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Abstract. Geochemical transport modeling of contaminants in the aquatic envi-
ronment is an important tool supporting decision-making on both the technical and
political level. There is a specific meaning for modeling emissions of radioactive
contaminants from uranium mining and processing sites as well as from nuclear
installations and waste repositories due to the longevity and toxicity of some ra-
dionuclides. The complexity of issues studied by applying reactive transport mod-
eling is steadily growing with the development of hard- and software. Reliability
of model output is of crucial importance. Reliability of a model output is inti-
mately related to the quality of the model's input data. Thus, a quantitative meas-
ure for data quality and quality assurance becomes essential in addition to trans-

parency and documentation.

Introduction

Geochemical modeling is a genuinely interdisciplinary field. Hydrogeology,
chemistry, geochemistry, water chemistry, rheology, information science, numeri-
cal mathematics and others more contribute to its development. All contributing
factors cause uncertainties in the total process. In the present discussion, concen-
tration will be on the contributions from chemistry. The past two decades of im-
petuous growth in CPU clock speed and digital storage capacity have raised ex-
pectations to model and to predict complex scenarios on large time scales.
Modeling codes of considerable complexity have been created raising the expecta-
tion that predictions become the more reliable the more data and details can be in-
cluded into the model (Voss 1998; Prado et al. 1999; Ekberg 2000). It is mean-
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while understood that this expectation has ignored several limitations in the accu-
racy and precision of both the input data to a model and the modeling algorithms
themselves as well as our limitations in the perception of the complex processes,
features and events that in total make up the real world surrounding us. Hence, in-
formation is necessary to quantify the limitations of our understanding and insight
into natural processes and the rules governing them.

Thermodynamic data as results of analytical
measurements

Prediction of future processes on basis of quantitative information requires a
causal relationship between causes and their effects. The relationship not necessar-
ily needs to be strictly deterministic. To take an example, metabolic processes are
quite difficult to take into account. Geochemical reactive transport modeling is
commonly based on thermodynamic data of those reactions considered to be rele-
vant. During the past century a larger amount of thermodynamic data of metal ions
in a wide range of aqueous solutions has been forwarded. These data are com-
monly collated into collections, either in printed form, on-line data base or code-
specific thermodynamic data base for speciation codes (Hefter 1979; May and
Murray 1991; Parkhurst 1995).

The fundamental relationship Eq. 1 links chemical reactions with thermody-
namics:

Ink =26 (1)
RT

K,': formation constant of a reaction r

AG,' : Gibbs' free energy involved in reaction r
R:  gas constant

T:  absolute temperature

Thus, formation constant K,' may be understood as a constant of nature under
given conditions specified by the superscript (). There are numerous ways of
evaluating either AG,' or K,'. Thus, the formation constant K, represents an energy
difference. This energy difference manifests itself in often quite sensitive equilib-
ria of different chemical forms of the constituents of interest. The evaluation of the
energy almost always must rely on analytical chemical data of the concentrations
of these different chemical forms. Almost always a certain amount of the chemical
forms cannot be analyzed by direct measurement but has to be estimated on basis
of mass-balance considerations and other general assumptions.

Since thermodynamic data are a basis of predictive reactive transport modeling
and obtained by analytical measurements, these data are affected by measurement
uncertainty. Measurement results without statements of reliability (i.e. uncer-
tainty) should not be taken seriously as soon as important decisions are based on
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these data. The major reason is that such data cannot be trusted because the ana-
lyst forwarding these data has not considered whether his approach and procedure
is itself trustworthy (de Biévre 1998).

Measurements in chemistry, responsibility and metrology

Chemistry has performed and interpreted analytical measurements for some centu-
ries. Great chemists have moved chemical science by personal experience, hard
work, talent and a considerable portion of try-and-error into the 21st century. The
science of analytical chemistry has developed over this period and provided re-
markable successes. It is well possible to enjoy the results of these successes as in-
teresting and entertaining, as a kind of social activity. However, the successes of
analytical chemistry include an important factor: responsibility. In forwarding a
result of analytical measurement, the analyst takes responsibility for the conclu-
sions drawn on basis of this measurement result. Chemical measurements of vari-
ous kinds are playing a rapidly expanding role in modern society and increasingly
form the basis of important decisions. Chemical measurements form a basis for
agreement in situations of discordant interests and even distrust. Thus, the role of
analytical chemistry vastly exceeds just satisfying scientific curiosity. Global
trade, food safety, clinical chemistry, consumer protection and product quality
control are only a few fields where important decisions are based on chemical
measurements. The consequences from the results of these measurements can af-
fect the lives of many people - not only today but also in the future. Hence, the
science of measurement has become a national sovereignty, institutionalized in the
national metrological institutes (NMI's). The science of measurement is subject to
international treaties like the Meter Convention (1875) as well as the establish-
ment of the International Organization of Legal Metrology (1955). Hence, metrol-
ogy is not about esoteric, academic measurements of the highest precision per-
formed in an ivory tower at universities or the NMIs. Metrological rules are driven
by the discordant interests of the global trade partners where high quality products
should be imported cheaply (if at all) while the own products should be exported
with high profits (at best without any limitations). It is evident that promotion of
science has no priority in the development of metrology. It is, on the other hand,
evident that modern science likewise has developed into a business where compe-
tition for funding and publication follows rules not completely different from eco-
nomic markets. It even may be suspected that political systems could have en-
couraged experimenters to obtain data to be favorable for a certain politically
desirable decision. Measurement values complying with metrological rules in a
stable metrological framework will keep their significance over long time periods.
Metrology therefore is an important element of sustainability.
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Comparability of measurements - the international
framework

In order to achieve comparability of measurements on a world-wide level, not
only objective criteria and an international agreed system of references must exist.
An infrastructure of closely cooperating institutions must exist that ensures and
controls the conformity of measurements with criteria and points of reference. The
System of Units (systéme international; SI) represents implements this basis, and
by use of traceable measurements provides an international infrastructure for
comparable measurements. The institutional infrastructure is realized by the Meter
Convention. Even closer ties were formed in 1999 with the Mutual Recognition
Agreement (MRA) signed by the directors of 38 member states of the Meter Con-
vention. The objective of the MRA are to: establish the degree of equivalence of
measurement standards by NMIs; to provide for the mutual recognition of calibra-
tion and measurement certificates issued by NMIs; thereby to provide govern-
ments and other parties with a secure technical foundation for wider agreement re-
lated to international trade, commerce and regulatory affaires (Wielgosz 2002).

Deficits of existing thermodynamic data

Existing deficits in most contemporary chemical measurements have been dis-
cussed elsewhere in some more detail (Chalmers 1993; Thompson 1994; de
Bievre 1997; Meinrath and Spitzer 2000). Likewise, fundamental principles of
metrology for thermodynamic data as well as concepts for obtaining and applying
thermodynamic data by metrological rules have been forwarded (Meinrath et al.
2000a; May and Murray 2001; Ekberg et al. 2002; Meinrath and May 2002).

Serious discrepancies between published thermodynamic parameters of chemi-
cal reactions are well-known. Since there are many different causes of these prob-
lems (such as experimental error, inadequate theory, and carelessness), they can be
very difficult to pinpoint and to eliminate. The situation is made worse because
many thermodynamic data persisting in the scientific literature stem from values
that are later corrected or become experimentally superseded (May and Murray
2001).

The existing deficits in thermodynamic data of reactions relevant for reactive
geochemical transport modeling can be separated in three groups:
e Documentation and communication deficits

e Competence deficits
o Consistency deficits

Documentation and communication deficits mainly limit a critical reassessment of
thermodynamic data. Thus, despite the fact that many collections of thermody-
namic data are termed 'critical’, there is no support for such a claim other than the
expectation that the reviewer(s) recognize(s) a 'good' data if he/they see(s) it. The
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almost complete lack of statistical assessment (including essential issues like the
detection and treatment of extraneous data, the discussion of the optimization cri-
terion and the reliability of auxiliary data) of thermodynamic data precludes any
post-evaluation. At best, obvious severe errors in the experimental conditions and
evaluation of the data can be indicated.

Competence deficits direct to the experimenter performing the experimental
work. Not seldom, these are comparatively unexperienced novices to the science
of chemical analysis performing the measurements as a part of their academic
education.

Next to experimental errors, carelessness and inadequate theory the -sometimes
undocumented- use of auxiliary data, the use of different calibration methods and
differences in the calibration standards and sometimes even the different equip-
ment generates the well-known differences in chemical thermodynamic data ob-
tained by the nominally same experimental method for the same reaction. Inade-
quacies in the theory of electrolyte solutions has resulted in a larger number of
procedures for extrapolation of experimentally determined formation constants of
a reaction to standard conditions, thus adding to the inconsistency of available
thermodynamic data.

The role of metrology and statistics

Evaluation and documentation of experimental data serving as a basis of important
decisions (= decisions affecting other people) must allow a reassessment by other
people. This situation is most obvious if the decision is questioned in a law court.
Such a reassessment needs several elements. A primary requirement is a precisely
defined terminology. There is an essential difference in using well-defined terms
like reproducibility and repeatability (VIM 1994) or undefined terms like valida-
tion and standard (De Bievre 1996; 1997a). To provide definitions and to set up
criteria for their use is the task of metrology. Metrology is the science of meas-
urement. Thus, it deals with values resulting from measurements.

The requirement of traceable values results both from the request for
comparability with related data from sources located at other places but even more
from the possible impact of current day decisions on future societies, their socio-
economic development and their competitiveness under their living conditions.
Once a future society has the impression that the data on which a past decision
with long-term effect has been based on (i.e. the construction of a repository for
nuclear wastes) have not been interpreted fairly, the affected area may experience
drastic losses i.e. in the economic competition, loss of population. The affected
society even may have to invest a considerable amount of its GNP to reverse such
a past decision.

Statistics is an essential part of metrology. Statistics is searching for patterns in
data and tries to find characteristics in groups of data. The major role of statistics
is to transfer the message to other people that the data has been treated fairly
(Efron 1981). Most people are not natural-born statisticians. Left to their own,
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human beings are not very good at picking out patterns from a sea of noisy data.
To put it the other way, we are all to good at picking out non-existent patterns that
happen to suit our purposes and/or prejudices (Efron and Tibshirani 1993). In the
past, a major task for statisticians has been to find mathematical approximations in
analyzing a given data set in order to make the statistical task tractable. Thus, pa-
rametric statistics on basis of some distributions, e.g. normal, Poisson or Student
distributions has been common. Nowadays, modern computer-based statistics al-
low focusing on the question of interest instead of mathematical tractability (Efron
and Tibshirani 1991). Complex datasets commonly occurring in chemistry, includ-
ing chemical thermodynamics, can be treated (Meinrath et al. 2000a; Meinrath
2000; Ekberg et al. 2002a; Meinrath and Lis 2002).

International requirements for comparable data

From the preceding discussion, it is clear that existing thermodynamic data cannot
serve as a reliable basis for predictive geochemical modeling because neither the
documentation nor the evaluation procedures of individual data are sufficient. A
simple value, in some cases even associated with a statement of uncertainty of un-
known meaning (standard deviation? marginal confidence interval? Uncertainty
limit? Including correlation effects? Considering uncertainty contributions from
auxiliary parameters?) is not sufficient for quality assessment.

The enormous and still increasing relevance of chemical analytical data in
many areas of daily life has created a demand for a world-wide system of refer-
ences. The establishment of such a reference system is not without its own diffi-
culties and quite fundamental problems are discussed among metrology scholars.
But these aspects are beyond the scope of this discussion. A basis of the interna-
tional metrological is the document 'Guide to the Expression of Uncertainty in
Measurement' (ISO 1993). A major element in this document is the total uncer-
tainty budget as an essential prerequisite for comparability of measurement results
inside and outside chemistry. The total uncertainty budget requires the quantitative
estimation and inclusion of all contributions of uncertainty to a measurement re-
sult. For chemical thermodynamic data, this requirement poses quite a task to the
experimenter. It also explains why existing thermodynamic data cannot be compa-
rable. There is no argument what-so-ever that allows to extract reliable values
from the heap of doubtful data available in current literature.

It must be stated that at least for the thermodynamic data obtained in pre-
1980ies, geochemical modeling was an application out of the scope for an applica-
tion of chemical thermodynamic data. However, by ignoring important uncertainty
contributions in the evaluation of thermodynamic data, the experimenters have in-
vited their own problems. By underestimating the variability of the data forwarded
as a result of a metrologically insufficient evaluation process, the differences be-
tween data from different sources became significant. Thus they had to be consid-
ered as discrepancies (de Biévre 1996a). The total uncertainty budget, required by
metrology as an essential part of the traceability concept, will in most cases lead to
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larger uncertainties in chemical thermodynamic data. However, some apparent
discrepancies will vanish and the real problems will stick out. Thus, the risk to
stick with problems caused by seemingly discrepant data will be reduced. Conse-
quently, action to resolve the actual problems will become more efficient. The
evaluation of a total uncertainty budget for complex situations is still an open field
of discussion. It is clear that such protocols must serve metrological goals: trace-
ability to reference standards and comparability by a reasonable and realistic esti-
mate of a complete uncertainty budget for a given value. Both overinterpretation
and underestimation must be avoided. There is no use to forward a value where a
small uncertainty is assigned just in order to stick out among a larger number of
preceding publications. Since we do not know the motivations having caused the
reported reliability estimates in available literature (in the absence of the compa-
rability goal), discarding of these data is possible only in case of obvious errors
(Meinrath et al. 1999).
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