. [4]; the measured A, H? data for the liebigite group uranyl carbonates were calculated
based on the dissolution enthalpy data reported by Alwan and Williams[9].

similar explanations are applicable. The A; H g (298) values for the four liebigite group minerals were
aso recalculated using the respective dissolution enthalpy of these minerals reported by Alwan and
Williams [9] and using the A; H 2 (298) values for the relevant agueous species provided by Grenthe,
et al. [4]. There are two Ca-bearing phases (CaUO, and CaUQOg) for which the measured A H & (298)
values were available. As was indicated previoudy, the linkage between the cation polyhedra within
the sheets in the structure of CaUO, is much stronger than that in the structures of the uranyl phases
used in the model. Thus, the A;Gg(298) and A H S (298) values for CaUO, are more negative than
those predicted (Table 3). However, CasUQs is based on a structure containing isolated Ug, polyhedra,
and the linkage between the cation polyhedra is much weaker than that in the phases based on sheet
structures. Thus, the A;Gg(298) and A;H g (298) values for CaUQOg should be more positive than
those predicted. The h; values of CaQy, calculated based on the A¢H, (298) values of CaUO, and
CaUQg are -764.6 kJ/mol and -689.2 kJ/mol, respectively. Therefore, these two values were averaged
to obtain arough estimation of the h; of Ca (726.9 kJ/mol) which was used to calculate the predicted
AH? (298) values of the liebigite group minerals. For liebigite, swartzite and bayleyite, the predicted
A:HS(298) values are in good agreement with those measured. Structural information and the
calculations made in this study indicate that the prediction of the A;Gg(298) and A;H 7 (298) for
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liegibite group mineralsis rather reliable. Thus, the large difference between the predicted and measured
A:H S (298) values of andersonite suggests that the measured value may be in error, which is aso
indicated by the very large uncertainty of the measured value. The structure of Li,U,O; remains
unknown, but the predicted A;H g (298) value is in fair agreement with the measured value. Adding
|Ieblg|te, S/VartZite, ba.yl eyite, UOZCO?,, MgUO4, UOQHPO4[E'I20, (UOg)g(PO4)2 and Li2U207 to the
model, the regression analysis of the A; H g (298) values resulted in an average residua of 0.10% and
a set of revised h; values [6]. The analysis described above demonstrates that this technique provides
reliable predictions of the A;Gg, (298) and A; H 3 (298) for most uranyl phases, and the prediction can
be improved immediately as accurately determined new data become available.

Finally, we have identified some phases for which the A;Gg (298) and A;H 3 (298) could not be
predicted reliably using the model presented here, but the deviation can be explained based on structural
information (available examples are listed in Table 4). These phases fall into three structure types
according to the structural classification of uranyl phases by Burns, et al. [7]. Thefirst typeis based on
sheet structure and includes the phases M,U,O; (M =K, Rb, Ca, Sr; x =1 or 2). The anion topology
of the sheets contain only hexagons, each populated with a uranyl cation to form a hexa-bipyramid
with al the edges of the hexagon in the plane of the sheet being shared with neighbouring hexagon.
The strong linkage between the cation polyhedra within the sheets makes the measured A; Gg (298) and
A H 5 (298) vaues for the phases of this class more negative than those predicted (see Chen, et al. [6]).
The second type is based on a chain structure in which the chains contain only uranyl polyhedra and are
formed by sharing single corners between Urg, polyhedra. The linkage between the cation polyhedra
in this type of structure is usually much weaker than that in most uranyl phases. Phases belonging to
this class are Na,UOs, LisUOs, CaUQOs, and Sr,UQOs. The third class includes those phases consisting
of isolated cation polyhedra (e.g. SrsUOs and CagUQg). The weak connection between cation polyhedra
in the second and third structure types makes the measured A; G2 (298) and A; H g (298) vaues for these

phases more positive than those predicted. The A; H g (298) values for a-SrUQ,, B-SrUQ,, Sr,UOs and
SraUQg are -1 989.0 kJimhol ™, -1 990.8 kJiol ™, -2 635.6 kJihol ™ and -3 263.4 kJmol ™, respectively [4].

Table 4. Phasesfor which the model predictions
were unrdiable based on their structural description

- A G (298) (kJmhol™) AHE (298) (kJmhol™)

M easur ed Predicted M easur ed Predicted
Calo, -1888.7 -1876.8 -2002.3 -1960.3
K,U,O; -3250.5 -3154.5
Rb,U,0; -3232.0 -3156.5
Cs:U,0; -3220.0 -3161.8
Li,UOs -2639.4 -2709.3
Na,UOs -2 456.6 -2706.4
CagUOg -3305.4 -34135

Note: The measured values are from Grenthe, et al. [4].

The h; values for SrOy, calculated using these A;H g values are -755.85 kJihol ™, -757.05 kJihol ™,
-700.93 kJihol ™ and -676.55 kJiol ™, respectively. These results agree with the structural interpretation
that the connection between the cation polyhedrain a-SrUQO, and 3-SrUQ, is much stronger than that
in SrpUOs and SrUQs, as described above. Therefore, the hy value for SrQ) should be between
-700.93 kJmol ™ and -755.85 kJmol ™.
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Application to spent nuclear fuel

Uranyl phases are the solubility-limiting phases of uranium during the oxidative corrosion of
spent nuclear fuel. Both the solution concentration of uranium and the secondary phase immobilisation
of actinides and fission products depend largely on the structure and stabilities of the secondary phases
formed. Thus, a defensible predictive model for assessing the corrosion of spent fuel must be based on
acritical examination of the phases that will be important during the process. Natural analogue studies
suggest that the long-term paragenesis during the oxidative corrosion of UO, fuel can be summarised
as [1] an initid decomposition of UO, to uranyl oxide hydrates followed by the formation of
more stable uranyl silicates or, in phosphorous-rich groundwaters, the formation of uranyl phosphates.
Because phosphorus is not expected to be present in significant amounts in spent nuclear fuel or in the
groundwater of the proposed high-level waste repository at Y ucca Mountain, uranyl silicates will most
probably be the solubility-limiting phases of uranium in the near field. Among the uranyl silicates in
the UO5-Ca0-SiO,-H,0O system, haiweeite has been suggested to be important during the oxidative
corrosion of spent fuel by chemical simulation and experimental studies. Our prediction also indicates
that haiweeite would be more stable in groundwaters from crystalline rocks. However, field observations
indicate that uranophane is the most common uranyl silicate, and haiweeite is rare in nature. Because
both the detailed structural information and thermodynamic data for haiweeite are unavailable, relevant
experimental studies are strongly recommended, and experiments combined with studies of natural
occurrences are necessary in order to provide an explanation for this discrepancy and to determine
whether the precipitation of haiweeite should be suppressed in geochemical models of the oxidative
alteration of spent fuel. Becquerelite is potentially an important secondary mineral during the
corrosion of spent fuel in repositories, but significant discrepancies exist in the solubility experiments
and no calorimetric thermodynamic datum is available for becquerelite. Uranyl phosphates are the
most numerous and most commonly found in nature [1], and no thermodynamic data is available for
the most abundant and structurally well-known phosphates, such as (meta)autunite, torbernite and
phosphuranylite.

In order to achieve an immediate further improvement in the estimation of thermodynamic
properties of uranyl phases and make successful predictions of the dominant uranyl phases formed
during oxidative corrosion of spent fuel in underground repositories, we suggest that future experimental
studies include:

e the determination of thermodynamic properties for uranyl oxide hydrates of potassium and
calcium, and for uranyl silicates (e.g. sklodowskite and haiweeite), as well as the naturally
abundant uranyl phosphates;

o structure refinements of (UO,)3(POg4)2(H20)n (n=0, 4, 6), (UO,),P,0O; and uranyl silicates,
such as haiweeite and swamboite.

Finally, calorimetric and phase-equilibrium determinations must be based on materials for which
structure refinements and accurate chemical analyses exist. The proper characterisation of experimental
materials remains a major challenge in studies of these complex uranyl phase assemblages.

Because the molar contributions (g and h)) obtained by the regression technique are average
contributions of a polyhedron in selected U(VI) phase structures, the reliability of predicted values
depends on the model database. Thus, the thermodynamic data for U(VI) phases with highly irregular
structures should not be included in the model database or be predicted by these empirical methods.
The predicted thermodynamic parameters are improved if the estimation is made within a group of
phases which are structurally analogous.
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Although this method provides a means of calculating thermodynamic parameters for U(VI)
phases of known structures with a calculated error comparable to that obtained from direct experimental
determinations, we want to emphasise the need for critical experimental data. The results of the
statistical anaysis of the presently available data should not be used as ajustification for not completing
the necessary experimental studies. The value of the statistical technique that we have described
depends directly on the quality and quantity of experimental data that are available.

Finaly, the use of thermodynamic parameters in a performance assessment requires careful
attention to the effect of error on parametric and conceptual uncertainties in the performance
assessment. In a recent example, Ewing, et al. [10] have shown that even small variaions in the
thermodynamic parameters (say less than 1% in the estimated value for the Gibbs free energy) can
cause substantial changes in activity-activity diagrams that may be the basis for conceptual modelsin
the performance assessment. This suggests that bounding calculations of phase stability and solubility
may be the most prudent approach in using thermodynamic parameters in performance assessment
calculations.
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DISCUSSION

The discussion began with several specific comments from the speakers.

J. Bruno commented on the relevance of R. Ewing's presentation from the viewpoint of
retrievable repository concepts.

P. Hernan commented that the ACTAF project presented by T. Fanghand was very ambitiousin
terms of technical objectives.

T. Fanghanel answered that the project was operating as expected and he was optimistic as
concerns the planned objectives.

J. Bruno highlighted the relevance of thistype of work for the source term.

The Chairman opened the general discussion.

J. Bruno said that it is necessary to use the full power of the theoretical/semi-empirical models to
fill the gaps existing in the databases and that it is very important to assess how much data is needed.
One of the issuesis how to introduce solid-solution models and their corresponding activity coefficients
in the most common databases.

I. Grenthe said that chemical knowledge should be used to help to develop theory and estimation
approaches.

J. Bruno remarked on the use of approaches that help to build up a thermodynamical framework
to study oxidative alteration.

R. Ewing did not see an immediate need for the development of solid-solution models.

T. Fanghénel pointed out that it is necessary to understand the processes but that it is very
dangerous to use ideal solid-solution models because in most cases they are not conservative.

R. Ewing said that solid solution models have not been used in performance assessment.

J. Bruno replied that this type of models was included in SKB’s SR97 and it is being incorporated
in Enresa2000 as well.

K. Spahiu insisted on the fact that solid-solution models are not conservative.

J. Bruno said that being conservative does not ensure accuracy, and that perhaps we have been
wrong to look for this quality when it is not always the correct scientific manner in which to proceed.
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M. Askarieh mentioned that it has been repeatedly stated that solubility is controlled by surface
phases, not by the bulk solid. Therefore he asked for an explanation concerning the concept of transitory
solubility.

I. Grenthe answered that it will be difficult to quantitatively model these systems and that from
his point of view the important issue isto know how a system will evolve.

J. Alonso asked what are the gaps existing when trying to simplify the models for performance
assessment.

T. Fanghanel answered that an example of the complexity encountered in transferring models to
performance assessments is the surface phenomena just mentioned: finding the relation between
surface complexation models and Kp One cannot transfer surface complexation models directly to
performance assessment, but it is possible to support Ky values with surface complexation models.

P. Wersin mentioned that the use of idea mixing models for solid solutions may lead to
underestimating the solubility of radionuclides.

R. Ewing commented that performance assessment is more than chemistry, and posed the
question of how far we are from the actual solution when we use input data that has been estimated or
modelled but not experimentally determined.

J. Bruno answered that, in our field, modellers and scientists are or must be the same.

C. Tweed commented that estimated data are model (and thus modeller) dependent and that it is
necessary to give the proper value to each source of estimated data.

M. Askarieh returned to the subject of ACTAF, and asked whether a thermodynamic database
would be set up.

T. Fanghane answered that it is not the aim of ACTAF to set up a database. The project ams at
filling the current gaps in the existing data by experimentation and eventually incorporating the new
information to databases such as NEA TDB.

|. Grenthe said that the maintenance of the NEA TDB is assured by the Agency and asked about
the European TDB. He went on to comment on the fact that a sorption model based on Kp values can
be useful when describing transport, but has important drawbacks when there are changes in the water/
solid compositions. Therefore, it is important to provide ranges of values, not only a central value, for
this parameter.

B. Glasdey asked about the sources of uncertainty. He commented on the development of a tool
to deal with uncertainties. Specificaly, he asked whether it is planned to study precipitation kinetics
within the ACTAF project and whether it is possible to obtain kinetic information from the Th study
presented by T. Fanghanel.

T. Fanghanel answered that it is not planned to perform any measure on kinetics of precipitation
within ACTAF and that no information on kinetics can be obtained from the experimental data shown.

D. Kulik expressed his interest in the work presented by R. Ewing and asked about the possibility
of estimating K, values from that methodology.
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R. Ewing answered that thisis not a small step, that it is very difficult and that the estimation of
enthalpy is still very complicated. It istheoretically feasible but not practical.

D. Kulik commented on the necessity of integrating mechanistic models with performance
assessment.

P. Slin was in agreement with 1. Grenthe concerning the fact that the story sometimes is more
important than the models themselves. He said that scientific modellers can assess experimental data
and it would be desirable to have three different thermodynamic databases: 1) a reliable database,
2) an estimated database and 3) a compilation of “bad data’. He also said that for performance
assessment users, an estimated database complementing the reliable database would be very useful.

K. Spahiu commented on the fact that the estimation of the data is not work contemplated by the
NEA TDB. Thisfield isleft to other initiatives that estimate data and conduct modelling.

J. Bruno said that, still, there is a need for additional scientific production of data to feed and
validate the models.
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I ntroduction

The main reason for using thermodynamic data in performance assessment (PA) is that the
chemical data requirements for both deterministic and probabilistic PA exercises critically rely on the
availability of thermodynamic data. This statement is not questionable.

Thermodynamic data is one of the building blocks of thermodynamic modelling. Among these
blocks (Figure 1) we have the system data, that is the data provided by site characterisation, waste-matrix
characterisation, etc.; from there a conceptual model is developed requiring the use of thermodynamic
data to transfer this model to a quantitative model to generate the model data. A very important issue
is the feedback cycle throughout the entire system so that the model data is tested against the system
data and therefore the conceptual model can be refined, etc., which is called the validation process.

Figure 1. Building blocks of ther modynamic modelling

M odél
Data

Quantitative models

TDB

Conceptual Model

System Data

Geochemical modelling is not simply science, it is aso possessed of a certain artistic element
which is very difficult to transfer to geochemical codes. The art of geochemical modelling is the
manner in which the conceptual and quantitative model is adapted to the system data available. This
endeavour does not lie within the mandate of the NEA.

113



How is TDB used in PA?

TDB are used in two ways:

1) to define source term concentrations by using solubility calculations to that end;

2) to calculate retardation in several aspects, the most famous example being the Kd approach in
which acalculated chemical speciation of aradionuclide is used to reflect on the magnitude of
the Kd; fortunately this has developed alittle bit further.

TDBs are built from experimental work: titration, spectrophotometry, solid phase characterisation,
etc. The experimentalists put al thisinformation together as thermodynamic data and the NEA selects
and compiles these data. For practitioners of thermodynamic modelling, taking into consideration the
building blocks, solubilities are calculated using the TDBs. These solubilities should be compared with
information from “dirty systems’: waste matrix, dissolution experiments, etc., and from natural-system
studies. Finally, stochastic or probabilistic source term concentrations can be cal cul ated.

By examining the different elements of a repository system (Figure 2), considering geological
disposal the way to go, some of the key processes for which the use of thermodynamic data would be
helpful can be defined:

» the source term including the matrix and the canister;

» the near field including bentonite and backfilling;

» thefar field that limits the retardation of the radionuclides.

Figure2. HLNW repository scheme

o

e o

Source term

NF(1): NF(11): _ FE:
Canister Bentonite Host rock
cement backfilling

The warnings when using TDB compilations areillustrated in several examples.

114



NF(1)
Sourceterm

Figure 3 shows a compilation of solubility data of uranium dioxide under different pH and redox
conditions. The two boundaries are solubilities calculated by using two solubility constants. One was
selected by the NEA TDB, and corresponds to a crystalline phase; the other was calculated from UO,,
taking into consideration that its surface is less ordered than the monocrystalline UO,. If the value
selected by the TDB compilation is considered, the U concentration obtained from experimental data
will be underestimated, while if the less structured UO; is considered, an upper limit value is obtained
that is more realistic within a certain degree of conservatism. The message here is that the values
selected in the NEA TDB should be contrasted with experimental information; failing that, there is a
risk of underestimation.

Figure 3. Solubility of UO,; light grey line log,, K, =-4.85 (NEA selection),
dark grey lines log,, K¢, =-1.6 (SKBU) (adapted from Casas, et al. [1])
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Another example (Table 1) shows the relevance of the sdlection of auxiliary data. The table
shows a summary of the redox potentials found in the literature for the reaction:

Fe = Fe*" + 2e” (1)

Amazingly, given that thisis very basic data, this redox potential is not well established. When it
comes to the study of the stability of a given corrosion product, an enormous uncertainty can exist, up
to 6 orders of magnitude. This is unacceptable for such an important parameter. No NEA group has
been established to study this issue, but an important effort should be devoted to clarify such an
important subject and to establish avalue for this redox equilibrium.
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Table 1. Summary of the redox potentialsfound in theliteraturefor thereaction in Eq. 1

E°(V) Method Comments Original source

0.441 |Potentiometry |Fe electrode: Hampton, 1926 [8]
H., reduction. of oxide

0.440 |Potentiometry |Fe electrode: Randall & Frandsen, 1932 [9]
H, reduction. of oxide

0.409 |Potentiometry |Fe electrode: Patrick & Thompson, 1952 [10]
iron carbonyl decomposed

0.443 |Potentiometry |Fe electrode: Patrick & Thompson, 1952 [10]
H, reduction of oxide (O, present)

0.477 |Potentiometry |Fe electrode: Patrick & Thompson, 1952 [10]
H, reduction of oxide (no O, present)

0.467 |Amperometry |Fe electrode: Hurlen, 1960 [11]
H, reduction of oxide (no O, present)

0.473 |Caorimetry FeSO,-7H,0 Larson, et al., 1968 [12]
measurement of A_H

0.415 |Potentiometry |Fe electrode degassed Johnson & Bauman, 1978 [13]

||O.435 Potentiometry |Fe electrode not degassed Johnson & Bauman, 1978 [13]

10.460 |Soluhility meas.|Solubility of FesO, Tremaine & LeBlanc, 1980 [14]

NF(I1)

Another area that Urs Berner will surely treat later on deals with the non-stoichiometry of some
of the phases in the cementitious near-field. This deserves a certain degree of attention because there
no realistic concept currently exists asto how to deal with cement.

Bentonite is a clear case in which the accessory is as important as the fundamental material.
To clarify, in bentonite, most of the main processes controlling master variables, such as pH and Eh
are related to the accessory minerals, mainly pyrite, cacite, quartz and gypsum. Of course ionic
exchange playsits role, but the accessory minerals are very important.

Far field

Y esterday there was some discussion as to how solid solutions (SS) mixed solids are approached.
During 1983, when | came across P. Schindler in Switzerland | tried to see how far simplified models
could go toward explaining the incorporation of trace metals in mgjor solids. Although there is an
awareness of its limitations, it can be said that this is an area which has not yet been explored to the
fullest extent. The fundamentals of the approaches can be seen in Figure 4.

In Figure 5 some of the first experimental results that were done in this area can be seen. Some of
the results from Bruno, et al. [15] on the application of the co-precipitation approach to the system
U(V1)-Fe(OH)s(s) are shown in Figure 5(a). At that time it was widely thought impossible. Later on it
was demonstrated that thisis not only possible but certain. Sorption data can aso be defined using the
same approach [Figure 5(b)], therefore allowing quantitative exchangeability although employing
different conceptual phenomenon.
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Figure 4. Basis of the simple models used to deal with mixed solids

Trace Metals — Major Components (1)
SI(M) >0: Co-precipitation approach

v/ Based on the thermodynamics of ideal solid solutions
[15,16,17]

v Co-precipitation of a trace element T with a major metal
(i.e. Ca) forming a mixed solid phase T,Ca,;.,)CO4(s)

TCO4(s) = T+ CO% K, = ar2+ -acog?/arcoys)
arcoge=activity of the solid phase =X, when X <0.05

K*so = Keo * Xtcoss) = [T# I [CO32] Yeos

Trace Metals — Major Components (2)

SI(M) <0: Co-dissolution approach
v Based on the stoichiometric saturation concept
[18] Non-equilibrium systems.

v Ideally mixed solid (i.e. T,Ca,; ., CO4(s)) dissolves in a
congruent fashion

T,CaCOs(s) O XT?* + (1-X)C&* + COs>

[T24] = x/ (1-x) - [Ca2*]

Figure5. Application of the co-precipitation approach

(a) U(VI)-Fe(OH)3 co-precipitation data from Bruno, et al. [15] (b) U(VI)-Fe(OH)3 sorption data from His and Langmuir [19]
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Three weeks ago, during the GEOTRAP workshop, an idea for the approach to large Kd parameters
was developed. These large Kd include not only sorption but aso other factors. A distribution factor
that has to do with the partition of trace elements for different solid phases was defined. This was
investigated for the incorporation of Ni in carbonates and iron sulphides at redox fronts (see Figure 6).
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Figure 6. Application of ideal solid solution thermodynamicsto calculate
distribution factor for nickel at the redox front defined by calcite/iron sulphide

Application of ideal ss thermodynamics to calculate Fp
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Relevance of natural systems data

Logically, the next area to be addressed is natural systems data. The “universal” relation between
measured Sr and Ca concentrations in groundwaters can be seen in Figure 7. By “universal” is meant
natural analogue data. The solid line describes the miscibility limit for the incorporation of Sr into
calcite given by Tesoriero and Pankow [20]. By and large, most of the data are around this value,
which is amazing, because the question is always: how can the molar fraction to be used in the solid
phase be found? By exploring the situation in different natural systems perhaps the solution will be
discovered.

Figure 7. Association of Sr with calcitein natural systems
(adapted from Bruno, et al. [21])
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Natur al-systems data: The Oklo example

Figure 8 shows another example: Oklo. Thisis a very good example in which many components
of a repository can be found. The star indicates the location of a uranium deposit which has been
functioning as a natural reactor. On the right there is a plateau of manganiferous pelites. The arrows
indicate the flow circulation, which is the first thing that must be known in order to understand the
system. Here, thereis aflow circulation through the Mn pelites, a surface infiltration and a circulation
through the preferential path created by the existence of the gallery of the mine.

Figure 8. Okélobondo (Oklo) zone in Oklo showing the main flow pathways
and the values of Eh and pH of the groundwater sampled at each bore hole

NW SE Massango plateau
B_BI X158 ()(7()(7‘ (MI’] pellteS)

. a( -
Eh(mV)/pH 290/8.3

The redox potentials measured around the reactor are very oxidising, which is extraordinary.
They are oxidising because they are influenced by the manganese control [see Figure 9(a)]. The rest of
the measurements can be explained by the iron(l1)/iron(111) system. This is an example of applying
thermodynamic modelling to natural systems.

Now a comparison between measured and calculated uranium concentrations will be attempted.
It could be expected that the U close to the reactor would be controlled by UO,, but due to the oxidising
character of these waters what results is U(V1), either in the form of U(VI) silicates or associated to
Fe(OH)5(s). The match is not perfect but it isthe correct trend.

Examining the west gallery waters, it can be seen that they are oxidising given the effect of the
open gallery. The best correspondence between measurements and caculations is given in this case by
Na-zippeite. This solid is not a phase that you will find in the NEA selection, as the data is not good
enough to be included in the compilation. The modeller, however, should consult the literature and
search for the best value. Finally, the surface waters are controlled by U(V1)-Fe(OH); co-precipitation;
thisis observed everywhere. Here is a clear example of how thermodynamic modelling can be applied
to adirty system.

Dealing with uncertainty
This example is aimed at illustrating the implications of the uncertainty in a given value on the

other values of the system. The case study is the uncertainty associated with the solubility constant of
schoepite. This phaseis of the utmost importance in PA given that it controls the solubility of U under
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Figure9

(a) En/pH values of the Oklo samples compared with the (b) Comparison between the uranium concentrations

redox control exerted by the manganese and the iron systems measured in the samples close to the reactor and the
calculated by assuming equilibrium with uranophane and

by assuming co-precipitation of U(VI) with Fe(OH)z(am)
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oxidising conditions; it is, for example, considered in Yucca Mountain. In Figure 10 the uncertainty
associated to the solubility of schoepite is shown as the range of concentrations of uranium calcul ated.
The manner in which this uncertainty is transferred to the agueous speciation scheme of uranium can
be seen in Figure 10(b). For example, the species UO,(CO;)% amost disappears from the speciation
plot when assuming the lowest value in the range of solubility of schoepite, while when assuming the
upper value it accounts for the 30% of the aqueous uranium.

This means that the uncertainty not only affects the solubility, but also the speciation and, therefore,
the sorption behaviour.

The plutonium case

This example deals with the application of thermodynamic data found in the NEA books. In the
figure the available data on the solubility of PU(OH)4(s) is shown. If only the dataincluded in the NEA
TDB book for Pu were used to calculate the solubility of this solid, the lines shown in the plot of
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Figure 10

(a) Range of concentrations of U in equilibrium with (b) Aqueous U speciation scheme depending on the value
schoepite as a function of pH. Upper solid line stands of the solubility constant used for schoepite. Dark curves
for the central value plus the uncertainty. Lower solid indicate the speciation scheme obtained when assuming
line stands for the central value minus the uncertainty. the upper value for the schoepite solubility constant and

light curves indicate the scheme when using the lower value.
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Figure 11(a) would be obtained, depending on whether carbonate exists in the system. What can
immediately be appreciated from these results is that the data is unexplainable. Further, it is interesting
to note that, if carbonate were assumed in the system, the solubility of Pu at alkaline pH goes down
because in the NEA work no sdlection for the stability constant of Pu(OH)4(aq) is given; therefore the
calculations could have been conducted without considering this species which isin turn the one that
is actually providing the solubility in this pH region.

If a certain stability is considered for the neutral hydroxide species [see lines in Figure 11(b)], a
reasonabl e description of the system with or without carbonate in the medium can be obtained.

Therefore, one of the main conclusions that should be retained from the work presented here is
that the NEA TDB, while avery important work, should not be solely relied upon. Data estimation and
afull understanding of the problem in question are required in order to identify the data lacking in the
description of the system.
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Figure 11. Description of the measurements available
in theliterature on the solubility of Pu(OH)4(s)

(a) Comparison of the data with the solubility calculated by using only thermodynamic data included
in the NEA TDB book (solid and dashed line differ in the carbonate content and the redox potential)
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(b) Comparison of the data with the solubility curves cal culated by using additional species of Pu selected
from published data that have not been selected by the NEA TDB team due to the poor quality of the
data (as in the previous case solid and dashed lines differ in the carbonate content and the redox potential)
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MINIMISING UNCERTAINTY INDUCED BY TEMPERATURE EXTRAPOLATIONS
OF THERMODYNAMIC DATA: A PRAGMATIC VIEW ON THE INTEGRATION OF
THERMODYNAMIC DATABASESINTO GEOCHEMICAL COMPUTER CODES

Dmitrii A. Kulik
Waste Management Laboratory, Paul Scherrer Institute
CH-5232 Villigen PSI, Switzerland

Abstract

Incorporation of temperature corrections is gaining priority regarding geochemical modelling
computer codes with built-in thermodynamic databases related to performance assessment in nuclear
waste management. As no experimental data at elevated temperatures are available e.g. for many
actinide and lanthanide species, the simplest one-term extrapolations of equilibrium constants are
usually assumed in practice. Such extrapolations, if set inappropriately, may accumulate large additional
uncertainty at temperatures above 100°C. Such errors can be avoided because one-, two- and
three-term extrapolations have great predictive potential for isoelectric/isocoulombic reactions which
has to be explored and extensively used in geochemical modelling by LMA and/or GEM algorithms.
This can be done efficiently and consistently viaimplementing a built-in “hybrid” database combining
“kernel” thermochemical/EoS data for substances with the “extension” reaction-defined data for other
Species.
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I ntroduction

Temperature correction of thermodynamic data is essential in geochemical thermodynamics,
especidly for studies of hydrothermal systems. In the past, this aspect has been rather uncommon in
aquatic chemical modelling related to performance assessment in nuclear waste management. Recently,
it has been recognised that within 1 000 years after closure of a HLW repository, temperature may
increase up to 70-90°C or even higher [1]. Hence, incorporation of consistent data and methods for
temperature corrections into computer codes and built-in thermodynamic databases is gaining priority.
This question seems to be related more to pragmatic implementation issues than to scientific problems.

A plethora of existing techniques for temperature corrections of reaction equilibrium constants
(mainly for agueous species), as well as for estimation of entropies and heat capacities, has recently
been reviewed by the NEA TDB Project experts [2]. Their comprehensive review encompasses the
“state of the art” in science and recommends to test and compare several methods of extrapolation to
higher temperatures to assess magnitude of the accumulated errors adding to the inherent uncertainty
of 10g10K°(298) or A, G, (298) values. The experts emphasise the importance of estimation of standard
molar entropies and heat capacities, and recommend the i socoul ombic/isoel ectric reactions approach [2],
which has a so recently been shown useful for temperature extrapolations of surface complexation [3].

However, a large gap still seems to exist between the advanced approaches proposed by experts
in thermodynamic data evaluation for separately taken substances or reactions, and the level of their
practical application in computer-aided equilibrium geochemical modelling. Even the advanced LMA
speciation codes (PHREEQC [4], MINTEQA [5]) provide temperature corrections using the integrated
Van't Hoff extrapolation (10g10K(298) and A, H(298) at zero A,Cs ) for the formation reactions of

product species (aqueous complexes, minerals and gases). Other — much more reliable — extrapolation
techniques [2] are still waiting to be incorporated into computer modelling codes. Database formats of
some LMA codes aso alow polynomial logyoK = f(T) expressions (PHREEQC) or sets of discrete
log;oK(T) valuesfor interpolation (SOLMINEQ [6]), but provide no tools for refitting.

When no data other than 1ogK°(298) are available for some aqueous, surface species or
minerals, which happens fairly often in actual modelling applications, a common practice is to take
logioK(T) = 10g10K°(298) = const (one-term extrapolation at A,H3(298) =0). A wiser setting is
AHP(298) = A, G (298) = -RT InK°(298) = const (one-term extrapolation at A, Sg (298) = 0). One can
aso assume A,Gg (T) = A,Gg(298) = const in absence of other parameter values in case the GEM
equilibria calculation is used. Whether we like it or not, the above assumptions, in fact, define the
three simplest temperature extrapolations with associated uncertainties, sometimes fortuitously good,
but more often inadequate up to producing completely wrong temperature trends. As demonstrated
below, the danger of introducing large errors by the one-term extrapolations depends on the species
relevance and on how the reactions are written.

The objective of this contribution is to discuss in a pragmatic sense, how the introduction of
serious errors of temperature extrapolations can be avoided in building thermodynamic data sets into
computer codes for equilibrium geochemical modelling. In case of performance assessment (supported
by NAGRA-PSI database [7,8] and PMATCH code [9]), extension of the model applicability is
desirable over 0-90°C; applications to hydrothermal systems refer to a wider interval up to 350°C,
usually at saturated vapour pressure Psat. Even though for many actinide agueous complexes and
minerals direct fitting of the HKF EoS or C,(T) = f(T) coefficients is not possible, the temperature
correction methods and arrangement of the database must avoid accumulation of errorsin log;K(T) or
g°(T) at 90-150°C considerably greater than the inherent uncertainties of the respective 10g;0K(298) or
A.Gg (298) values.
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Representation of temperature correctionsin geochemical modelling codes

It is known that many formation reactions used in LMA code databases (except maybe isoelectric
hydrolysis or gas dissolution reactions) have large entropy and heat capacity effects, and even two-term
(Van't Hoff) extrapolation may accumulate significant errors beyond 50-70°C. In such cases, the
log,oK = f(T) polynomial coefficients can be provided. There are aso codes which use the SUPCRT92
program and database [10,11] to obtain molar Gibbs energies g..(T,P) for agueous ions, complexes,
gases and minerals (e.g. Selektor [12]) to use them directly in GEM equilibria calculations, or further
on to convert them into 1og,oK(T) values for LMA product species (e.g. LLNL database for EQ3/6
code [13]). The SUPCRT92 code itself gives priority to thermochemica and revised HKF EoS
(Helgeson-Kirkham-Flowers Equation of State) data over the reaction logoKs: a T,P of interest, the
Om(T,P) of all involved species are calculated first, then log,oK(T,P) values can be found by algebraic
summation [10].

Thus, combining directly thermochemical, EoS and reaction-defined data formats seems to be a
preferential approach for future integration of thermodynamic databases into geochemical modelling
codes. In this way, a common thermodynamic data basis can be constructed for aternative application
of LMA or GEM agorithms even within a single software product. Such a structure can also ensure
the transparent and consistent extension of the thermodynamic data set with the relevant new species
by constructing isoelectric or exchange-type reactions referring to species and/or to model reactions,
already provided in the database. Much work on compilation of consistent thermochemical data has
aready been performed, including that in the NEA TDB Project [14,15]. A prime time comes to make
possible afull use of information through software implementation.

Figure 1. Schematic structure of a“hybrid” database

Open circles depict substances provided with standard-state thermochemical and C, = f(T) data, dark circles
stand for the components characterised with standard-state and EoS data, circles pointed to by arrows show
species described via the reaction-defined data and a black arrow between sectors M and E shows a “ user’'s
override” of data for a mineral included into write-protected layer. See text for explanation of |etters.

Kernel data

Intermediate
data

User’'s extension data
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A combined thermochemical, EoS and reaction-defined database framework (Figure 1) may
consist of a“kernel” part, incorporating:

A) standard-state thermochemical values for chemical elements (e.g. CODATA-recommended,
see[16]);

B) thermochemical data for monoatomic and diatomic gases and liquids [17], optionally enhanced
with critical parameters for fugacity corrections at elevated P,T using the “corresponding
states’ theory [18];

C) selection of well-established thermochemical properties and C,,, = f(T) coefficients for the
relevant mineral phases[14,19];

D) standard-state properties with HKF EoS parameters for agueous ions and selected agueous
complexes[11].

The data in “kernel” database must be “frozen” (i.e. described and write-protected by the
development team) in the sense that they cannot be modified in any modelling applications, but only
“overridden” at the user’s discretion. An “intermediate” layer of the hybrid database would then
include:

E) data for mineras (either in thermochemical or reaction formats) in cases when measured
solubility products contradict with thermochemical properties obtained from calorimetry [20],
or no calorimetric data are known;

F) refitted HKF EoOS or reaction-defined data for aqueous ions with large discrepancies in
published A, G¢, (298) values (e.g. Eu*®[21]);

G) HKF EoS and/or reaction-defined data for the magjority of agueous complexes, sets of which
depend on the chosen model of ionic strength corrections [22];

H) reaction-defined data for well-established surface complexes on amphoteric or permanent-charge
mineral-water interfaces for surface complexation models [3];

J) aset of selected “model reactions” made of “kernel” database species, intended to facilitate
construction of isoelectric/isocoulombic reactions, but not accessible directly for calculations of
equilibria or speciation.

Reaction-defined species should be represented via isodlectric reactions with estimated A, Sg, (298)
and A,C3,, (298) vaues, to minimise uncertainty at increasing T. Just as the kernel part, the intermediate
layer of thermodynamic database must also be maintained and write-protected by the devel opers team.

A “user’s extension” part of the built-in database would comprise an outermost “rim” fully open
to any model-specific extensions, where:

K) datafor missing species can be added mainly in the reaction-defined format;

L) threads of thermodynamic data can be created for the “exotic” (i.e. not present in the kernel
database) chemical elements or ligands, as well as their minerals, gases, ions and complexes
needed for a specific modelling exercise;

M) some “overriding” data can be put by the modelling experts who disagree with choices made
by the developers of the “intermediate” and kernel database.

128



Application-specific data is to be represented preferably in isocoulombic/isog ectric reaction-defined
format, if direct thermochemica or EoS data are absent or difficult to estimate. This means of consistent
database extension is transparent and ensures compatibility with the kernel data set and between
different model applications.

A prerequisite of integrating the hybrid database framework into model calculations of equilibria
isthat, for a given temperature (pressure) of interest:

1) o%(T) values are calculated separately (using appropriate agorithms) for al the kernel database,
thermochemical and EoS-represented species, and then recursively for the reaction-defined
species of intermediate layer;

2) AGg(T), logoK(T) are calculated for all the “reaction-format” items;

3) by agebraic combination, the g°(T) values for the user’s extension reaction-defined species
are obtained.

Recursive calculations must be performed because some reaction-defined data records refer to
other reaction-defined species.

Such a structure of thermodynamic database was provisionally implemented in the GEM-Sel ektor
code (currently developed at LES PSI). It shows a much higher flexibility and convenience for the
pragmatic modeller than any other, purely log;oK or purely thermochemical database. It can also be
enhanced by implementation of relevant techniques for prediction of entropies and heat capacities of
reactions or components, as described in [2,23]. The proposed structure avoids a step of fitting
AGp, (T) or logyoK(T) values generated from reaction-defined format into C,.(T) =f(T), EoS or
log,oK = f(T) coefficients. In this way, a much greater transparency of database extensions can be
achieved, and alternative temperature corrections will be easier to compare.

Implementation of a hybrid thermodynamic database al so facilitates investigation and comparison
of temperature corrections to thermodynamic data by the alternative extrapolation techniques. Thisis
done by constructing several database records of different formats, then calculating and plotting the
data automatically at certain increments AT within a given temperature interval (at fixed P or Psat).
One can perform “blind tests’ to discover the extrapolation which best reproduces the available
experimental datafor elevated temperatures, or simply check the predicted temperature trends.

Uncertainty propagation in the simplest temperatur e extrapolations

Table 1 lists some simple temperature extrapolations in order of increasing demand to input data,
plus assessments of error propagation in log,oK(T), provided that the extrapolation is appropriate.
For the generic three-term extrapolations, it follows that the error in A,C3 . (298) is two to three times
larger than that in A, Sg (298) produces about the same magnitude of uncertainty at T, acceptable in

practice if 8log;,K(T) < 8log;K(298) in the whole temperature interval of interest. If parameters of
three-term extrapolation are given (e.g. fitted from experimental data) then one can estimate how
much error at T of interest is introduced by the less precise two-term and one-term extrapolations, by
taking errors equal to zeroed-off A,Cg,,(298) and A, S, (298), respectively. As these numbers for some

formation or redox reactions may exceed 100 or 300 J K :mol™, the one- and two-term extrapol ations
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may in such cases produce 8log;K(T) > dl0g;0K(298) even within the relatively small temperature
interval below 50-70°C. Hence, for the non-isoelectric formation reactions, the estimated values of
A,C3.,(298) > 25 3K mol™ and A, Sg(298) > 10 JK "mol™ must always be used.

The constant g°(T) = A,Gg, (298) extrapolation, often provisionally used in GEM calculations of
geochemical equilibria for the components with no other standard molar properties known, in general,
must be avoided. Either the values of Cg,,(298) and Sg(298) must be predicted (there are many
methods available, see[2,25]), or the component must be described in the reaction—defined format.

Examples and discussion

For some important neutral agueous species, the simplest one-term approximation of dissolution
or exchange reaction appears to be precise over a wide temperature interval. Given thermochemical
data for the mineral or another similar aqueous species, the unknown thermodynamic properties of
agueous complex can be reaction-defined at any T or, at least, can help to construct other isoelectric/
isocoulombic reactions. Yet, individual analysis is needed because in some cases, the log;oK(T) = const
one-term extrapolation works, while often, the A,G(T) = const extrapolation is appropriate. Eq. (1):

UO; (cr) == UO; (aq)  (logaoKy) D
is an example of a purely entropic process described by 10g;0K(T) = const extrapolation. Stoichiometry
of the neutral U" hydroxocomplex, dominant at pH > 4 in the UO,-H,O system, is more often written
as U(OH)4(aq) [14] than UO.(aq) [26]. The log,K(T) = const extrapolation permits to calculate
standard molar properties of the above reaction and that of the UO,(aq) species (Table 2). Figure 2
compares A, Gy, (T) for UO,(ag) and 10g;0K1(T), obtained using HKF EOS data [26], one-, two- and
three-term extrapolations. Experiments on hydrothermal solubility of uraninite [27] showed remarkably
constant log;K; = -9.47+0.3 at T = 100 to 300°C. This is consistent precise to 1 log unit with
log,, K (298) = 8.7 [28] or 9.0+1 selected in [20]. In view of existing problems with UO, solubility at

low temperatures [20], we can conclude that the one-term log;oK;(T) = const extrapolation propagates
no error at T < 600 K.

Table 2. Thermodynamic properties of Eq. (1), 090K 1(298) = -9.47 + 1.0, and its components

Parameter | Unitsof | Oneterm | Threeterm | Parameter | UO, (solid) | UO,aq from
of reaction | measure |extrapolation|extrapolation| of species |[26, Table2]| one-term extr.
A.Ge(298) | kImol™ 54.05 54.05 A;Gg(298) | -1031.816 -977.762
A Hg(298)| kImol™ 0 -1.128 AHS(298) | -1084.99 -1084.99
A,S°(298) [JKmol™|  -1813 -185.084 S5 (298) 77.0 -104.3
A,C,(298)| JK™ mol™ 0 16.32 Co.(298) | 6358 63.58

A -9.47 -15.3778 a 62.7726

B 0 313.131 b 0.03174

C 0 0.852564 c -769 438

Notes: A, B and C are coefficients of the equation log;oK(T) = A + BT + CInT.
a, b and c are coefficients of the equation A.C8 (M=a+bT+ cT™.

A, S3(298) and A, Cg,, (298) for three-term extrapolation were found from standard molar properties of UO,(cr) and
that of UO,(aq) [26, Table 1].
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Figure 2. Comparison of temperatur e extrapolationsfor g°(T) and logK(T) for the UO,,aq
species, calculated using the ReacDC and RT param modules of GEM-Selektor code
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Dissolved silica SO,(aqg) is another important aqueous species. Knowledge of its standard molal
properties permits, for instance, to construct hydrolysis-type reactions between kaolinite and mica-like
clay minerals to describe hydrothermal solubility of smectites and illites [29]:

Ku(MGAL ) (Al -y Sia ) Oro(OH)z.Cr + (X + 2y)H" +{(2+ X — 6y)/2} H0 = )
XK* +yMg* + (2 — 2x + 3y)SiOx(aq) + { (2 + X — 2y)/2} Al,Si,0s(OH)a,cr

Thermochemical properties of kaolinite are known [19], hence, Eq. (2) can help to determine
standard molar properties of e.g. smectite (x = 0.29, y = 0.26) by setting up a three-term extrapolation
trend [30]. However, usage of S,(298) and C3, (298) values for SiO,(ag) from SPRONS92.DAT [31]
lead to erroneous values Sg(298) = 311 and C3,,(298) = -516 JK -mol™ for smectite if experimental
log,oK(T) = f(T) dependence was applied. Conversely, if the predicted values Sf(298) = 255 and
C3.(298) = 306 JK mol™ were taken for smectite, then an erroneous temperature trend is obtained
for [0g1oK(T) [Figure 3(b)].

Figure 3. Temperature extrapolations of 10g;0K(T) for SIO,(aq) species (A), reaction (3),
and smectite (B), reaction (2). Experimental quartz solubility data was taken from App. 1
of Ref. [32], and that for smectite from [29]. The “wrong” three-term extrapolation
was calculated using A, Sy, (298) and A, C5 ., (298) values derived from S, (298) and

Cs¢.m (298) of smectite predicted in [30] and HKF EoS values[26] for SiO,(aq).
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Thermodynamic data involved in the reaction in Eq. (2) can be made consistent by replacing the
data [31] for SiO,(ag) with its properties derived from the one-term extrapolation at A, S2(298) =0
for areaction:

SiOy(cr) == SiO(a0)  (logKs) ©)

Rimstidt [32] proposed aregression log m = -0.0254(+0.0247) — 1107.12(x10.77)/T for solubility of
o-quartz up to 300°C, yielding logKs(298) = -3.74+0.1, A,C3,,(298) =0 and A, S5, (298) = -0.486+0.49.
Once |A,S5(298)] < A, S5 (298) and both are small, setting A, Sg,(298) = 0 would increase 8logK(T)
by only 0.03 unitsat T = 600 K. Figure 3(a) shows temperature trends for logK3(T) in comparison with
some experimental data. For SiO,(ag), excellent one-term extrapolation leads to S5 (298) = 41.5;
C3m(298) = 44.6 JKmol™, the same as that of quartz. Incorporation of that into a three-term
extrapolation of Eq. (2), using independently predicted Sg, (298) and Cg,,(298) values of smectite [30],
now yields a quite consistent temperature trend [Figure 3(b)] —infact, a A, S2 = 0 one-term extrapolation
may be even better.

Generic formation reactions, taken in the three-term extrapolation, can provide good fits up to 200°C
for carbonate, sulphate and phosphate complexes of actinides and rare earth elements. For instance,
the reaction considered in [2] with experimental 1og;K(T) values [33] up to 300°C:

UO3 +CO%3 == UO,CO4(aq)  (10g:0K4) @
can be converted into isoelectric form (ie) by adding amodel reaction, CO,(aq) + H,0 <= CO3™ + 2H":
UOZ" +CO, (ag) + H,0 == UO,COx(ag) + 2H*  (I0gioKs) ©)

shown to provide a good two-term extrapolation up to 300°C (see [2], Figure X.4). In the “hybrid”
TDB (see e.g. Figure 1), many alternative extrapolations can be constructed in order to describe
thermodynamic properties of the “reaction-defined” species UO,CO5(aq) if the “kernel” thermochemical
or EoS datarecords for other involved species, including UO%" ion, are available [11,26]. Isocoulombic
reactions:

UO3" +CaCO, (ag) == UO,COx(aq) + Ca®*  (icalogioKe) ©)
UO3" +CaCOs(cr) == UO,CO4(ag) + C&™*  (ic, 10gioK7) ("

have also been constructed for comparison (see Figure 4, Tables 3 and 4). A surprising result is that
the one-term extrapolation ic-1-t-AHp, of 1og K7 at AH(T) = 0 [Eq. (7)] yields an excellent description
of g°(T) for UO,COs(aq) species up to 300°C [Figure 4(d)], an even better one than that provided by
the three-term extrapolation of log;oK, for the formation reaction in Eq. (4). For log;oK4, one- and
two-term extrapolations are, however, unsatisfactory.

Isoelectric reactions are aso helpful for defining temperature corrections for surface complexes
and pH of zero charge [3,34]. At present, this seems to be the only possibility, because no equation of
state for surface species similar to HKF EoS has been suggested so far. Elemental stoichiometry and
standard mola properties of oxide surface species, consistent with that for gases, minerals and aqueous
ions, can be conveniently determined on the basis of areaction 0.5H,0O(solvent) == OqsH(surface) for
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Figure 4. Varioustemperature extrapolations for
the UO,CO3(aq) complex. Datain Tables 3 and 4.

16 : : : 2
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Table 3. Properties of UO,CO3,aq species
Parameter From 3-t extr, Eq.(4) | Fromicl-t-A, H; extr, Eq. (7)
AGg (298) (kIJmal™) -1535.85 -1535.86
A H 2 (298) (kJmol™) -1688.25 -1683.33
S2(298) (JK™mol™) 57.12 75.13
Cgm(298) (JK™mol™) 247.74 152.46

Table 4. Parameter s of temper atur e extrapolations
(reactions 4 to 7) involving UO,CO3(aq) species

Paramete of 1 jog,k°(208) | AH(299)° | A.S3(298)° | A,Cg (298)
@ 3t 9.68+0.04 6.0£6.0 20544 499.0
(4 2t 9.68 6.04 205.44 0
(4 1t 9.68 55196 0 0
r(4) 1tAHO 9.68 0 18513 0
r(6) icast 6.424 118 83.4 355
r(5) et 70t005 | 28.9t20 37.08 0
r(5) ielt 7.0 39.96 0 0
r(7) iclt 132 7,535 0 0
r(7) iclt-AHO | 132 0 25,27 0
akJImol
®JKmol™

Standard properties for other agueous species [11,26], calcite [19] were used.
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the amphoteric neutral functiona group >0, sH°. This reaction states that one water molecule attached
to a surface creates two >O,sH® groups at reference site density °. The assumption that I° is
independent of temperature is equivalent to the statement that (precisely) logoK(T) = 1.74436 and
A,Gg (298) = -9.957 kI mol™, AH(T) =0, A,.C3,(T) =0, A,S(T) = 33.395 J K'mol™ for this
reaction [3]. From these numbers and standard molar properties of H,O,l, the molar properties of
>0y sH functional group can be determined at 298.15 K and other temperatures. Next, properties of the
protonated surface species >O,sH3 can be defined from the reaction > Oy sH3 = >OysH° + H',aq using
one-term extrapolation at A, S5 (T) =0, log0K(298) of which can be predicted for different oxides.
Properties of other surface species can be found from Schoonen’s reaction >O,sH3 + OH a0 ==>
OosH® + H¥,aq + H,O [34] and similar isoelectric reactions involving adsorbed cations or anions [3],
provided that more hydrothermal adsorption data becomes available. Generic formation reactions for

surface complexes can provide good fits up to 200-250°C, but only in the three-term temperature
extrapolation.

Conclusions

The simplest one-, two- and three-term temperature extrapolations of equilibrium constants reveal
a great predictive potential for isoelectric/isocoulombic reactions, which can and should be explored
and extensively used in geochemical modelling by LMA and/or GEM algorithms.

This can be done efficiently via implementation of a built-in “hybrid” database combining the
protected “kernel” thermochemical/EoS data for substances with the “extension” reaction-defined data
for other species.

An appropriate choice of the model substances and reactions to build the isoelectric reactions can
define temperature corrections for e.g. actinide species that will not create too large uncertainty up to
200-300°C even in the simplest, one-term temperature extrapol ations, when only 1ogK(298) is known.

For non-isoelectric reactions (complexation, dissolution), the one- and two-term extrapolations
may produce large errors above 50-150°C; hence, three-term extrapolations must be used, enhanced
with prediction of A,C3,,(298), A,S, (298) of reaction or C3,,(298), S5 (298) of species of interest.

Implementation of software tools for estimation of C§ ,,(298), S5 (298) properties using the NEA
TDB-recommended techniques [2] will also permit reliable user’s extensions of the “hybrid” database.
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SOLUBILITY CALCULATIONSAND THEIR INTERPRETATION IN PA

UrsBerner
Paul Scherrer Institute
CH-5232 Villigen PSI, Switzerland

Abstract

Typical problem areas encountered in the derivation of solubility limits on the basis of thermodynamic
predictions are eucidated with the help of characteristic examples. For each of the examples an
interpretation in view of the requirements of performance assessment is made and measures to resolve
the problems met are proposed. On the basis of the selected examples its concluded that further
activities should primarily focus on the determination of solubility-limiting phases and on a better
understanding of system key parameters like the redox potential. For trace elementsiit is suggested to
explore potential effects which are associated with the formation of solid solutions.
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I ntroduction

Maximum dissolved concentrations of an element, a key component of the source term, are
important pillars in the performance assessment (PA) for radioactive waste repositories. In most cases
well-established principles of thermodynamic equilibrium are applied to derive quantitative results.
These thermodynamic principles are quite straightforward, delineating that the most stable solid phase
produces the lowest solute concentration (for agiven element). Provided that al required thermodynamic
data are available, maximum concentrations in solutions (“solubility limits’) are “relatively simple”,
predictable by using geochemical standard procedures.

Unfortunately, real chemica systems do not always behave as ssimply as the basic principles lead
us to believe. Many uncertainties, ambiguities or lack of knowledge make the “relatively simple”
predictions of solubility limits much more difficult. The modeller may be faced with unknown and/or
ill-defined chemical processes, with incomplete and questionable thermodynamic data, with solid
phases that are not ascertained and (thermodynamically) badly characterised, with surfaces including
non-quantifiable reactivities, etc. In many cases the kinetics of postulated equilibria/reactions may not
be quantified sufficiently well. Thisis for example important when the usually very slow formation of
very stable minerals needs to be considered. Another source of uncertainty is associated with system
mass balances, including their changes (e.g. by moving groundwater), and with system key parameters
like pH, pgo, , redox potential, temperature and pressure.

Such imponderable problems may strongly aggravate or even hamper quantitative predictions.
Uncertainties and lack of knowledge have a particularly strong impact on the quality of predictions for
trace elements (those elements of a chemical system which exhibit several orders of magnitude lower
concentrations than the major constituents), a class to which most of the radiotoxic relevant isotopes
belong. Persona experience from several studies reveals that the application of basic thermodynamic
principles alone is not always sufficient to answer key questions such as the maximum concentration
of relevant nuclides.

How to derive reliable solubility limits necessary for PA under these not very promising
circumstances? Most organisations which contribute to this research/application area rely on the
principle of conservatism. In a first step, an “estimate” for the solubility limit is obtained from
thermodynamic equilibrium calculations. Thereby it is evident that high quality and as complete as
possible thermodynamic databases will produce high quality “estimates’. In our opinion it is then
indispensable to analyse and to interpret these “estimates’ in light of the above-mentioned uncertainties
and difficulties and to supply a range to the calculated estimates. Usually, the upper limit of such a
range is selected by PA (in specific cases it may be the lower limit). Therefore, it is essentia to support a
range as narrow as possible using sufficiently reliable additional information, sound estimates,
sensible assumptions, good analogies, etc.

It isthe aim of this contribution to elucidate characteristic problem areas encountered in deriving
solubility limits and to propose approaches which finally lead to defendable maximum concentrations
acceptable by PA.

Areas of good knowledge
The good news firdt. In generad we notice that the chemica behaviour of solutesis very well known.

Major agueous complexes of most elements as well as their formation constants are characterised to a
sufficient degree. As an example, formation constants of tetravalent cations as included in the updated
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NAGRA/PSI database [1] are shown in Table 1. We conclude that speciation in solution (the distribution
of an element among the relevant species) is not a mgjor problem when deriving PA-relevant solubility
limits (exceptions exist).

Table 1. Formation constants of complexes (and solids) of tetravalent cations (taken from
the updated NAGRA/PSI thermochemical database) are shown to document our present
state of the art in the thermodynamics of solutes. Rounded values without uncertainty ranges
aregiven for reasons of clarity, full numbersincluding uncertainty ranges are provided in [1].

l0g10K°

Th* u* Np4+ Pu* Zr* Sn*
MOy(cr) + 2H,0 == M(OH),(aq) -11.6  -8.0
MO;(am) + 2H,0 <= M(OH)4(a0) -85 9 -83  -104 7.3
M* + H,0 = MOH> + H* 24 05 -03 -0.8 0.3
M* + 4H,0 = M(OH)4(ag)+ 4H" -184 -9 9.8 -84 97
M(OH)4(aq) + H,O == M(OH); + H* 63 -80
M* + 4CO%" = M(OH)4" 352 367 359
M* + BCO3~ == M(OH)¢" 298 341 356 345
M* + CO% + 3H,0<== M(CO,)(OH); +3H" -31
M* + SO3- = MSO? 76 66 69 6.9 7.0
M* + 2503~ = M(S0,)(aq) 116 105 111 11.1
M* + HPO?~ == MHPOZ' 13
M* +F = MF* 80 93 90 88  10.2
M* + 2F = MFZ* 142 162 157 157 185
M* + 3F = MF; 189 261 24.7
M* + 4F = MF,(aq) 223 256 30.1
M* + CI<== MCI* 1.7 15 1.8 1.5

However, additiona information concerning the nature and formation constants of ternary
complexes including OH~, CO3~, CI7, SO% ", the formation constants of sulphide and phosphate
complexes, the role of organic ligands and the formation of polymeric species (i.e. polynuclear

hydroxides) are still highly desirable.
The ThO, problem
Solubility measurements on the ThO,-H,O system from different authors covering the whole pH

range are shown in Figure 1. The pattern obvioudly reveals that two different solids may be responsible
for ThO,(s) solubility at pH < 6. Under akaline conditions the solubility differences level out and total
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Figure 1. ThOy(s) solubilitiesfrom various authors

Thereisa clear indication that two solids [ ThO,(cr) and ThO,(am)] exist below pH ~ 6, but the
patterns suggest that only one solid is responsible for Th concentrations in the alkaline branch
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dissolved Th is described by the pH-independent concentration 10%°*%® mol/I. Experimental details
may be taken from the original sources or from [1,2]. From these data we independently derived the
formation/solubility constants:

[0g10Kso( ThO,(crystalline)) = 1.8

l0g10Kso(ThO,(amorphous)) = 12

10010B84(Th(OH)4(aq)) = -18.4

and calculated the dashed lines given in Figure 2. It is obvious that both the crystalline oxide and the
amorphous oxide solubility constant do not reproduce measured concentrations in the alkaline region.

I nterpretation

e Predictions based on solubility constants of ThO,(cr) and ThO,(am) derived a low pH do not
reproduce experimental findings at elevated pH conditions.

* It seems that the surface of crystalline ThO, converts to a solid which behaves like an
amorphous oxide (cf. discussionin [2]).

* We have to agree that the ThO,-H,O system is not fully resolved in terms of quantitative

equilibrium thermodynamics. Note that a similar picture seems to escape from available
UOz'Hzo data [1]
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Figure 2. Predictions of ThO(s) solubilities based
on solubility constants of ThO,(cr) and ThO,(am)

The predictions do not reproduce experimental findingsin alkaline solutions (dotted lines). The solid line
is a pragmatic compromise, representing the solubility of an ill-defined solid with the composition “ ThO,” .
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How to resolve thisissuein PA?

+ Inthe akaline pH region a maximum Th concentration of 10°**%® mol/l is defendable through
independent experimental observations.

»  Th(OH)4(aqg) is the only solute which contributes to this maximum concentration. Accordingly,
the sum [0g;0Kso( ThOL(S)) + [0g10B4(Th(OH)4(ag)) must correspond to 8.5+0.6.

» Select aformation constant in such away that it reproduces observed solute concentrations in
the pH range relevant for PA (in this specific case the selection is10g;0Kso(ThOx(S)) = 9.9).

Note the dilemma: the pragmatically selected solubility constant does not reproduce Th solubilities
at low pH and is not consistent with independently measured thermodynamic properties of ThO,(cr).

143



Uranium solubility: Aniron problem?

Uranium solubility was modelled in hyper-alkaline cement pore water (pH 12.6) as a function
of the system redox state (Eh). According to the thermodynamic database, only very few uranium
complexes may become relevant at these extreme conditions:

U(VI): UO,(OH);
UO,(OH)F
(UO,)s(0OH)7

U(IV):  U(OH)4(aq).

The calculation revedls that in addition to these complex formation reactions, two key equilibria
determine the solubility behaviour of uranium:

UOZ" +4H" +2e == U" + 2H,0
UO,(s) + 2 H,O = U(OH),(ag).

Note that UO,(s) is the only solid phase (included in the database) which may become stable at
reasonable low Eh values. The solid curve in Figure 3 gives an impression of the exceptional redox
senditivity of uranium solubility under cement pore water conditions.

Figure 3. Solubility of uranium in cementitious environments
(pH 12.6) asafunction of the system redox potential

Eh itself is defined by the solubility of the principal corrosion product magnetite and, most likely, by the solubility
of additional iron (and/or sulphur) bearing phases which may form/be present under given conditions.
Conceivable phase assemblies (indicated in the boxes) cover a rather broad Eh range. A key issue in PA
applicationsis to make an unambiguous decision on the redox-controlling phase assembly.
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I nterpretation

Present PA scenarios assume that the system Eh is defined by the Fe*/Fe** redox couple and that
magnetite is the principal corrosion product of the vast amounts of steel disposed of together with the
radioactive waste. This imposes several restrictions to the derivation of maximum concentrations for
uranium:

»  Uranium solubility critically depends on Eh. It is hardly possible to derive areliable solubility
[imit in the light of the uncertaintiesimposed by the redox potential .

» Ehitsdf isdefined by the solubility of magnetite and, most likely, by the solubility of additional
iron (and/or sulphur) bearing phases which may form/be present under given conditions.
Concerning Eh definition we may select from severa potentia candidates presently included

in the database:
Elemental iron Fe(0)
Goethite FeOOH
Hematite Fe, 0O,
Hydroxide(s) Fe(OH)s(mcr, am)
Siderite(s) FeCO4(cr, precip.)
Melanterite FeSO,-7H,0O
Triolite FeS
Pyrite FeS,
Elemental sulphur  §0)

A series of conceivable solid phase combinations (indicated in Figure 3, together with their
resulting equilibrium Eh represented as vertical lines) covers an Eh range from -780 to -35 mV.
Unfortunately, our present knowledge base is not sufficient to make an unambiguous decision on the
redox-controlling phase assembly. Although strong indications from thermodynamic principles point
to very low Eh, we cannot firmly exclude more positive potentials as, for example, the -35 mV from
the combination magnetite/Fe(OH)s(microcr.).

We conclude that a better understanding of the iron (and sulphur) system is essentia. This primarily
encompasses the nature (of course including the thermodynamic properties) of iron compounds, solids
and/or solid solutions formed (thermodynamically and/or kinetically) under given conditions as well
as properties and reactivities of active surfaces which may be present.

How to resolve thisissuein PA?

» Under the given prerequisites it would be important to find arguments which help defend low
Fe** concentrations (and consequently a low Eh) in solution. In cementitious environments
such arguments could be based on the capacity of hydrated calcium aluminate ferrite phases
to bind iron. Although not very well characterised from a quantitative thermodynamic point
of view, these phases are known to produce very low Fe(l11) concentrations.

* Severa experimenta studies [3,4] demonstrate very low concentrations of dissolved U in
non-reducing cementitious systems, contradicting the predictions as shown in Figure 3. Even
though the nature of the limiting solids as well as their thermodynamic properties are not
available, the experimental observations may directly flow into PA.
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Radium isvery soluble?

The presently available database includes only a few species and solids, namely RaCl*, RaOH",
RaS0O,(aq), RaCOs(ag), RaSO,4(s) and RaCOx(s), al taken from [5]. A prediction of Ra solubility in
the reference cementitious system (pH 12.6, total CO3~ 1-10° mol/l, total SO~ 1-10* mol/l) produces
Ra concentrations of 1-10° mol/l, as long as sulphate is not reduced to sulphide. Much higher Ra
concentrations would be expected in the absence of sulphate (of the order of 107 mol/l).

I nterpretation

Radium concentrations for cementitious systems predicted solely on the basis of available
thermodynamic data seem unreasonably high and would offer serious problems for PA.

e Itisnot promising to improve the qudity of existing data, nor isit likely that “new” sparingly
soluble Ra bearing solid phases will be discovered.

» To defend sufficiently low Ra concentrations requires taking measures which go beyond the
application of thermodynamics for pure phases. Such measures may include additional system
information and/or new conceptual models for defining maximum concentrations.

How to resolve thisissuein PA?

The basic idea is to utilise potential effects which are associated with the formation of solid
solutions. A rough description of thisideais given below:

* Hypothesis: The well known calcium aluminate (mono) sulphates (AFm) may form solid
solutions with corresponding Ra-bearing phases. This hypothetical solid solution would have
the end-members:

C3A.CaS0,.12H,0 — C;A.RaS0O,.12H,0

(the shorthand notation C;A stands for 3Ca0.Al,Os). Up to now, the existence of the Ra end-member has
not been verified, but many other end-membersincluding a variety of divalent cations are known [6].

We assume identical stabilities for both end-members and modd the solubility of this hypothetical
ideal solid solution in agqueous solutions with increasing amounts of AFm phases but constant amounts
of Ra. The results of this exercise are shown in Figure 4. Up to about 10 g/kg of water (16 mmoles of
AFm) no significant effect is observed, but at high solid/liquid ratios the solid solution acts as a sink
for the traces of Ra. Such a dependence on the solid/liquid ratio is not expected, when a “pure’
Ra-bearing solid like RaSO,(s) is the limiting phase.

We conclude from this exercise that it may be essential for PA to verify the formation of solid
solutions. In particular cases this would make it possible to utilise large mass ratios for defending
considerably lower maximum concentrations. In PA, large mass ratios (i.e. matrix material/ inventory)
aretypical for trace elements like radium.
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Figure 4. Solubility of radium for a hypothetical Ra-bearing solid solution

An arbitrarily selected amount of Ra?* (107 mol/kg of water) is “ titrated” with solid AFm (C3A.CaS0,.12H,0)
from a dilute suspension (3-10* mol/kg of water) up to a solid/liquid ratio corresponding to cementitious
materials (3.6 mol/kg of water). At high AFm concentrations the solid solution acts as a sink for Ra. Such
behaviour is not observed for “ pure” phases (indicated by the horizontal line).
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Conclusions and recommendationsin view of PA

Complete thermodynamic databases of high quality are indispensable, but applying them does not
aways satisfy the PA needs for “solubility limits’. Missing knowledge in the behaviour of solutes
(speciation) does not produce mgjor uncertainties. In general, sufficient data of reasonable quality are
available for this class of compound.

Further activities should desirably focus on answering the essential question “Wheat is the solubility
limiting solid phase?’ Anideal result of such activities would identify and quantify those solid phases
which really form at given conditions (a minimum requirement would be that such phases not contradict
the available experimental observations). An important result would also be to identify those solid
phases which do not form at given conditions (high temperature phases, kinetically hindered phases,
exotic laboratory solids, etc.).

Activities should also focus on a better understanding of system key parameters like Eh, pH and
Pco, - The impact of a non-adequate Eh definition may well exceed uncertainties associated with

particular thermodynamic radionuclide data. Referring to the given example we conclude that
investigations on iron-bearing phases, including their surface reactivities as well as the role of the
sulphur system, would be desirable tasks.

The thermodynamic description of trace element behaviour is avery difficult task. There is ample
evidence that for these elements the formation of solid solutions with magjor elements is rather the rule
than the exception. It is therefore not adequate to perform solubility calculations using pure phases
aone. Models to describe solid solution behaviour are available and scoping calculations indicate
substantial benefits for PA, especidly in cases where large mass ratios between major and trace
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elements are in operation. However, data for this class of mixed compounds are largely missing.
Two steps are necessary to improve this situation for PA. Its of utmost importance to prove the formation
of solid solutions at given chemical conditions (the analytical tools to do so are widely used today,
e.g. XAFS techniques). It is then of secondary importance to estimate or measure formation constants
of verified solid solutions.
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DIFFICULTIESENCOUNTERED IN THE JAPANESE PERFORMANCE
ASSESSMENT PROGRAMME USING THERMODYNAMIC DATA

M. Yui
Barrier Performance Research Group, Waste I solation Research Division, INC-Tokai Works
Muramatsu, Tokai-mura, |baraki-ken, Japan, 319-1194

Abstract

The Japan Nuclear Cycle Development Institute (JNC) published a second progress report (the H12
report) concerning HLW disposal in Japan in November 1999. This report was instrumenta in
establishing confidence in the concept of a high-level radioactive waste (HLW) disposal system and
paved the way for the creation of an implementation body in 2000.

JNC developed an in-house thermodynamic database of radioactive elements (JNC-TDB) for the
performance analysis of the H-12 report. The database development was focused on the repository
condition, reducing and various CO, conditions.

This paper presents the difficulties encountered to increase confidence in INC-TDB for performance

analysis learned from studies undertaken for the H12 report. Those are related to increase redlity,
reliability and the relevant amount of data under expected repository conditions.
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I ntroduction

The objective of the H12 report [1] for a HLW geologica disposal in Japan is specified to present
the technical reliability of HLW geological disposal based on the progress made since the publication
of the first progress report [2] in 1992. The H12 [1] report aso provided a scientific and technical
basis for site selection and formulation of the regulatory infrastructures. The performance assessment
in the H12 report required data for dissolution rate of vitrified waste, thermodynamic database and
sorption/diffusion database of radioactive elements, which were used to analyse the performance of
the EBS (vitrified waste, compacted bentonite) and the geosphere (rocks) under expected repository
conditions. The repository concept in H12 report is shown in Figure 1.

Figure 1. Disposal concept

Vitrified Waste /

Overpack

—

Stable Geo;(;gica! = .
Environment Multi-barrier System

This report presents the difficulties encountered to increase confidence in the JNC-TDB for
performance analysis learned from studies undertaken for the H12 report following the status of the
JNC-TDB development.

Status of INC-TDB development for performance assessment
Status of INC-TDB development

Critically reviewed thermodynamic databases with a traceable data selection are rare, and ongoing
projects are slow to progress. Internationa efforts have been undertaken, e.g. by the International Atomic
Energy Agency (IAEA) and the Nuclear Energy Agency (NEA). The IAEA project “The Chemical
Thermodynamics of Actinide Elements and Compounds’ [3] came to a close after the last publication
in 1992. The OECD/NEA TDB project has a high quality review standard and includes international
reviewers, but its progress remains slow. During H-12 report work, only the OECD/NEA TDB for
uranium [4] and americium [5] was available. Databases for technetium, neptunium and plutonium
were close to completion, but were not sufficiently so as to be included in the H12 report. INC thus
determined to start its own project to develop a thermodynamic database for radioactive elements
(JNC-TDB). International experts assisted JNC with the aim of a developing critically reviewed
database for alarge number of elements: Ac, Am, Cm, Np, Pu, Sm, Th, U, Bi, Nb, Pb, Pd, Sh, Sn, Cs,
Ni, Pa, Po, Ra, Se, Tc and Zr. These elements were selected on the basis of their potentia hazard
index reported in Ref. [6]. Key reactions in the solubility estimation of radioactive elements for the
performance analysis of the geological disposal system are oxidation/reduction, hydrolysis, carbonate,
sulphate, phosphate and chloride.
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In thefirst progress report for HLW disposal in Japan [2], a thermodynamic database for radioactive
elements, PNC-TDB_H-3, [7] was used to estimate the solubility.

At theinitial stage of the INC-TDB development, general review guidelines were established for
evaluating reported experimental procedures and data interpretation techniques. However, as might be
expected of such alarge technical undertaking, and because of funding and time limitations and the
quality and extent of available data, it was not possible to critically evaluate and use the same
evaluation criteria as agreed for each element. The genera procedure for data collection and the
review process for different elements is shown in Figure 2. In all cases, an effort was made to tabulate
the totality of the available data.

Figure 2. General technical approach, review, process and technical
output for developing the INC-TDB for performance assessment

| TABULATION OF THERMODYNAMIC DATA |

v
DEVELOPMENT OF THERMODYNAMIC DATA REVIEW AND SELECTION
v 2
Trivalent and Tetravalent Actinides Bi, Nb, Pb, Sb, Sn, Pd
Ac, Am, Cm, Sm, Np, Pu, Th, U + Evaluation of all experimental studies
+ Evaluation of all reliable data * Extrapolation of selected data to zero
+ Reinterpretation of literature data ionic strength
* Recent experimental data + SIT model
+ Evaluation of analog approach v v
» Pitzer model Pentavalent and Hexavalent Actinides Cs, Ni, Pa, Po, Ra, Se, Tc, Zr
Np, Pu, U « Reliance on available reviews reported
* Scientific and expert judgment in literature data and other TDBs
+ Analog approach + Validation of the data in bentonite water
« Pitzer model for pentavalent * Debye-Huckel, Davies, and SIT model
+ SIT model for hexavalent
* Reliance on critical reviews reported in
literature
Y ¥ Y Y
Detailed Technical Report | | Detailed Technical Report | | Detailed Technical Report | | Detailed Technical Report
+I11 : Rai et al. [30] Choppin et al. [33] Lothenbach et al. [13] Pa : Shibutani and Shibutani [29]
+IV: Rai et al. [31] Sm : Shibutani ef al. [28]
i Ni : Shibutani ef al. [27]
) ¥
[JNC Thermodynamic Database for Performance Assessment of High-level Radioactive Dispsal System]
(10

In the case of trivalent [Ac(I11), Am(I11), Cm(lI1), Np(lI1), Pu(lll) and Sm(I11)] and tetravalent
[Th(IV), U(IV), Np(1V) and Pu(1V)] actinides and rare earths, decisions were made primarily based on
recent experimental data obtained in simple systems and validated in mixed and complex systems
where the Pitzer model [8] was used. In the case of pentavalent actinides [Np(V) and Pu(V)], recently
obtained data for Np(V) [9] using the Pitzer model approach were used as the basis for both Np(V)
and Pu(V). Inthe case of hexavaent actinides [U(VI), Np(V1), Pu(VI)], recently available U(VI) data[4]
were the primary reference source. In the case of Bi, Nb, Pb, Pd, Sb and Sn, all available experimental
data were evaluated, and selected experimental data were extrapolated to zero ionic strength using the
specific ion interaction theory (SIT) model which has been described in the literature [4,5]. Data for
the remaining elements were tabulated by JNC staff members primarily using existing compilations.
For Ra and Po, the thermodynamic data sets are the same as in the PNC-TDB_H-3, because no new
thermodynamic data have been reported since 1992. For Tc, the OECD/NEA database will be adopted
by the INC-TDB in the near future. For Ni, Zr and Se, the thermodynamic data reported by Cross,
et al. [26] were the primary reference data, which are the same as thosein the PNC-TDB_H-3.
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Data selection for the INC-TDB was determined based on the following three criteria:

i) confirmation of the rdiability and traceability of thermodynamic data;

ii) data selections were carried out by using a suitable method for activity correction based on

some experiments which were adequate to obtain thermodynamic data;

iii) expert review of the data selected from other thermodynamic databases.

The frozen INC-TDB [10] improved the traceability of the origin of the thermodynamic data and
its scientific reliability by verifying the origina studies from the following points of view:

identification of the solubility limiting solid phase;
description of pH, redox condition and concentration of the ligands;
ionic strength and electrolyte media used in the experiments;

extrapolation of activity to zero ionic strength.

Additionally, the most recent information was incorporated. Consequently, the INC-TDB was
aso improved in relation to the following points:

Traceability of all data was assured except for afew elements.

Carbonate and hydroxy-carbonate complexes of the tetravalent actinides were incorporated,
which have recently been reported [11,12] and were important for high carbonate systems
such as pore water in compacted bentonite. This development for tetravalent actinides was an
expansion of the Th thermodynamic data used for the safety assessment of the Waste Isolation
Pilot Plant (WIPP) in the United States.

Thermodynamic data for americium were mostly based on the OECD/NEA database [5] whose
high reliability is internationally recognised.

Thermodynamic data for palladium, lead and tin were re-evaluated from original experimental
values basically following the procedures of the NEA-TDB [13].

For the trivalent lanthanide (Sm) and actinides (Ac, Pu and Cm), available thermodynamic
data were limited and reliability of the data has not been established. Therefore, they were
represented by the datafor Am(l11) based on chemical analogy.

In developing the INC-TDB, an equilibrium constant of 25°C and an ionic strength of | = 0 were
established. However, the parameters concerning activity correction have not yet been sufficiently
determined. Therefore, Davies activity coefficient formula, which does not depend on the type of soluble
chemical species, was adopted. This formula is applicable up to the ionic strength of approximately
0.5 molal [14]. It was thus applicable to the fresh-reducing-high pH groundwater (reference groundwater
in the H12 report) whose ionic strength is 0.02 molal.
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Derived solubilities of radioactive € ements

The solubilities of radioactive elements in pore water of compacted bentonite are determined by

the following procedure:

» Estimate the solubility by using the geochemica code PHREEQE [15] with an appropriate

thermodynamic database of the INC-TDB and assuming a solubility-limiting solid phase.

* Vaues measured in experiments are used where they are available and greater than the

calculated values.

» Effectsof co-precipitation are considered for arelevant element (Ra).

The solubilities of safety-relevant elements in pore water determined for fresh-reducing-high pH
groundwater arelisted in Table 1 [16]. In the salection of solubility-limiting solid phases, thermodynamic

stability and observations in solubility experiments are taken into account.

Table 1. Solubilities of safety-relevant elementsin fresh-reducing-high pH pore water

Element (moIS(:)Ll‘lizt“;éC) Limiting solid™ Dominant species
Se 3x107° FeSe,(cr) HSe
zr 1x10°" ZrO,(am) Zr(OH).(aq)
Nb 1x10°*™ Nb,Os(am) Nb(OH);
Tc 4x10° TcO, [PH,O(am) TcO(OH),(aq)
Pd 1x10°™" Pd(cr) Pd(OH)(aq)
Sn 5x10°" SnO,(am) Sn(OH); , SN(OH),(aq)
Cs Soluble - Cs'
Sm 2x107 SMOHCO4(cr) Sm(CO,);, SM(CO,4)¥, SMCO3
Pb 2x10° PbCO4(cr) PbCOs(ag), Pb(CO,)3"
Ra 1x107%2"2 Ra-Ca-CO; Ra™
Ac 2x107 ACOHCOs(cr) Ac(CO;);, Ac(CO,)3, AcCO;
Th 5x10° ThO,(am) Th(OH),CO;
Pa 2x10°® Pa,Os(9) PaO(OH)4(aq)
U 8 x 107 UO,(am) U(OH),(C0O,)%", U(OH),(ag)
Np 2x10° NpO,(am) Np(OH),(CO;)3, Np(OH)4(20)
" 3% 10° PUO,(am) PU(OH)Z(COe.)_%‘, Pu(CO,);3,
Pu(CO,)¥, PuCO;
Am 2x107 AmOHCOs(cr) Am(CO;);, Am(CO,)3 , AmCO3
Cm 2x107 CmOHCO4(cr) Cm(CO,);, Cm(CO,)3", CmCO}

"1 Measured value

"2 The observations of groundwater are adopted as conservative value, based on the comparison with solubility calculated

using simple co-precipitation model of Rawith Ca.
"3 (cr): crystalline, (am): amorphous, (s): solid that can not be identified as either crystalline or amorphousin the original
literature, (aq): agueous species with neutral charge [10]
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Validity of the databases

The validity of the JINC-TDB was verified through independent experiments. Examples of
validation activities are described below. The validity of thermodynamic data for trivalent actinides
such as Am(l11) was shown through comparison with studies by Rai, et al. [17] using Am-doped glass.
The vaidity of thermodynamic data for Pu was also shown though our study on the leaching behaviour
of Pu released from the Pu-doped glass, which indicated that the maximum Pu concentration was
limited by PuO,(am) in the pH range more than 6 as shown in Figure 3 [18]. The following coupled
experiment was also performed at INC to validate the leaching rates of glass, thermodynamic database
and Kd model (values) simultaneoudly. Ashida, et al. [19] studied the coupled behaviour of Pu released
from the Pu-doped glass surrounded by the compacted bentonite saturated with distilled water.
The experimental results are shown in Figure 4. Under these conditions, leaching of Pu from the glass,
diffusion and sorption of Pu in the compacted bentonite occur simultaneously. The experimental
results were interpreted by transport modelling using individual parameters; leaching rate of the glass,
solubility, sorption and diffusion coefficient of Pu. The modelled diffusion profile is similar to
experimental results, as shown in Figure 4.

Figure 3. Solubility measurements by Pu-doped glass

® Experimental results of leaching experiment with crushed Pu-doped glass
x Solubility measurements of PuO,(am) [32]
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Difficulties encountered during JNC-TDB development and itsusefor performance assessment

Difficulties involving the use of the JNC-TDB in H12 performance assessment work are
categorised into three types to increase the confidence in the TDB; first to increase redlity, second to
increase reliability and third to increase the relevant amount of data under expected repository conditions.
The difficulty of “increasing redity” is related to the availability of thermodynamic data of naturally
observed minerals, e.g. crystalline phases, co-precipitation or solid-solution. For example, this difficulty
has been generated by TDB validation studies by using glass-leaching experiments as discussed below.
The second issue, that of increasing reliability, is related to the availability of existent thermodynamic
data, e.g. redox reaction of actinides and FPs, use of chemical anaogue or theory, colloid/organic
effects. The third problem, increasing the relevant amount of data, is related to a lack of data under
expected repository conditions, reducing and variable CO, conditions.

Difficulty to increase reality

Reality in performance assessment is required to rationalise the EBS design and to confirm a
margin of safety by conservative assessment. The solubility limit is critically important for the EBS
design relying on the diffusion retardation processes. Difficulties to increase reality are: limitation of
data for crystalline phase (e.g. U,Th), development of data for co-precipitation of actinides (silicate,
iron, carbonate minerals; Th, Am, Cm, Ra) and FPs (e.qg. Fe-S-Se) and validation of TDB by using
vitrified waste.

The present performance assessments have adopted the amorphous phases in general for the
solubility-limiting solid phases of actinides under the consideration of conservatism, however,
thermodynamics indicates that the crystalline phases are more stable. The differences in solubility
products between amorphous and crystalline phase are shown in Figure 5 [20].

Figure5. Variation of solubility products of actinide dioxides [20]
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The solubility differences between amorphous and crystalline phases are severa orders of
magnitude, so the studies on the transformation from amorphous to crystalline phase in the long-term
are important. Thermodynamic data are also extremely limited regarding the effects of temperature on
crystallinity of actinide oxide phases in agueous solutions. Other viewpoints include the development
of datafor co-precipitation or solid solution. Since Seisacritica element in performance analysis due
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to the formation of anions non-sorptive to geological materials and its solubility is key parameter, we
expected the formation of Fe-Se or Fe-Se-S minerals whose solubility is much lower than Se(cr).
The TDB validation studies using Th-doped glass leaching experiments also indicate the formation of
an actinide-bearing silicate compound. The three examples mentioned above are described below.

For transformation of amorphous to crystaline phase, Rai, et al. [21] have conducted solubility
experiments using Th oxide phases as a representative of actinide(lV) oxides. The experiments were
performed as a function of pH and time and at 0.1 M NaCl for ThO,(am) at 23°C, ThO,(am- cr), a
thermally transformed amorphous Th hydrous oxide a 90°C and ThO,(cr) at 23°C and 90°C.
Experimental ThO,(am - cr) and ThO,(cr) solubilities at 90°C were shown in Figure 6 as a function of
pH. Results show that when ThO,(am) is heated at 90°C, it transforms to a relatively insoluble and
crystaline solid, ThO,(am- cr), as shown in Figure 7. At a fixed pH, the observed solubility of
ThOy(am) is more than 11 orders of magnitude greater than those for ThO,(cr) a 23°C or of
ThOy(am - cr) and ThOy(cr) at 90°C. Solubility data were interpreted using the Pitzer ion-interaction
model. At 90°C, the Kg, (solubility product) for a relatively less crystalline phase, ThO,(am- cr),
1072, is several orders of magnitude lower than that for ThO,(am) at 23°C, 107%,

Figure 6. Experimental ThO,(am - cr) and ThO,(cr) solubilitiesin 0.1 M NaCl at 90°C

ThO,(am - cr) data are for sample Sets | to |11 that were originally equilibrated at 23 C and
then equilibrated at 90 °C. The lines represent predicted solubilities of various Th solid phases.
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Figure 7. X-ray diffraction patternsfor the solid ThO, phases examined in this study
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Another example isrelated to co-precipitation or solid solution.

Concerning Se solubility, the Fe-S-Se compound is likely the solubility-limiting solid phase in the
long term. First, Se solubility measurements were conducted under reducing conditions in order to
identify a Se solubility-limiting solid phase in the Fe-Se system [22]. Two types of Se solubility
measurements were performed under reducing conditions. The first experiment was conducted in
bentonite (Kunigel V1) coexistence condition. In the first experiment, an Se concentration in an
aqueous phase of approximately 10°° mol/l was obtained. The second experiment was conducted in an
Fe-Se system without bentonite. A higher temperature, 80°C, was adopted in the second experiment,
because at the former experimental temperature, 60°C, a phase equilibrium was not reached during the
experimental period. The Se concentration decreased with time as shown in Figure 8. However,
a phase equilibrium was still not reached. Se concentrations in some samples are below the detection
limit level (4 x 107° mol/l) of the ICP-MS. Several Se solids were identified as shown in Figure 9.
Though Se(cr) was dominant in the initial stage, this solid phase was gradually transformed to Fe-Se
solids (FeSe,,FeSe). Therefore, it is suggested that FeSe,, which is the most thermodynamically stable
phase, will be a solubility-limiting solid phase in the Fe-Se system in the long term.

Figure 8. Se concentration as a function of timein two types of experiments
1% — with bentonite, 2" — Fe-Se system, ND — detection limit of ICP-MS
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Figure 9. X-ray diffraction patternsfor Se solid phase (initial pH 7)
The solid phase transformed for the ageing period. Comparing Se(cr) and Fe-Se solids, Se(cr) relatively decreased.
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Dissolution behaviour of Th from Th-doped glasses as a function of pH and carbonate concentrations
was studied. It was found that in the absence of strongly complexing ligands such as carbonate, the
observed concentrations of Th in solution were measurable only under acidic conditions. The comparison
of the predicted Th concentrations based on the INC-TDB [10] showed that the observed agueous Th
concentrations are lower than those expected in equilibrium with ThO,(am) or ThO,(cr) in the low pH
range as shown in Figure 10 [23]. The observed Th concentrations might result from Th reaction with
silicate both in the agueous and solid phase and indicated the solubility-limiting phase, ThS O4(s).

Figure 10. Aqueous Th in glass/water suspensions
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Difficulty to increase reliability

Reliability in the existent thermodynamic data is important for the interpretation of radionuclide
migration and the variation of transport parameters for performance assessment. Difficulties to increase
reliability are: availability of data for redox equlibria of actinides (e.g. U, Pu) and FPs, availability of
chemical analogy and theory to evaluate TDB, colloid/organic effects and validation of TDB by using
vitrified waste.

The difference in redox states of actinides (e.g. Pu, U) and FPs affects the setting of migration
parameters. Table 2 shows the results of Pu speciation analysis in fresh-reducing-high pH (FRHP) and
saline-reducing-high pH (SRHP) pore water in the H12 report using the INC-TDB and HATCHES
Ver. 12. The INC-TDB predicts dominant redox state of Pu, trivalent, whereas HATCHES predicts
tetravalent. These differencesin redox state cause the difference in solubility and distribution coefficient
(Kd) setting for performance assessment; however, it is very difficult to determine the redox state of
Pu in neutral pH range under reducing conditions. Another example is to confirm the colloid/organic
effects on the solubility and consequently derived thermodynamic data. JNC has conducted gold
colloid (15 nm) transport experiments using highly compacted bentonite and confirmed that the highly
compacted bentonite filtrates gold colloid as shown in Figure 11 [24]. Therefore, based on the repository
concept of the H12 report, the solubility and consequent TDB derivation should be based on experiments
by carefully avoiding colloid effects. Some natural organics are larger in size than gold calloids, in
which case the solubility measurements should be conducted by considering the size effects of natura
organics.
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Table 2. Comparison of Pu speciation analysis between JNC-TDB and HATCHES Ver. 12

Fresh-reducing-high Saline-reducing-high
pH pore water (FRHP) pH pore water (SRHP)
pH = 8.4, Eh =-276 mV pH = 7.8, Eh =-309 mV
Total C = 1.6e-2 (dominant; HCO3) | Total C = 2.2e-2 (dominant; CHy(aq))
Pu(lll) (COs); (47%) | Pu(l11)OH* (39%)
PU(IV) (OH),(CO;)3  (24%) |PullNCO; (26%)
INC-TDB 1 111y (co,)s (179%) | Pu(lin) (OH); (20%)
Pu(lll) CO} (11%)
Pu(lV) (CO;)3 71% Pu(1V) (CO,)3 56%
Y S P (V) ( 3)3_ (71%) (IV)( 3)3_ (56%)
Pu(1V) (COs)i (29%) | Pu(IV) (COs)3 (44%)

* Difference from data for Pu(lVV) complexation.

Figure 11. Calloidal transport through the compacted sand-betonite mixture

Calloid filtration by compacted sand-bentonite mixture containing 50 wt.%
sand and saturated with 0.5 M NaCl solution at dry density 1 800 kg/m® [24]
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Difficulty to increase the relevant amount of data under repository conditions

The lack of thermodynamic data relevant for repository conditions, reducing and various CO,
conditions and higher temperatures should be noted. lonic strength should also be considered if a

repository with high salinity is selected.

It is not easy to obtain the correct data under well-controlled reducing conditions. The failures of
redox-sensitive actinide solubility experiments have very often been found to be related to the control of
reducing conditions. Thermodynamic data for actinides(IV) carbonate complexes have been devel oped
(e.g. U(IV) and Th(IV) by Rai, et al. [25], Np(IV) by Rai, et al. [11], Pu(lV) by Rai, et al. [12]).
An example of the comparison of Th(IV) and U(IV) hydrous oxide solubility dependencies on
carbonate concentration are shown in Figure 12 [25]. These thermodynamic data need to be developed
under well-controlled conditions and validated through independent experiments.
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Figure 12. Comparison of the solubility of UO,XH,O(am) and ThO,XH,O(am) at different
equilibration periodsin carbonate solutions containing 0.01 M NaOH, unless otherwise noted [25]
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The difficulties concerning ionic strength corrections and temperature dependencies of
thermodynamic data require more international efforts to develop a theoretical model and a related
database.

Conclusion

The JNC in-house thermodynamic database (JNC-TDB) for radioactive elements has been
developed for performance assessment as outlined in the H12 report. Development of the INC-TDB
has been focused on the repository condition, reducing and various CO, conditions, e.g. actinide(IV)/(111)
and their carbonate complexes.

The validity of the INC-TDB was verified through independent experiments e.g. glass leaching,
solubility experiments.

The difficulties of the use of the INC-TDB encountered in H12 performance assessment work are
categorised into three types to increase the confidence in the TDB: first to increase reality, second to
increase reliability and third to increase the relevant amount of data under expected repository
conditions. The difficulty of increasing reality is related to the availability of thermodynamic data of
naturally observed minerals, e.g. crystalline phases, co-precipitation or solid solution. The second,
increasing reliability, is related to the availability of existent thermodynamic data, e.g. redox reaction
of actinides and FPs, use of chemical analogue or theory, colloid/organic effects. The third problem,
that of increasing the relevant amount of data, is related to a lack of data under expected repository
conditions, reducing and variable CO, conditions. The above-categorised difficulties have been
tackled gradually by recent studies. If more reliable and realistic performance assessment is required
in the near future, such activities should be accelerated on an international scale.
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DISCUSSION

The following general discussion was held after the presentations in the first half of Session lil.

I. Grenthe advanced an argument concerning the use of conservative or realistic solubility values.
He said that it is not advisable to use conservative values and he referred to the Th example presented
by T. Fanghénel. He particularly commented that, unless the process occurring in your system is
understood, the conservative value must not be used.

H. Wanner answered that this issue, conservative vs. realistic, has arisen many times before and
that he agreed with J. Bruno regarding the use of redistic values but that it is of the utmost importance
to assess the uncertainties associated with the realistic values used. In fact, he affirmed, the assessment
of the uncertaintiesis one of the more difficult aspects of performance assessment.

M. Askarieh said that the problem of the quantification of the uncertainties can only be saved by
using conservative values. Therefore conservative becomes pragmatic. There are so many sources of
uncertainty, such as the data, the model construction, the definition of the scenarios, etc., that it is
more operative to use conservative values than to try to assess the uncertainty associated with every
data, every model, every scenario.

I. Grenthe remarked that ajustification is needed in order to predict with conservative values.

J. Bruno commented on the use of solid-solution approaches in performance assessment. He said
that ten years ago none of the performance assessment approaches would have used solid solutions
because they were assumed to be non-conservative. Scientists, on the other hand, determined that it is
too difficult to quantify solid solutions in our field, and he referred to T. Fanghénel for comments.

At this point T. Fanghéanel said that he did not mean to imply that it was too difficult to apply
solid-solution models, but that to use ideal mixing models resulted in too-low solubility values.
He pointed out that real solid-solution models should be used to describe these types of systems, an
extremely difficult task to accomplish given the lack of data.

J. Bruno argued that there is certainly alack of values for the parameters needed to describe this
type of interaction by using real mixing models, but that the possibility exists of going a step forward
by looking at natural systems. He stated that in none of the natural systems studied did the real
solid-solution models produce better predictions that the ideal solid-solution models. Therefore, it
seems that the use of ideal mixing is perhaps not the solution, but it does contribute toward solving the
problem and that we should not be put off by the problem before encountering it.

D. Kulik pointed out that when dealing with solid solutions we should differentiate between the
solids formed by mixing two metals at similar molar fractions from those where one of the metalsis
present at trace levels. In this latter case, the use of ideal mixing models is reasonable. Moreover, the
error when using ideal mixing decreases as the molar fraction of the trace decreases, and in our
systems the molar fraction of the radioelementsis expected to be very low.
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H. Wanner pointed out that one of the issues of concern is how the TDB projects, such as NEA
TDB, can help solve the solid-solutions problem.

J. Alonso said that the point made by J. Bruno concerning the neglect of the use of solid-solution
models in performance assessment due to the lack of conservatism is not a good argument. Performance
assessment is sometimes biased by conservatism but what is really important is uncertainty.

B. Schwyn argued that there is a very good tool in performance assessment to dea with this type
of problem: sensitivity analysis. By using sensitivity analysis one can see how useful an approach is
and whether it is needed or not. One can aso determine whether in that particular case there is a need
for additional research on solid-solution models.

G. Ouzounian supported J. Alonso’s comments concerning the performance assessment approach
and welcomed the global geochemical approach in J. Bruno's presentation. He found it interesting to
analyse all the issues arising in performance assessment: canister, bentonite, waste and environment,
and not to focus only on the explanation of a given experiment performed in the laboratory.
He summarised by saying that the most important thing is the definition of a given environment and
the understanding of the main parameters that control the behaviour of the radionuclides in that
environment. In this sense, TDB can help in the analyses of this environment.

C. Tweed answered the question posed by H. Wanner regarding the implication of the NEA TDB
project in assisting the solid-solution models. She said that NEA TDB should provide data needed to
highlight the formation of solid solutions but that at this point the thermochemical databases such
as NEA TDB probably end their job. This is due to the fact that disposal scenario issues are
country-dependent and therefore databases such as NEA TDB must assist all possible scenarios, but
that it is not their job to define such scenarios. What is very important for a given waste concept can
be of no interest for another.

K. Guerman pointed out that while the influence of T on the solubility of radionuclides had been
assessed, no one has commented on the effect of the radiation dose. It has been observed that it has an
influence on the solubility of Tc, for example.

R. Ewing commented that it is difficult in performance assessment to decide what is conservative
because the assumption of a conservative value for a given parameter does not ensure that the results
of the smulations conducted by using that value are going to be conservative. In performance
assessment, he said, sensitivity analyses are more dependent on the assumptions than on the data used.
Therefore, it is important to realise that the uncertainty associated with the assumption is larger than
the uncertainty associated with the data and that the choice of the boundary conditions is extremely
relevant. He pointed out that one of the problems is that performance assessment uses a different
language and that we should work together in approaching both views of the problem. It could be very
helpful to receive information from those carrying out performance assessment on how they conduct
their analyses in order to increase mutual understanding.

M. Askarieh said that performance assessment is not predicting but rather estimating limits for the
consequences, impacts, etc. An important aspect that has not been commented on is the time
dependency of the phenomena.

I. Grenthe saw a contradiction between increasingly understanding the phenomena and using
conservative approaches that seem to use reduced knowledge.
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J. Bruno expressed his opinion that performance assessment is not understanding but predicting
and that the important aspect in performance assessment is to know what the consequences of a given
scenario will be. Therefore there are two requirements to fulfil: 1) peer review, in the sense that you
have to convince your peers that you are understanding the processes underlying your predictions;
therefore you must use “hard” datain your models, and to adequately convince the peer reviewersit is
very helpful to compare results with evidences from natural systems and 2) regulation, in the sense
that the exercises need to be correct for the regulators to ultimately approve them.

J. Alonso said that conservatism must not be taken as an excuse to stop research but that
sometimes it is the only way to approach the right solution for performance assessment. He also
agreed with M. Askarieh regarding the fact that performance assessment is not prediction.

To finish the session, H. Wanner thanked the speakers for their contributions and asked them to
give their view on how the NEA TDB project should continue.

D. Kulik summarised by saying that the important thing is to increase confidence and that the only
way to decrease uncertainty is a proper scientific understanding.

U. Berner said that NEA TDB should help those using the data in two ways: 1) by determining
important solids and 2) by determining the important parameters.

J. Bruno proposed the continuation of NEA TDB as well as the organisation of a workshop or the
edition a publication dealing with the subject of how to bridge the gap between the compilations and
the use of data contained therein.

M. Yui said that performance assessment is essentialy “assessment”, assessment is supported by

prediction, prediction depends on understanding and understanding must be based on data. Some work
could be done on other waste forms such as vitrified waste and not only on spent fuel.
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THE DETERMINISTIC APPROACH

Patrik Sellin
Swedish Nuclear Fuel and Waste Management Co. (SKB)
Box 5864, S-102 40, Stockholm, Sweden.

Abstract

This paper describes how solubility limits were used in the SR 97 safety assessment. In the canister
defect scenario, some waste canisters are assumed to have initial penetrating defects. Water from the
surrounding rock may come into contact with the spent fuel and radionuclides may be released.
Solubility is an important mechanism which may reduce the transport of radionuclides from the
canister. In SR 97 solubility limits were calculated for three different groundwaters as well as for an
assumed bentonite porewater. Variation studies were done for the major parameters (pH, Eh and
akalinity). Onerealistic and one pessimistic solubility were selected for each radioelement. Total dose
calculations show that variations in solubility limits have no impact on the overall dose. However,
variations in solubility limits do have an impact on the release of the individua radionuclides,
especidly those that are long-lived.
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I ntroduction

In preparation for upcoming site investigations for the location of a deep repository for spent
nuclear fuel, SKB has carried out the long-term safety assessment (SR 97) [1] of a repository of the
KBS-3 type. The KBS-3 repository for spent nuclear fuel is designed primarily to isolate the waste. If the
isolation should for any reason be breached, a secondary purpose of the repository is to retard the
release of radionuclides. This objective is achieved with a system of barriers (see Figure 1).

Figurel. KBS-3repository

Cladding tube Spent nuclear fuel Bentonite clay Surface portion of deep repository

Fuel pellet of Copper canister Crystalline Underground portion of
uranium dioxide with cast iron insert bedrock deep repository

Thefuel is placed in corrosion-resistant copper canisters. Inside the five-metre-long canistersis a
cast iron insert that provides the necessary mechanical strength.

The canisters are surrounded by a layer of compacted bentonite clay. The bentonite protects the
canister mechanicaly in the event of small rock movements and prevents groundwater and corrosive
substances from reaching the canister.

The canisters with surrounding bentonite clay are placed at a depth of about 500 metres in the
crystalline bedrock, where mechanical and chemical conditions are stable from along-term perspective.

If any canister should be damaged, the chemical properties of the fuel and the radioactive species
(for example their poor solubility in water) put severe limitations on the transport of radionuclides
from the repository to the ground surface.

The repository is thus built up of severa barriers which support and complement each other.
The safety of the repository must be adequate even if one barrier becomes defective or fails to perform
asintended. Thisis the essence of the multiple-barrier concept.

In the SR 97 safety assessment the future evolution of the repository system is analysed in the
form of five scenarios. The first is a base scenario where the repository is postulated to be built
entirely according to specifications and where present-day conditions in the surroundings, including
climate, persist. The four other scenarios show the evolution if the repository contains a few initially
defective canisters, in the event of climate change, in the event of earthquakes and in the event of
future inadvertent human intrusion.

Only the canister-defect scenario is discussed in this paper.
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Canister-defect scenario

In the canister defect scenario, afew canisters are postulated to have initial defects in the copper
shell. Otherwise, as for the base scenario, the repository is assumed to be designed according to
specifications, and present-day conditions in the surroundings are assumed to persist. The evolution in
and around the mgjority of canisters, which are assumed to be undamaged, is thereby expected to be
the same as for the base scenario and is therefore not dealt with in the canister-defect scenario. Instead,
al relevant aspects of the evolution of the damaged canisters are dealt with in detail, aong with
radionuclide migration from damaged canisters in the buffer/backfill, geosphere and biosphere.

Once water comes into contact with the waste form the spent fuel may be dissolved/altered and
radionuclides may be released. The radionuclide release from the repository is calculated with a series
of connected models (Figure 2). For most of the data going into the models one redlistic and pessimistic
value were selected [2]. The pessimistic values were used to eval uate the system sensitivity.

Figure2. SR 97 —model chain

Near-field/far-field
interface data

Near-field flow

CcoOoMP23

Flow related
migration parameters

Migration
end-points

Dose

Near-field
compartments

Delay time,
defect growth

Initial defects

Diffusivity data

Matrix porosity

Sorption data

Dose conversion
factors, EDF

Fuel dissolution
data

Solubilities

Reference water

Sorption,
diffusion data

Solubility calculations

In SR 97, data from three real sites were used. These were Aberg (Aspo), Beberg (Finnsjon) and
Ceberg (Gided). The groundwater at Aberg is fairly high in chloride and low in carbonate, Beberg
water is high in carbonate, while Ceberg water islow in both chloride and carbonate, but with a rather
high pH (9.3). Along with these waters, solubility calculations were done for an assumed bentonite
porewater, which is high in carbonate and pH.

The solubility calculations were done with the EQ3NR-code using the NAGRA TDB [3,4] with
some additions and modifications. Solubilities of all relevant radionuclides were calculated for al
reference waters. The dependence on the major parameters (pH, Eh, akalinity and temperature) was
investigated by changing these parameters one at the time. One realistic and one pessimistic solubility
were calculated for each radioelement. The realistic value was taken as the highest of the site-specific
water and the bentonite porewater for each site, while the pessimistic value was taken as the highest
calculated solubility from all the cases. The calculated solubilities can be found in Table 1. Details
about the calculations can be found in [5].
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Table 1. Calculated soubilities

Element Aberg Beberg Ceberg Bentonite Range Pessimistic
pH 7.70 7.90 9.30 9.21 Aberg Maximum
pe -5.21 -4.23 -3.41 -6.51 uncertainties value
Ni 5.1510° 9.7310° 2.07.10° high 1.10°-1.10™ High
Se 73410 35210 98010 259107 | 4.10™-4.10° High
Sr 6.88:10° 3.09-10° 3.0510° 1.21.10*| 6.107-4-107 4107
Zr 24810° 251.10° 25110° 250107 | 2:10°-310° 3107
Nb  6.0810° 7.44.10° 1.3910° 1.3710° | 2.10°-4.107 4107
Tc  7.1410° 7.9210° 7.2710° 7.6710° | 410°510° 5.10°
Pd 421.10° 41710° 4.1810° 4.1710° | 410°-8.10° 810
Ag  29610° 939107 7.12107 4.6410%°| 310°-310° 3107

S 55210 6.0310%° 4.6810° 4.4910° | 1.107°-1.10°° 1107

Sm

Ho

2.1310° 269107 291107 8.0310' | 3-107-2-10° 2107

6.27:10° 152.10° 197.10° 55810° | 2.10°6-10° 6107
Ra 286107 5.02:10° 1.2010* 457.10°| 2:107-2-10° 210
Th 24010 1.1710° 24010 1.22:10° || 2:10%°-5.10™"° 2:10°°
Pa  3.1610' 3.16:10° 3.16:10° 3.16:10' | 3107-3-10" 4.10°
U 127107 129107 1.2910°7 1.2810" | 2:10°%-2.107 210~
Np  7.0010° 10510 83910° 5.8710°| 510°%6:10° 2107
Pu 6.56:10° 5.3510™° 1.03-10%° 1.38.10%°| 1.107°-3.10° 310°
Am 687107 9.36:10° 4.89-10° 9.3410° | 1-107-7-10° 7-10°°
Cm 22210°7 20210° 90110 16610 | 1.10*-2-10°° 2:10°°

Importance of uncertainties

The importance of uncertainties in parameters was studied by keeping all parameters at their
best-estimate value and changing them to the pessimistic value one by one, while the maximum dose
from the repository was calculated. Figure 3 shows the result of thisfor all the parameter groupsin the
assessment.

This shows that uncertainties in solubilities have no impact whatsoever on the maximum dose in
the assessment. This is not surprising, since radionuclides without solubility limits (i.e. **I) are the
main dose contributors. Does this mean that we do not have to care about solubilities in performance
assessment? No, since the reason why radionuclides with high solubilities always dominates the dose,
isthat solubility limits are avery effective and very reliable barrier.

The importance of solubilities for the maximum dose from the individual radionuclides was also
calculated. Both from a case where all parameters were kept at their realistic values and the solubilties
were increased to their pessmistic vaues as well as from a case with all parameters at their pessimistic
values where the solubilties were decreased to their realistic values. The results from these calculations
can be found in Table 2 and 3. Dose P/B is the relation between maximum dose for the case with the
pessimistic solubility and the dose from the case with all parameters at their best estimate values. Dose
B/P is the relation between maximum dose for the case with the best estimate solubility and the dose
from the case with all parameters at their pessmistic values. Sol. B/P and P/B are the relations between
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Figure 3. Importance of uncertaintiesin the overall assessment
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Table 2. Relation between maximum dose from individual radionuclidesfor a case
with pessimistic solubilitiesand a case with all parameters at best-estimate values

22py [ 2y [ 2y [®Th [ ®Ra | 2°Cm | “Am | ©Np | 2U
DoseP/B | 14 1.6 1.6 1.6 12 1 1 1 1
Sol. P/B 460 1.6 1.6 8.3 700 9 10 29 157

Z5Th [ %8am | ®°Pu | 20 | ®Pa | ™ Ag | ™ Ho | “Nb | ®Ni
Dose P/B 1 1 1 1 1 1 1 1 1
Sol. P/B 8.3 10 460 1.6 13 1 10 660 | High

®Ni | °Pd | Py | Pse | Bsm 6, %0g; BTc | %zr
Dose P/B 1 1.9 1 1.2 1 55 1 2.7 1.2
Sol.P/B | High | 1.9 | 460 | High 9.4 18 000 5.8 7 1.2

Table 3. Relation between maximum dose from individual radionuclidesfor a case
with best-estimate solubilities and a case with all parameters at pessimistic values

Z2py [ 2y | U [ ®Th | ®Ra | Cm | ®Am | ®Np | U
DoseB/P | 0.4 0.6 0.6 0.6 1 1 1 0.96 1
Sol.B/P | 0.002 | 0.6 0.6 0.1 | 0.0014 0.1 0.1 0.035| 0.6

25T [%am| ®Pu | U | ®Pa | ™ Ag | ™ Ho | ®Nb | ®Ni
DoseB/P | 0.8 1 004 | 0.1! 1 1 1 0.6 0.6
Sol.B/P | 012 | 0.1 |0.002| 0.6 0.8 1 0.1 [0.0015| Low

BN | ©Pd | ®py | Pse | Bgm 6, %05, BTc | Bzr
Dose B/P 1 0.5 03 | 0.64 1 0.003 1 015 | 08
Sol.B/P | Low | 05 |0.002| Low 0.1 5e-5 0.2 014 | 08
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the solubility values. The results show a linear dependence between dose and solubility for very
long-lived radionuclides. Radionuclides with a half-life shorter than 10 000 years are generaly not
affected by variationsin solubility. Solubility may have an effect on the release of radionuclides with a
half-lifein the range of 10 000-100 000 years.

Conclusion

The results from this study are strongly dependent on the KBS-3 geometry and the characteristics
of the investigated sites. However, it still gives some advice where future efforts should be focused.
Short-lived (<10 000 years) nuclides are generally not affected by solubility. Very long-lived ones are
generaly not a safety problem. Therefore, high quality databases are most needed for radionuclides
with half-livesin the range of 10 000-100 000 years. ***Pu, *Tc and ***Sn are nuclides which can be of
potential importance in performance assessment. The release of those nuclides may be affected by
solubility, especialy if thereisafailurein any of the other barriers.
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Abstract

The thermochemical databases of the NEA (TDB) are used in support of the determination of
solubility values for performance assessment (PA). PA uses solubility to define the concentration limit
at which radionuclides migrate from the near-field to the far-field of the repository. Being different
from a thermodynamically defined solubility, a concentration limit can be equa to the solubility of
pure phases but can also be imposed by other processes, e.g. formation of colloids or solid solutions.
This paper illustrates a way that the TDB is utilised to interpret some migration experiments through
geochemical and solute transport modelling. As a result, some meaningful migration parameters are
derived based on both experimental observations and the application of the TDB.
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I ntroduction

In Belgium, boom clay is being studied as a candidate host rock for radioactive waste disposal.
To assess the safety, PA calculations are performed with input parameters representing the relevant
geological, hydrogeological, physical and chemical processes that likely occur in the repository and the
geological surroundings when the radionuclides will be released from the waste packages. The result
of PA istherefore heavily dependent on input parameters. To assure the traceability of the parameter
derivation, the input parameters are compiled in data collection forms (DCF) [1] following a working
instruction within the SCKe CEN’s quality assurance system. The DCF are the result of a discussion
between the researchers, so-called experts, who perform experiments and calculations to derive the
parameters and the performance assessors who use the parameters to carry out the PA calculations.

PA determines which parameters are needed based on the relevant migration processes that might
occur under repository conditions. In boom clay, the migration of radionuclides is mainly controlled
by molecular diffusion because of the plasticity and the very low hydraulic conductivity of the clay
formation [2]. Therefore PA requires parameters that describe a diffusive transport of radionuclides in
clay, namely, pore diffusion coefficient (D,), diffusion accessible porosity () and retardation factor (R).
PA also needs the concentration at which radionuclides diffuse into the clay, i.e. the source term,
which in alot of cases can be solubility limited. The geochemistry of boom clay isin favour of chemical
reduction, hydrolysis reaction and precipitation of radionuclides because of a dightly alkaline pH and
areducing redox potential [3]. The solubility of radionuclides under boom clay conditions is therefore
an important parameter.

The genera procedure for deriving solubility values involves literature survey, experimenta
measurements and geochemical calculations. As aresult, a set of solubility valuesis collected for each
radionuclide. Since PA needs a single value for solubility, an appropriate probability density function
(PDF) is thus assigned to the data set and a best-estimate value is obtained. For those radionuclides
whose TDB are available, we use TDB as one of the data sources to calculate solubility using a
geochemical computer code.

Although the TDB provide high-quality data for solubility calculations, it is problematic to apply
the results of solubility calculations directly into PA. The main problem is that the pure solubility
controlling phases predicted using the TDB might not form under in situ geochemical conditions and
in atime scale of interest. Even if the pure phases do form, we still have little guidance in deciding
which phase is relevant under the geochemical conditions considered. Migration experiments at this
point can provide complementary information to the solubility calculations and eventually support the
selection of solubility values. This paper shows some results where the TDB is applied in conjunction
with migration experiments to derive meaningful solubility valuesfor PA.

Migration experiments

The experimental set-up is shown in Figure 1. A clay core of 7 cm made of two 3.5 cm plugs is
confined in a stainless steel cell between two porous filter plates. A few microlitres of concentrated
radionuclide solution are spiked on afilter paper that is then sandwiched between the two plugs. From
one end of the cell, a constant flow of boom clay pore water is percolated through the core, and
the liquid samples are collected periodically at the outlet of the cell for concentration measurement.
The system is sealed and is considered to be anaerobic.
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Figure 1. Percolation experiment with an impulse radionuclide source. The hydraulic pressure
difference AP isin arange of 0.7 to 1 MPa; the dimension of theclay coreis 3.8 x 7 cm.
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clay water —

radionuclide source

Solubility calculations

The TDB are used to calculate the solubility of five radionuclides, i.e. uranium, americium,
technetium, neptunium and plutonium under the geochemical conditions prevailing in boom clay.
The geochemical computer code used is The Geochemist’'s Workbench” (GWB) [4]. The data of Gibbs
free energy of formation are downloaded from the NEA TDB web site and converted to formation
constants in the GWB database format. The database conversion and process are conducted using
NEA2GWB, a software developed in-house. The current version of NEA2GWB uses Davies equation
for ionic strength corrections.

The pore water composition used for the solubility calculationsis given in Dierckx [3]. The pore
water is of the sodium bicarbonate type (NaHCO; about 0.015 molal) with a CO, partia pressure of
10>* atm at an in situ temperature of 16°C. Since the solubility calculations are performed for a
temperature of 25°C, we used a higher pe,, of 10> atm so that the total bicarbonate concentration

reaches 0.015 molal as measured in the real pore water. The redox potential applied is -275 mV (Ey)
which corresponds to the potential imposed by pyrite oxidation at pH of 8.2. The in situ redox
measurements in boom clay have been quite elusive but generally gave avalue lower than -300 mV.

The solubility calculations were conducted for a dissolution process by equilibrating solubility
controlling phases with the pore water at the saturation index (SI) = 0. In a chemical equilibrium
calculation, once aradionuclide is supersaturated in terms of several minerals, the most stable mineral
with the greatest Sl would precipitate [5]. However, this mineral does not necessarily form in reality
because it may not have the time to nucleate and grow. To scope al the possible radionuclide-containing
minerals that might precipitate, we performed a separate calculation to search for al the phases having
a Sl greater than O if a sufficient amount of radionuclides are present. At the stage of solubility
calculations, we are not able to decide which phase will impose the solubility. We therefore calculate
solubility values for all phasesthat could be supersaturated under the geochemical conditions considered.
The detailed procedure for calculations and the results are given in Wang, et al. [6].

Transport modelling

Radionuclide transport as measured in the experimental set-up (Figure 1) can be described by an
advection-diffusion equation:

o _p 9C., &
at  Poxz *ax
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with:

C the concentration of radioisotope in the liquid
t time of the percolation

X: the distance from the source

Dapp:  apparent diffusion coefficient

Vapp:  8pparent velocity

The apparent diffusion coefficient (D) and the apparent velocity (Vap,) are calculated according
to the equations:

D \Y
Dapp :Fp and Vapp =n—DR
where D, is the pore diffusion coefficient taken as 2 x 10° m?-s? for all radionuclides and Vp the
Darcy velocity which is related to the hydraulic conductivity, hydraulic pressure difference and the
length of the clay core.

The outlet concentration of radionuclide can be simulated with two different initial source
conditions, namely, an impulse source condition and a solubility-limited source condition. The impulse
source condition considers that the initial concentration of radionuclide is equal to that of the impulse
source, i.e.:

C(x=0,t=0)=Cy, (impulse source)

where C isthe concentration of the radionuclide, x the distance from the source position, t the time and
C, the concentration of the impul se source.

The impulse source condition has proved to be adequate only for the radionuclide species with
simple chemistry, e.g. caesium. For radionuclides with complex speciation and redox chemistry, the
source condition may change drastically as soon as the source makes contact with the clay that plays
as areduction front.

To take speciation change and the precipitation of radionuclides into account, we can assume that
the radionuclides are reduced, hydrolysed and precipitated at the source position from the start of the
experiment. The concentration at which the radionuclides diffuse into the clay is thus limited by the
solubility of the precipitated phase. The corresponding initial condition can be expressed as:

C(x=0,t=z0)=S (solubility limited source)
where Sisthe solubility of the precipitated phase.
The transport simulations using the solubility-limited source condition are performed with the
numerical code Xt [7] which is coupled with the GWB. Analytica solutions for the transport equation

with the appropriate boundary conditions of the experiments are also available [8]. The results of the
numerical simulations and the analytical solutions of the problem are comparable.
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Results and discussions

Results from solubility calculations using the TDB are summarised in Table 1. More than one
radionuclide-containing mineral can be supersaturated in the pore water of boom clay if the radionuclide
concentration is high enough. As aready discussed, the results obtained here are useless for PA if we
cannot figure out which mineral will impose the solubility of the concerned radionuclide. In addition,
the standard data collection procedure is not applicable to the results of Table 1 since no PDF can be
assigned. We thus turn to the migration experiments for additional information to support the selection
of solubility values. Figure 2 presents the outlet concentration profiles of five radioisotopes as a
function of time.

Figure 2. Concentrations of radioisotopes (*Tc, U, *'Np,
#8py and *Am) at the outlet of the percolation cells
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Concentration of percolated radioisotopesisin general low and reaches somewhat of a plateau as
a function of time. Mass balance calculations for these experiments showed that al five injected
radioi sotopes are quantitatively retained by the clay, i.e. there is no impulse like breakthrough of the
isotopes within 3 to 10 years of experimental time. This fact also demonstrates that the impulse initial
condition does not apply to the data shown in Figure 2.

Since the radioisotopes are apparently retained but retardation is smaller or non-existent.
We applied the solubility-limited source as the initial condition for the transport simulations. Figures 3
to 5 show the results of the simulation for *°U, *Tc and *’Np. The general strategy of the simulation
is to fit the plateau value of concentration as the solubility of the radionuclides while changing the
retardation factor. Other parameters remain constant.

The two uranium data sets (Figure 3) fal in a range of retardation factor of 60 to 100 if a
solubility value of 5 x 10° M was used. This fitted solubility value happens to be in good agreement
with the solubility of UO,(c) given in Table 1. We therefore concluded that the solubility-controlling
phase for uranium under boom clay conditions might be the uraninite mineral. Other mineras with
higher solubility values listed in Table 1 do not likely form. The migration of uranium in boom clay
can thus be characterised as a combined process involving a solubility-limited source term and a
moderate sorption.
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Figure 3. Experimental and simulated concentration
profiles of 23U at the outlet of the percolation cell
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Figure 4. Experimental and simulated concentration
profiles of *Tcat the outlet of the percolation cell
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Figure 5. Experimental and simulated concentration
profiles of ®'Np at the outlet of the percolation cell
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The technetium breakthrough is much faster (Figure 4). Under the time frame of 1 000 days, the two
data sets deviate from each other, but later converge towards a plateau concentration of 1.2 x 10° M.
Thisvalue is considered as the concentration limit at the source term which is close to the solubility of
TcO, 1.6H,0 (Table 1). Although the two data sets are quite different, it can be due to some artefacts
of the experiment, the slopes of the data can still be fitted well with arange of R value of 5 ~ 10. Thus
the migration of technetium is about 10 times faster than uranium. The solubility-controlling phase
formed during the experiment is likely a hydrated technetium oxide but not the well-crystalline TcO,
or the metallic Tc since the latter two phases have much lower solubility values.

The case of neptunium is similar to that of uranium (Figure 5) in terms of both solubility and
retardation. The fitted solubility is 7 x 10™° M, that is, close to the solubility of the hydrated NpO,(am)
selected in the TDB.

The cases of americium and plutonium cannot, however, be addressed with the same strategy.
The measured concentration limit of americium (Figure 2) is much lower than the solubility of any
solid phases listed in Table 1. Thisis probably an indication that americium migration is controlled by
other processes than solubility, e.g. colloid formation and/or the formation of a solid solution that may
result in avery low apparent agueous concentration of americium. The interpretation of the plutonium
case is somehow hindered by the fact that the data for the species of Pu(OH),(aq) is not selected by the
TDB. Since the Pu(OH)4(aq) species is crucial under the reducing conditions of boom clay, we will
not attempt to interpret the plutonium case until the Pu(OH)4(aq) data become available.

Although the cases of americium and plutonium cannot be fully interpreted at the moment, the
migration behaviour of the two elements is apparently quite similar (see Figure 2). The concentrations
are extremely low (~ 10™ M) and remain constant for very long time (3 to 10 years). According to
these features, a concept of “operationa solubility” isintroduced to the data collection [1]. Operational
solubility considers that americium and plutonium are present as non-retarded species in the agueous
phase, i.e. R = 1 with solubility values that are equal to the outlet concentration measured from the
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percolation experiments. In this way, we are able to provide PA with a workable parameter set which
is derived from long-term and reproducible experiments. The mechanisms behind the operational
solubility are, however, not understood.

Fitting the solubility values and the retardation factors from the migration data as described in this
paper is an ad hoc way to extract the parameters necessary for PA. On one hand, we are not able to
verify the formation of the solubility-limiting phases, and on the other the concept of the retardation
factor is an oversimplified notion for describing sorption process. The initial conditions for transport
simulation are only approximate, e.g. we assumed that the radionuclide concentration is limited by a
solubility at the start of the experiment (t = 0), but in reality the solubility-controlling phase may only
form after a certain period of time because of slow kinetics. In the beginning stage of the experiment
radionuclides may diffuse into the clay at a much higher concentration than the solubility. This may
explain why some data points cannot be fitted at the early stage of the experiments (see Figure 5).

Conclusions

Through the application of the TDB in geochemical and the transport modelling, we are able to
postulate the retention mechanisms of the radionuclides studied in boom clay. The radionuclides are
likely immobilised rather than retarded in the reducing boom clay. The solubility values as can be
derived from the TDB are crucial for deriving the retardation factor of uranium, technetium and
neptunium. In the case of americium, the formation of a pure solubility-controlling phase is unlikely
based on the comparison between the experimental results and the TDB data. The present TDB data of
plutonium does not allow a conclusive interpretation for the migration behaviour of plutonium in
boom clay. Operationa solubility values derived from the experiments are therefore applied to the
cases of americium and plutonium.

The TDB data as applied to the selection of solubility values can only be used if a pure
solubility-controlling phase is formed. It is in general difficult to verify the formation of a pure
radionuclide precipitate; the application of the TDB to the migration experiments is therefore hardly
mechanistic. In addition, precipitation is only one of the many immobilisation processes [9], databases
of other processes are also needed, e.g. formation of colloids and solid solutions.
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DISCUSSION

J. Bruno acted as moderator of the discussion for this sub-session.

J. Alonso asked about the relevance of the consistency in thermochemical databases, given that in
some cases databases from different sources are combined to perform simulations.

P. Sdllin answered that SKB uses an internally consistent database for each element. However, he
said that it is very difficult to guarantee the global consistency of a database and that currently there
are no totally consistent databases available.

J. Bruno added on this subject that it is quite difficult to guarantee the consistency of the whole
thermochemical databases and that one of the issues of concern in projects such as NEA TDB should
be to provide a consistent database for al important e ements and not only for radionuclides. He insisted
on the relevance of ensuring the consistency of the database for major elements, although he made it
clear that the consistency of a database does not ensure the quality of the data it contains.

G. Ouzounian asked the speakers whether the uncertainties associated with the calculations have
emerge from the thermochemical database used or from alack of knowledge of the system.

C. Palmer answered that in their case the major uncertainty is related to the lack of a complete
mechanistic understanding of the system.

L. Wang added that solubilities only apply if dissolution is larger than the solubility limit. In their
case he said that the uncertainty associated to the rate of dissolution of the vitrified waste is much
larger than the solubility limit.

P. Sdlin said that the uncertainty associated with the thermochemical database used is not very
important given that the number of species and solid phases playing a role in the system is limited
even over a wide range of geochemical conditions. In this case, the uncertainty comes mainly from
a lack of knowledge concerning the evolution of the near field and from the selection of the
solubility-limiting phase.

K. Spahiu wished to clarify the phrase “ consistent database”. He ensured that the NEA databases
are internally consistent given that no data for a given species are selected until the data for the basic
components have been selected. This procedure avoids artificia errors introduced by the selection of
different basic data eventually conducted by different experts.

L. Wang addressed the lack of auxiliary datafor water rock interaction (WRI). Solubility calculations
for radionuclides are performed at different conditions which are obtained from WRI calculations.
Therefore the data set used for conducting the WRI calculation directly affects the radionuclide
solubility calculations.

R. Ewing commented on the probabilistic approach. He said that the procedure of repeated
sampling to obtain a probability distribution is not the right way to assess the uncertainty of the analyses.
What this procedure providesis the uncertainty in the sampling.
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C. Palmer added that the important thing is to justify the range of conditions that you measure in
order to support your probabilistic approach.

I. Grenthe commented on the internal consistency of the databases and illustrated this with an
example on how the A;Gg, of formation of different U species will change depending on the A G?, of
formation of the uranyl ion, but that the value of 1og;oK will not change.

U. Berner pointed out the relevance of chemical and “not only mathematical” consistency. This
means that we should look for analogue systems in which the species or solids suggested are present.

C. Palmer said that what YMP ensured is that the same database was used in any performance
assessment calculation. For this purpose YMP integrated auxiliary data from SUPCRT with the NEA
TDB database.

H. Wanner assured that the NEA TDB databases are internally consistent and encouraged every
one to read the introduction of the NEA TDB books in order to have a description of how the database
has been constructed and how internal consistency is ensured. If one requires data from other systems
that have not been reviewed by NEA then it isleft to the user to ook for a set of consistent data.

L. Wang said that he did not mean to imply that the NEA TDB database was inconsistent, but
rather that most of the major data he needed was not in there.

J. Bruno commented that we can not ensure that, for example, the NAGRA and the NEA TDB
databases are consistent and this can be an important point. Perhaps the testing of the consistency of
these databases must be done in-house but it definitely must be done somewhere.

I. Grenthe raised the issue of the compilations of data for Cu and Ni. The reviewers not only use
the available chemical information, but aso their chemical knowledge. Databases contain much more
information than normally believed.

R. Arthur said that the question of the databases should go beyond internal consistency. We must
ask how to integrate databases that are used for radioelements with those on major elements. This
integration can be difficult. For example, the merging of the NEA TDB database and the EQ3/6 database
is questionable due to the different standard states defined in both TDBs. The auxiliary data used for
the calculation of the datain EQ3/6 are different from those used in the NEA work in some cases.

H. Wanner expressed his opinion that these differences in the fundamental values are very small
in most cases. He asked what values present discrepancies and how large those discrepancies redly are.

T. Fanghéndl, in relation to the question raised by R. Arthur, answered that the standard states in
EQ3/6 and in NEA are perfectly identical.

R. Arthur, however, said that most of the datain EQ3/6 comes from SUPCRT, where the standard
stateis at the pressure of interest, whereasin the NEA TDB itisat 1 bar.

At this point a discussion on the differences between the standard states began, but it had to be
concluded due to time limitations.
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PANEL SESSION

Panel members

Moderator: Jorg Hadermann, PS| (Switzerland)
Jestis Alonso, ENRESA (Spain)
Margit Snellman, POSIV A (Finland)
Eric Giffaut, ANDRA (France)
Bill Glassley, LLNL (USA)

Cherry Tweed, Harwell IBC (UK)

J. Hadermann welcomed everybody to the special panel session. He introduced the members of
the panel session. He offered each of them the floor to give a short statement that would be the catalyst
for an open discussion. He structured the discussion having made a list of topics that each speaker
should be addressing and asked them to focus the discussion on those topics.

(In the following the initial contributions from the members of the Panel Session are reported
verbatim.)

J. Alonso (ENRESA)

“The main aim here is to identify the objectives of the TDB project, to have clear what are the
criteria for the selection of new topics. A key point is to reach a balance between what is needed now
and how we should approach the solution. A closer interaction of PA with scientific work is needed:
PA must not be seen as the final state of the analyses, in a pyramidal way, but as participating in the
whole pyramid structure. PA is comprehensive and extends to the full chain of data, models and, of
course, uncertainties. Uncertainty analyses are fundamental in PA, as they help to build confidence on
the results of the analyses. This type of analyses must not be only the responsibility of PA but of all
the actors along al the process chain, starting with the scientists. PA is mainly concerned with the
consequences of waste disposa. PA aims at showing that regulatory criteria are met and in this
manner at providing the information needed for decision-making. Thisis avery long process and there
is still along way to go. PA and scientific developments do not have immediate, but rather long-term,
milestones.
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Another topic of interest is the dichotomy between simplicity and complexity. People responsible
for PA are rather keen on simple models. | personaly think that simple models are good as the fina
chain of the process. But this must not exclude the analyses of the complexity of the problem. The point
is where to cut this complexity. Once we arrive at the understanding of the behaviour of the whole
system, we will be ableto build up asimple model, and modellers will be in a better position.

What isthe role of complex models? In my opinion complex models must provide a very detailed
explanation of how the system works. However, it is not possible to implement all the parameters of
these models and we must combine information from experiments and natural systems with the
application of expert judgement. So, the more general usefulness of TDB and PA isto provide a good
framework for the application of expert judgement. What PA asks from TDB is data, models, even if
those models depend on the position we are in the PA pyramid. But this is not enough, we need of the
assessment of uncertainties derived from scenarios, systems, etc., which have not only statistical
meaning. Science must provide the fundamental understanding of these processes for the sake of
scientific consistence of the assessment. Conservatism is not the reality of PA, but perhaps it is the
only runaway from uncertainty in bounding the consequences. This, though, must not be an excuse for
the relaxation of science. The repository system is a multi-barrier system for the confinement of RN.
It is not smple to analyse the sensitivity of these systems, to identify what is or is not important.
For example, we can obtain reasonable results without considering solubility limits, but this has no
sound scientific basis. What are topics of interest for PA in the near future? Confidence building,
understanding the phenomena, etc. The first group of topics deals with the chemical barrier. First, we
have to fill in the existing gaps in the database: quality assurance, role of organic complexation,
co-precipitation processes. The second group of topics deals with chemical phenomenon in other
barriers: related to mobilisation of RN, degradation of waste forms, transport in colloidal form,
retention of RN in solid solutions. The behaviour of the physical barriers, including the stability of the
main components: corrosion of the canister, alteration/dissolution of bentonite (buffer material),
neo-formation of mineral phases, coatings, general pore-water interactions. It is also of major concern
the buffering capacity of the different barriers: pH or redox transients.

One important issue is the dissemination of knowledge. NEA TDB has been very active in this
sensg; it isan example to follow. | would recommend continuing in this way. Potentia activities of the
project will be to help to apply thermodynamic laws and data in actual PA. How to support the expert
judgement to apply thermodynamic datato real complex systems?”

Open discussion

K. Spahiu rose the point on the estimation of the data. Data estimation is conducted to fill in the
gaps of the existing TDB. The point is how to estimate the data?

J. Hadermann said that it is the responsibility of the user to obtain the expertise to properly
estimate the data for a specific application.

I. Grenthe said that he had tried to illustrate that estimations can have a good scientific basis. It is
the first way to go when no data are available. It can be very useful for experimental planning. In this
area, where experiments are expensive, one wants to concentrate all efforts on the most important
issues, and estimations can provide some guidance in this regard. As aways, it is an iterative procedure.
There are good and poor methods of estimation; by referring to the literature one can identify which
methods are | ess promising than others.
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K. Spahiu said that, of course, there are good methods of estimation, such as the ones shown in
“Modelling of Aquatic Chemistry” but some other examplesto follow would be very useful.

M. Askarieh commented that most of the aspects dealt with by J. Alonso are not within the scope
of the NEA TDB Project.

G. Ouzounian said that what can be done is to communicate to the NEA TDB Management Board
the issuesraised by J. Alonso, for afurther decision as to whether to take them on board.

J. Alonso asked whether, regarding the stability of the bentonite barrier, the NEA TDB Project
activities could not suggest methods or data to tackle that issue.

J. Hadermann commented that unfortunately this workshop is not aimed at providing a response
to al theissuesin which TDB may play arole. In general, the workshop has been limited to solubility
limitations (solid solutions have been addressed to some extent): the source-term. But very little has
been said on the use of thermochemical databases in sorption, for example. Not everything is being
covered, but this is because that would be impossible within the available time.

J. Hader mann then gave the floor to M. Snellman.

M. Snellman (POSIVA)

“1 was asked to comment on ionic strength corrections. The first thing to consider in our PA
dealing with saline or brackish conditions is that all standard states must be corrected. Something that
came up during this meeting is that ionic strength corrections are best suitable for intermediate ionic
strength, not for very low neither for very high ionic strength. They are also best suitable for low
charged ions (q > 2). According to some of the data presented by T. Fanghanel the POSIV A interest is
at ionic strength ranges where Pitzer presents the best results. The main point, discussed by K. Spahiu,
was that most of the data we have isfor application of extended Debye-Htickel. For high ionic strength
thisis a problem that must be solved. The SIT approach is not included in geochemical codes. Pitzer
data are very limited, especidly for An(IV). Natural data that can be used for building confidence in
PA is very important and it should be included in future programmes. Some other questions arising
from T. Fanghédnel and K. Spahiu presentations are that most of the RN of interest are going to be at
trace levelsin ground water.”

At this point, M. Shellman presented a summary of the advantages and limitations of ST and
Pitzer approaches.

“Improvements to make for the future would be: to introduce the SIT approach into geochemical
codes to get rid of the possibility of having erroneous calculations due to the fact that you are using
data originally obtained by using SIT; to use different el ectrolytical models for the data available at very
saline conditions; to back-up this information with site-specific data, with site-specific experimental
studies.”

Open discussion
I. Grenthe commented that one can generally say that in systems where very weak complexes are

formed difficulties may arise to interpret what species are present in solution. The good thing is that
these complexes will not have any important effect on the calculations. The other aspect that is
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important to acknowledge is that activity corrections are important, but even more important is to
ascertain that the stoichiometry of the complexesis preserved under different ionic strength, and thisis
indeed the case. Once the speciation has been ascertained, the main basis of the chemistry has been
established and then different ionic strength corrections can be tried. But what is important is to have
the same ionic model, independent of the ionic strength.

H. Wanner said that there is a very important conclusion on the ionic strength discussion. He said
that it was a very good idea of the initiators of the NEA TDB Project to use SIT. The reason why
Pitzer's theory was not used is now clear. It is not feasible to use it for international projects, where
the reviewers are obliged to use data from many different sources with all the systematic errors
involved, and these prevent being aware of the curvatures as a function of ionic strength.

T. Fanghanel confirmed that indeed the use of SIT was a good choice for the NEA TDB exercise.
However, practitioners must be aware of its limitations and be prepared to take a step forward and use
other type of models.

J. Hadermann summarised by saying that this was a very good conclusion on ionic strength
corrections. J. Hadermann then passed the floor to E. Giffaut.

E. Giffaut (ANDRA)

“I was asked for a speech on applications and limitations of TDB use in PA. | will focus on few
points given the extension of the subject. During the workshop everybody agreed on using TDB as
PA support. There is also an agreement concerning the compromise with science, at least with the
TDB development. The main difficulty is the difference between scientific development and TDB
development, and PA itself. The problem is that PA seems to be consistent with the development of
knowledge and it is very difficult to assess the appropriate level of knowledge. The level of smplification
in PA has to be consistent with the level of knowledge. In order to illustrate this point | will go back
to chemical parameters in PA. There are only two geochemical parameters. 1) solubility limits and
2) Kp values. That is, a rather poor level of knowledge is included. The question is why we do not go
further in the description of the process, because it seems that TDB have many other information and
that numerical tools have developed enough to undertake these calculations. Why in PA is the TDB
not directly introduced to assess the solubility limit instead of introducing the solubility limit? For the
transport assessment it is important to know the concentration in the agueous phase. What about the
solid phase, in terms of precipitated, sorbed phase, solid solution, etc., which is, in fact the residual of
the amount of element that is not in solution? When we talk about the conceptualisation it seems to be
possible to define it at steady state, but what about the dynamic processes, with diffusion and similar
processes? A good conceptualisation would be that one when you have a problem of upscaling and
time extrapolation.

There are some problems in the application of the TDB. One is the existence of in-house TDBs.
Everybody has developed a TDB by his own that seems to be used as reference in the different projects.
OK, but are we not in arisk of inconsistency when discussing all PA issues together? There is also the
problem of including natural systems data, data on concrete, iron data and RN speciation of course.
It is important to highlight the dynamic evolution of the disposal in time and in space. It is difficult to
splitaTDB into alist of radionuclidesin one part and natural or major systems in another part.

The PA challenge is to find some non-coupled effects in space and time, a kind of simplification

that must be as complete as possible. One question to add is “What is the first input in this PA
development? Isit the expert advice or isit the complete devel opment of the PA model 7’
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TDB cannot be used as a black box and expert advice must be present in PA. The updating of the
dataisvery important. It is not a minor challenge to take a step forward in the data sel ection given that
itisareference for the existing PA exercises.”

Open discussion

J. Hadermann thanked the speaker and inquired on the meaning of “upscaling” given that NEA
TDB is defined for avery specific range of conditions.

E. Giffaut answered that TDB is a tool for PA. If it is considered that PA is mainly oriented to
transport of radionucleides, then the focus must be on the processes important in time and space and it
seems very difficult to propose a simplified model for PA.

J. Small commented on the modelling of dynamic systems. He said that it is different when
approaching a surface site as opposed to a deep dite, as the latter can be considered to be at steady-state
conditions. The approach used in the Drigg site was to model the chemical evolution of the whole site
by considering kinetics of corrosion, degradation and cement evolution. Define redox-pH conditions,
include the speciation calculations and RN solubilities based on TDB. He stated that they are considering
and using NEA TDB directly in a dynamic system. Similar models were used for glass dissolution.
He added that they developed a dynamic source-term model for glass leaching and that those effects
are driven by kinetic processes. Dynamic systems need kinetic and non-equilibrium effects.

I. Grenthe wanted to address some of the questions of E. Giffaut on TDBs. He stressed that there
is no universal TDB. There is a considerable risk when in-house TDBs are developed. In principle, it
could be contemplated within the framework of a future TDB project that experts evaluate how the
databases are selected in the various in-house TDBs.

L. Wang commented on whether the polynuclear species of Pu(OH), are or not different species.
This may change all estimations, because all data are determined by using ultra-filtration. The real
source of radionuclide leaching should be fragmentation of vitrified glass on the strong a pha and gamma
radiation. In these fragments the concentration of the radionuclide is very high. The same applies to
Tc. He mentioned recent studies by Grambow, et al. suggesting that TcO, is not the solubilty-limiting
phase. The most stable particles are the polynuclear particles of Tc(OH), and in these particles mixed
oxidation states are present.

J. Haderman now gave the floor to the next speaker, Bill Glassley, who addressed the issue of
coupling with transport.

B. Glassley (LLNL)

“1 will present some experience obtained from the Yucca Mountain Project. We are going to
concentrate our attention on how technical databases are developed and applied. What we are looking
(the speaker showed two overheads) at are two cross-sections at two different times, 85y and 100y
after closure. The variability is going to persist for the whole life of the repository. Temperature effects
are the following: water that migrates down and reaches the repository tunnel will be heated and water
vapour migrates, condenses and we will see lake-like features. Mineralogical alteration is going to
occur along the flow pathway. Because of chemical and temperature effects, any existing solid solutions
are going to change their composition. Carbonates, feldspars and clays that are going to be important
in the RN migration are not going to have the same composition that they have today. It isimportant to
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understand what will be the chemical and thermal effects and what will be their effect on the solid
solutions, and how these changes in the solid solutions are going to affect the behaviour of RN
being transported. How sequestration of RN is going to occur. These processes are going to occur
independently of whether we are in a saturated or unsaturated zone. The only difference is going to be
the orientation of the plume coming off the tunnel and the magnitude of the chemical changes. There
IS some probability that as RN move through the system, solubility-limiting solid phases may change.
We do not know about this, but it is important to know what are the range of changes in our
parameters in order to see which mineral species could be responsible for the solubility-limiting in all
the range of conditions expectable. Urs Berner has commented on this. When looking at TDB-III the
aim could be trying to generate thermodata for a range of potential mineral phases that are going to
play any role and develop thermal estimates on how these properties are going to change. What is
important are natural systems. They consistently appear to maintain degrees of super-saturation.
We need to understand better what these mineral phases are and how this super-saturation affects their
formation. Redox non-equilibrium has been also commented upon. Natural systems maintain redox
non-equilibrium under many conditions. | would like to encourage those that are developing TDB to
develop mechanisms for noting what is the role of super-saturation and the role of kinetics. In the
future these are going to be key issues. Given the expertise associated with the development of
databases it would be unfortunate not to give the opportunity to this expertise to judge which are going
to be the important secondary solid phases.”

Open discussion
J. Bruno asked for the evidences of the persistent redox non-equilibrium.

B. Glasdey answered that they are everywhere in natura systems. In Yucca Mountain there is
a redox non-equilibrium. When you try to reconcile sulphate/sulphide, iron(I1)/iron(l11), oxygen
measurements they are consistently in non-equilibrium. Therefore, some kinetics are involved in these
Processes.

J. Bruno said that oxygen is never going to be in equilibrium, that is why breathing is possible.
But he wondered where this extensive body of evidence of oversaturation could be found.

B. Glasdey answered that there is a whole list of cases. The formation of zeolites, for example.
Silica super-saturation with respect to quartz persists always, whether in surface waters, deep wells, etc.

J. Bruno asked B. Glassey in turn whether he was aware of the latest advances on the
oversaturation of silicain surface waters appearing in science. He added that the Fe(I1)/Fe(l11) system
isawaysin equilibrium and that if proper measurements are done in groundwater many redox couples
can be identified that are in equilibrium, although often lack of equilibrium is invoked to explain our
failure to interpret our observations. Maybe this is a limitation on the way systems are observed.
Systems are disturbed by our measurements.

B. Glasdey replied that this was a possibility that evidence forces us to consider. If it playsarole
for slicates, there is no reason to think that it is not going to have any role with the radionuclide
solubility-limiting phases. Thus he suggested that proper attention should be paid to it by considering
al the available experimental data.

J. Haderman asked whether this could not be a consequence of some temperature changes.
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B. Glassey answered that this could be the case in some hydrothermal systems, for example in
New Zealand. But that in most systems the fluids go long travelling distances and still non-equilibrium
is maintained.

J. Haderman said that he meant temporal changes, too-fast flow compared to kinetics.
B. Glassley accepted that this could be the case.

J. Small went back to redox non-equilibrium. He said that redox can be measured in non-equilibrated
groundwater, as many textbooks indicate. Nitrate and Fe(11)/Fe(l11) can be measured and arange of Eh
calculated from these measures. This is a classic issue. The key issue is how RN behaves in the
system: which of these redox couples must we use to calculate the Eh of the system?

B. Glassley said that this was the problem.

J. Bruno commented that there are a lot of textbooks in geochemistry that state that redox
non-equilibrium is a fact, But that recently his team had been properly measuring redox equilibrium
in groundwater. The main problem encountered was the need to break down the myth of the redox
non-equilibrium, something extremely difficult.

J. Hadermann gave the floor to Cherry Tweed.

C. Tweed (HARWELL 1BC)

“When we were asked to be members of the panel, we were asked to come without any
pre-conceived idea, we were asked to come and listen to the speakers and form our ideas on the basis
of the speeches. | was given the job of looking out at TDB requirements of a probabilistic PA and
compare it with deterministic PA. | have changed my ideas during the last two days. Within the Swiss
and the Swedish programme they conducted thermodynamic calculations and produced a solubility
number. | compare those two examples with the experience of UK where we do a probabilistic PA.
We extract distribution of values brought together by a consensus of experts and we take into account
experimental data, data in the literature, natural systems data, information from waste matrix studies
and supporting thermodynamic modelling. | realised that people also use this expert opinion to get
deterministic values. | had greatly underestimated the role of validation. Our TDB needs are very
similar. We may concentrate on the area of the uncertainty. Is easy to say that if you have a probabilistic
PA you have a greater account of uncertainty than in deterministic approach. But from the presentation
we have seen it was clear that people doing deterministic PA use a best estimate but also take into
account the uncertainty, and in summary we use different procedures but end up with very similar
points of view. Sometimes we are actually just deriving reference groundwaters but here we are taking
analytical data and using thermodynamical modelsto get representative in situ compositions. We often
talk of the role of deriving water compositions by corrosion products. Here again we rely on, not always,
thermodynamic data. One of the things is which is the current state of the knowledge. What happens
with the databases is that when everything is fine nobody notices, but when something is not working
properly or when you need some value that is not included in the database, one starts to blame it on the
TDB, without noticing the large amount of work underlying. We have come along way in the last ten
years. In the eighties we were discussing what species of uranium we needed to include in the database
and now we are discussing whether we need best estimates or upper limits. It is very important when
we look at the future to acknowledge what has actually happened so far and the great steps we have
made. There are several issues of interest for future work. We can structure these issues as follows:

201



1) Filling gaps. This is to continue the work we have dready done. There are some data which
are not good enough to meet the criteria to be included in an internationally recognised
database. It would be useful to have recorded somewhere second-class data in addition to the
first-class data in the NEA TDB. Another way of filling gaps is to have estimated constants.
Acknowledge the limitations but document them. Another point is that we need more solids.
The definition of which solid phase we must to include. There is more work to be done on the
solid phases.

2) The “how to”. How to deal with solid solutions. It is such a big area that it would be
unrealistic to expect this project to produce a comprehensive database on this subject. But it
would be useful to have a definite guide on how to approach the system. We have heard alot
on SIT and on Pitzer. | would very much value an easy guide on the how to: which constants
do you remove? Which effect does it have? What are the errors if you omit to take these
constants out? Something that help usto apply SIT or to useit in our models.

3) Confidence building. Supporting data, it would be good to have an international consensus
on the iron couple, for example. The last is to demonstrate that these databases do work:
validation. It would be good for an international body to bring together the successful
applications of the thermodynamic modelling so that there is a document for those proposing
and regulating.”

Open discussion

J. Hadermann thanked the speakers and opened the discussion. He stressed that it is well known
that there are two important issues to consider. The first one is that it is not sufficient to perform
theoretical studies — measurements are indeed required. In natural systems measurements are a must,
there is no way around them, and it is not enough to theoretically model the systems. The second issue
is that the scientific community usually takes into account measurements if they show up in the open
literature. But awedlth of work is reported elsewhere and it is difficult to adequately integrate this work.

J. Bruno said that Cherry Tweed was right in being optimistic. He said that during the Chemval
project the situation was painful when it came to the application of chemica models, validation, etc.
He added that since then, quantitative models have came forward. Chemval is not unique in this sense.
What isin the books is that nothing happened before the 1940s, but there had been alot of experimental
data. It is an unfortunate reality that some of the data simply fail to make it to the literature. Conversely,
it is very easy to set up a myth in the scientific literature. The breaking down of these mythsis very
hard because of the requirement to invalidate concepts that have been already incorporated to the
common knowledge of many people.

I. Grenthe commented about the chapter on the use of SIT in “Modelling of Aquatic Chemistry”,
because this answers some of the questions that have arisen. One opportunity would be the upcoming
6" Framework Programme within the EC. There are very extensive resources within this framework
for the nuclear area. Some of the national representatives attending could work together with the
scientific institutions to create a programme for the mentioned framework. It is a good idea to start
teaching the decision-makers at this stage because conventional sources of financing are completely
overextended.

J. Hadermann brought up the point that within the scientific community the measurement of

specific thermodynamic data is not considered to be a great scientific challenge, and therefore the
efforts at university level (PhD work) have strongly declined, if not disappeared, to a great extent.
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C. Tweed then made the point that this is work which simply has to be done in order to fulfil
societal needs and without the hope to win a prestigious prize. As an example, she mentioned the
household person doing work which fallsinto this category (laundering, etc.): absolutely necessary but
with little prospect of increasing personal prestige. She added that she hoped not to have given the
impression that no additional experiments are needed. She also pointed out that it should be realised
that in the NEA TDB books already published, there are many more gaps than the ones that can be

filled by experiments. Therefore, thereis still aneed to look seriously to the “less pure” data and to the
role of estimation.

J. Hadermann thanked all the contributors and closed the Panel Session.
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CLOSING REMARKS

M. Askarieh summarised by commenting that it had been a very interesting workshop with a
broad spectrum of participants (modellers, performance assessment experts and experimentalists) and
presentations. He thanked the panel members for their very good job in summarising and raising the
more important issues. He highlighted the role of the in-house thermochemical databases: obviously
there is an urgent need for thermochemical databases for PA and thisis understandable. But this raises
the issue of whether, by building up in-house databases, we are somehow contradicting the initia
ideas at the foundation of the NEA TDB group some years ago. The NEA TDB project needs to be
attentive to the needs of the in-house thermochemical databases. He argued that another important
issue was the use of good science or, rather, the need for good science. There is no good thermochemical
database without science. The effective use of NEA TDB data will give rise to high-quality performance
assessment. The NEA TDB Project has produced five books on thermochemical data. Hopefully in the
future more books will be published, but what needs to be disseminated is the good use of these books.
Data are taken from the books and applied, perhaps not aways in the way that the reviewers intended
them to be used. C. Tweed raised the problem of how to fill the gaps and how to build confidence.
All these issues will be taken into account by the Management Board of the NEA TDB Project when
discussing and designing the future stages of the project.

M. Askarieh thanked ENRESA, particularly J. Astudillo and P. Hernan for facilitating the
workshop, J. Bruno and his QuantiSci collaborators for the local organisation of the workshop and
Universitat Politecnica de Catalunya for making available the conference room. He aso thanked the
speakers, the panel members and all the attendees for their contribution to the success of the workshop.
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