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THE NAGRA/PSI THERMOCHEMICAL DATABASE: NEW DEVELOPMENTS

W. Hummel, U. Berner, F.J. Pearson Jr.1), T. Thoenen
1''Ground-Water Geochemistry, 411 East Front Street,

New Bern, NC 28560, USA

The development of a high quality thermochemicai database for performance assessment is a scientifically fasci-
nating and demanding task, and is not simply collecting and recording numbers. The final product can by visualised
as a complex building with different storeys representing different levels of complexity. The present status report
illustrates the various "building blocks" which we believe are integral to such a database structure.
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1 PROLOGUE

Thermochemical databases are developed and used
in many research areas related to chemistry (e.g. pe-
trology, metallurgy, oceanography, geochemistry, ore
deposits research, etc.). The Nagra/PSI thermo-
chemicai database, primarily maintained at PSI, is
particularly dedicated for use in the safety assessment
of long-term storage of radioactive waste.

For the scientists involved, thermodynamic database
work is a fascinating and demanding task, but prog-
ress reporting on this subject is sometimes difficult.
The work may consist of many tasks which, individu-
ally, are not of extraordinary interest to a broader
audience. The work's significance usually lies in the
final correlation of all the individual subtasks, and self-
contained aspects suited for publication are rather the
exception.

Consequently, the present status report does not treat
any aspects of database construction in depth, nor
does it provide improved thermodynamic constants.
Rather, the report illustrates the different "building
blocks" which we believe are essential components of
a high quality thermodynamic database structure.

Let us start our description at the top of the structure
supported by the "Nagra/PSI Thermochemicai Data-
base":

2 THE DOME OF MODEL APPLICATION

The capstone, directly supported by the "Nagra/PSI
Thermochemicai Database", is the safety assessment
of Swiss radioactive waste repositories. Geochemical
models using the database are expected to produce
reliable, quantitative predictions of the long-term be-
haviour of involved radionuclides. A further task is the
quantitative chemical description of host rocks, in-
cluding their associated groundwaters. The content of
the database is therefore not restricted only to hazard-
ous radioactive nuclides, but includes extensions to
many other elements of geological relevance.

Other important model applications include the
evaluation of in-house experiments, as well as the
appraisal of published thermodynamic data. Such
evaluation in turn requires sound supporting data.
Because earlier studies did not include all present day
findings, it becomes essential to re-evaluate older
results and conclusions with the help of more recent
thermodynamic evidence. This leads to the next level
of our structure.

3 THE PILLARS OF GEOCHEMICAL MODEL-
LING

In our opinion, the need to have a comprehensive
collection of high quality thermodynamic data is self-
evident. Our own database is documented in [1] and
[2]. However, numbers alone do not guarantee a sen-
sible, problem-oriented application. It is essential that
experienced scientists, well acquainted with detailed
problem requirements, use the available data in a well-
directed way. This element is very important for the
application of a thermodynamic database, and repre-
sents the "Concepts & Expert Knowledge" pillar of our
structure.

The concepts are essential constituents of all per-
formance-assessment models since they provide the
basic framework, and define relevant ranges, for
model applications. Concepts include generic issues
like type of waste, methods of disposal, assumed re-
lease pathways, barrier systems, principal chemical
processes, etc. A careful evaluation, involving thor-
ough system knowledge, is needed to derive appropri-
ate model-system definitions from the given concepts.
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In an ideal world, many scientists from different re-
search areas would contribute, in an interdisciplinary
way, to what we call "Expert Knowledge". This in-
cludes sound chemical basic knowledge (classification
and interrelation of substances, judgement of chemi-
cal plausibility, knowledge of experimental methods,
etc.). Other items, such as experience with natural
geochemical/geological systems, the identification of
problem-relevant processes, the recognition of data
gaps and, last but not least, the ability to transform
complex facts into quantitative models, also contribute
to expert knowledge. Considerable expertise in these
areas has accrued at PSI, and relevant publications
and PSI reports may be found under http://www.psi.ch
(click Science/Technology, Waste Management).
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Fig. 1: A test case for our simplified, empirical model
for ionic strength corrections based on the SIT
formalism: curium carbonate complexation in
concentrated NaCI solutions; the experimental
data (squares) are taken from [4]. The solid
lines represent SIT fits [3], with only two ad-
justable parameters per line: the stability con-
stant log K° at zero ionic strength and one SIT
parameter. The authors of [4] applied the
Pitzer formalism [3] with 4 adjustable pa-
rameters: log K° and 3 Pitzer parameters. The
resulting fits are the same within the uncer-
tainty of the experimental data, and hence the
simpler SIT formalism can be used to describe
curium carbonate complexation in con-
centrated NaCI solutions.

4 THE BUILDING STONES: ADVANCED THER-
MODYNAMIC DATA

Thermodynamic data per se are not sufficient to pro-
vide a quantitative picture of chemical processes. To
obtain sensible predictions for chemical systems, it is
necessary to link the pure numbers from the database
to chemical models. Currently we are investigating
several problem areas at PSI:

• Development of a simplified, empirical model for
ionic strength corrections based on the Specific
Ion-Interaction Theory (SIT) formalism [3]. The
model uses the fact that NaCI is the dominant con-
tribution to enhanced ionic strength in many safety-
relevant applications. This approach tries to keep
the number of interaction coefficients required by
the SIT formalism as low as possible (Fig.1).

• The systematics of actinide(IV) complex formation
with relevant ligands (i.e. OH~ CO3

2~, ...). An ex-
tension to other redox states (VI, V, III) is foreseen.

• In Swiss repository concepts, hydrated cements
play a key role as matrix and barrier materials. To
quantitatively describe these high-pH materials, in-
cluding their interplay with trace elements, we are
investigating new approaches using GEM (Gibbs
energy minimisation) algorithms to describe solid
solutions. Non-ideal solid solutions will require
evaluation of additional interaction parameters.

5 THE BUILDING STONES: BASIC THERMODY-
NAMIC DATA

An additional layer of building stones is required. In the
previous paragraph, we stated that thermodynamic
values per se are not sufficient to make sensible geo-
chemical predictions. However, there is no doubt that
high quality data are necessary for reliable prognoses.
But, what distinguishes high quality numbers from
others? The answer cannot be given a priori. Usually,
one is dependent on results published in the literature,
since in-house experiments are seldom available.
Unfortunately, publications are not always produced
with the necessary care, and the appraisal of data
from various studies may become a real adventure
(Fig. 2).

Currently we are involved in a series of reviews, as
itemized below.

5.1 Carbonate Reviews

• Nickel Carbonate Complexes

All aqueous nickel carbonate constants published to
date originate from estimation methods. Some of
these "constants" proved to be mere telephone num-
bers. But even the more serious estimation proce-
dures still resulted in uncertainty ranges of two orders
of magnitude for the estimated constants.
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Fig. 2: An example of a data diagenesis process: A
nickel carbonate constant was "determined"
by "Garrels method" [5]; i.e., was estimated
using a plot of stability constants versus elec-
tronegativity, found in the popular textbook of
Garrels and Christ [6] and then extrapolated to
I = 0.7 M. This number appears now in the
"Critical Stability Constants" of Smith and
Martell [7], ostensibly originating from an ex-
perimental study. Subsequently, it was se-
lected by the authors of a "Critical Re-evalua-
tion of Stability Constants" [8], and "corrected
to I = 0" using a different method for ionic
strength correction.

• Zirconium Carbonate Complexes

We have estimated the stability of aqueous zirconium
carbonate complexes, and then predicted the influ-
ence of these complexes on the solubility of zirconia
(ZrO2) at high CO2 partial pressure (Fig.3, [9]). Recent
experimental work at PSI corroborates our predictions.

log p5 =39, pH=9,1=0.1
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Fig. 3: Zr speciation in equilibrium with monoclinic
zirconia (ZrC^) as a function of the CO2 gas
partial pressure. The stability constants of the
zirconium carbonate species Zr(CC>3)56" and
Zr(OH)3CC>3' have been estimated by chemi-
cal analogy with thorium [9].

• Fe(lll) Carbonate Complexes

An in-depth review of the only publication dealing with
aqueous Fe(lll) carbonate complexes revealed a se-
ries of inconsistencies and unresolved experimental
ambiguities. A detailed comment to this paper has
been sent to the journal [10]. Nevertheless, this study
indicates that Fe(lll) carbonate complexation is an
important process in carbonate-rich groundwaters
(Fig. 4).

• Me(ll) Carbonates (Solids)

The solubility products of the transition metals, and
some other Me(II) carbonates, have been re-evaluated
[11]. The final set of recommended values reveals a
consistent pattern (Fig. 5). In addition, a reliable esti-
mate of the uncertainties associated with these con-
stants is also given [11].

-1 -

Fig. 4: Calculated predominance area diagram of the
Fe(lll) hydroxide - carbonate system in the
range 0 < pH <14 as a function of the CC>2(g)
partial pressure, at I = 0 and 25°C. Revised
equilibrium constants [10] have been used for
the complex Fe(CO3)2~. The small predomi-
nance area of Fe(CO3)2' corresponds to log
P2 = 20, the extended one to log p2 = 22. This
represents the uncertainty of the stability con-
stants derived from the experimental data [10].
The precipitation of solids is suppressed.

5.2 Sulphide Review

An extensive review and evaluation of solubility prod-
ucts of sulphide minerals and stability constants of
metal-(bi)sulphide complexes comprising Co, Ni, Zn,
Mo, Tc, Pd, Ag, Sn, Sb, and Pb is reaching comple-
tion. The review emphasises the importance of metal-
(bi)sulphide complexes, the neglect of which may re-
sult in severe underestimation of metal solubilities in
sulphidic waters, and emphasise the need to check
geochemical models with natural environments.
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Fig. 5: Solubility products for M(ll) carbonates. The
values found in popular data collections [7, 12]
are inconsistent, and contradict well-estab-
lished chemical principles. A detailed review of
the original papers, and a thorough expert
evaluation of the quality of the experimental
data, resulted in a significantly improved over-
all consistency of the recommended values
[11].

5.3 Silicate Review

A detailed review of aqueous metal silicate complexes
and the solubility of silica has recently been started.
The importance of polymeric silicates and metal sili-
cate complexes will be assessed for geochemical
modelling.

5.4 Review of simple organic ligands

One of us [WH] chairs the OECD NEA review team on
simple organic ligands. The review comprises the
ligands oxalate, citrate, Ethylenediaminetetraacetate
(EDTA) and Isosaccharinic acid (ISA), and their com-
plexation with radionuclides and major competing
cations. The work of the review team commenced in
1998 and the publication of the review is foreseen for
2001.

The objective of these reviews is to gain a deeper
understanding of relevant chemical systems, to im-
prove the quality of existing constants, and to provide
new data. It is necessary to check the consistency of
improved or new estimates with the existing database.
The procedure of reviewing, updating and adding data
is therefore an iterative process which should finally
lead to a chemically consistent, high-quality database.

6 THE FOUNDATION

Supporting our structure is the principle on which fur-
ther developments of the Nagra/PSI thermochemical
database should focus:

- Arriving at a chemically consistent database is an
essential goal. The database should consider and
reflect basic chemical principles (i.e. similar be-
haviour of similar classes of compounds).

The consequences of "data-holes" must be
checked, particularly in the case of safety-relevant
applications. It is important to supply missing data,
either by chemically consistent estimates or by ex-
perimental evaluations.

Wherever possible, the quality of individual data
items should be evaluated and refined, based on
independent experimental investigations.

Internationally approved and recommended values
from the NEA Thermochemical Data Base Project
will be included in the Nagra/PSI database.

Modifications of values, and recommendations for
and against their use in individual applications,
need detailed documentation. These documents
have to be included as part of the database.

Non-essential ballast, such as irrelevant high tem-
perature phases, very soluble, hydrolysable or un-
stable compounds etc., should be excluded from
the database.

o

-13

-15

-17

-19

ZnS solubility,
V .jf. . » complexes

^ j . i%>\ considered

X
Lf]<

ZnS sc lubih,
complexes not
considered

1;.

-10 -8 -6
log [S

-4 -2

Fig. 6: Calculated solubility of sphalerite (ZnS) in the
pH range 7 to 9. The solubility curves
(calculated with the best available thermody-
namic data derived from solubility measure-
ments) show that Zn-(bi)sulphide complexes
may not be neglected [13]. However, a com-
parison with total zinc concentrations in aque-
ous sulphidic environments (triangles: anoxic
ocean basins and fjords; circles: European
deep groundwaters) reveals that the model
affords only a poor representation of these
data [13].
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