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INTRODUCTIO N 

Over very long time periods buried radioactive wastes will come to behave 
as an integral part of their surrounding geological environment. Predicting 
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what this future behaviour will be is a complex process that is facilitated con
siderably by comparisons that can be made with the evolution of parallel nat
ural geochemical systems, particularly those that are rich in radioéléments. 
The geochemical processes that are included in models of the performance of 
waste repositories can thus be found in nature, where they have been active 
over long periods of t ime. Detailed characterisation of such systems can help 
to refine existing models and reinforce confidence in their predictions. This 
so-called "natural analogue approach" has developed considerably since 1984 
when the first guidelines for its application were sketched out (Chapman et 
al., 1984; Come and Chapman, 1985). 

Much important analogue information has been derived from relatively 
small-scale but detailed studies of specific occurrences of a particular process 
or material. However, by the mid-1980s, it was clear that interpreting radio
nuclide mobilisation and transport from large and complex ore deposits, where 
many inter-related factors and processes are important, would involve the 
study of so many technical aspects that a complete picture could only be gained 
by a large-scale international effort. In 1984, the Poços de Caldas region of 
the state of Minas Gérais in Brazil was identified as potentially highly instruc
tive with respect to the geochemical behaviour of U/Th-series radionuclides 
and other trace elements of relevance to radioactive waste disposal. At that 
t ime the potential importance of the geochemical behaviour of redox fronts 
in fractured rocks and of colloid/particulate materials as complexing or 
transport agents for radionuclides in groundwaters was being recognised in 
safety assessments of high-level waste and spent fuel disposal. 

The presence of uranium and thorium ore bodies in the Poços de Caldas 
area had been discovered more than forty years earlier (Frayha, 1962) and 
these deposits have been the subject of long-term studies since the early sev
enties, focused especially on the T h / R E E ore deposit of Morro do Ferro. The 
Poços de Caldas region, and Morro do Ferro in particular, have been identi
fied as amongst the most naturally radioactive places on the surface of the 
Earth. In 1977 an international conference on areas of high natural radioac
tivity was held in Poços de Caldas (Cullen and Penna Franca, 1977). 

A considerable amount of research on the biological uptake of U / T h series 
daughter elements was carried out by the New York University Medical Cen
ter's Institute of Environmental Medicine (see, for example, Linsalata et al., 
1986). This work looked in detail at the thorium deposit of Morro do Ferro 
and the uptake of Ra-228 by plants, cattle and humans in the vicinity and 
downstream regions of the catchment/drainage area. Later work in this proj
ect looked specifically at the mobility of thorium in solution and particulate 
form in near-surface waters (Eisenbudet al., 1984). 

In early 1984, representatives from New York University and SKB (Swe
den) met in Poços de Caldas to evaluate the geological potential of Morro do 
Ferro as an analogue for the burial of high-level radioactive waste. In late 
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1984 a group representing SKB, NAGRA (Switzerland) and the Department 
of Energy (USA) visited the area to assess the possibilities for extending the 
work, under international sponsorship, to look at other aspects of direct rele
vance to radioactive waste repository performance assessment. In addition to 
considering further work at Morro do Ferro, this pilot group noted that the 
very prominent natural oxidation fronts (redox fronts ) displayed in the nearby 
Osamu Utsumi uranium mine could provide information vital to repository 
models where such fronts were thought likely to occur in or around the con
tainers of buried waste (NAGRA, 1985; KBS, 1983). This location was an 
obvious site for study since the redox fronts in the mine so clearly influence 
the mobility and distribution of uranium in the fractured rock mass. 

Over the next 12 months the group outlined a project to look, in particular, 
at trace element chemistry, the evolution of the redox fronts, groundwater 
colloids, and elevated temperature hydrothermal element transport aspects. 
The U K Department of the Environment also became involved as a co-spon
sor. A three-year project was devised, of which the first year (June 1986-June 
1987) was a feasibility study designed to obtain sufficient information to test 
the viability of the analogues and, if necessary, to revise or redirect the sub
sequent work programme. This early work involved drilling and rock/water 
sampling at both Morro do Ferro and the Osamu Utsumi mine, and involved 
considerable support from Nuclebrâs (now Urânio do Brasil), the mine 
operators. 

At the end of the feasibility study year, both the data gathered and the grow
ing awareness of other critical issues in performance assessment enabled the 
project Technical Committee to define a list of four technical objectives: 

1. To test the equilibrium thermodynamic codes and databases used to 
evaluate rock/water interactions and the solubility/speciation of elements. 

2. To test models of the geochemical evolution of redox fronts specifically 
aimed at understanding their role in influencing long-term, large-scale move
ments of redox-sensitive natural series radionuclides (including, if possible, 
natural Pu and T c ) . 

3. To determine interactions of natural groundwater colloids, trace ele
ments and mineral surfaces and their significance with respect to radio
nuclide transport processes. 

4. To model the migration of REEs and U - T h series radionuclides during 
hydrothermal activity similar to that anticipated in some repository designs. 

These objectives remained as the focus of the project throughout its exis
tence, and the results presented in this volume, and introduced in this paper, 
are structured to present the advances made in these areas. 

It should be emphasised that the project has only tested certain components 
of the chain of models comprising a repository performance assessment, and 
that these tests vary in rigour. Objectives ( 1 ) and (2) have involved quanti
tative testing (partial validation) of mathematical models (and databases) 
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which are used regularly by performance assessors. The code used in (4) is 
similar in structure to assessment codes but has not yet been used in such 
applications. No comprehensive mathematical model of the effects of colloid 
transport in such environments exists and, hence, objective (3) involves a 
qualitative test of the conceptual models which are currently under 
development. 

This paper discusses the overall findings of the project in the context of 
these objectives whilst leaving the following papers in this volume to provide 
details of the approaches used, the data obtained and their interpretation. 

OBJECTIV E 1: GEOCHEMICA L MODE L TESTIN G 

Geochemical models are widely used in performance assessment for radio
active waste repositories. In the near-field (the parts of the repository and 
surrounding rock significantly affected by the presence of the waste) , such 
models are used to evaluate the degradation of engineered barriers and waste 
matrices and to define the evolution of the resultant pore water. Given the 
near-field water chemistry, the solubility of radionuclides which, in many 
cases, places an important constraint on releases, can be quantified. Addi
tionally, definition of the aqueous speciation of radionuclides allows their 
transport properties to be estimated, or justifies the extrapolation of labora
tory measurement to the near-field conditions. 

In the far-field (the rock between the near-field and the surface), where 
comprehensive and representative water sampling may be very difficult, 
models may be needed to define the water chemistry in "equil ibrium" with 
the minerals present. As with the near-field, solubility and speciation of 
radionuclides in undisturbed groundwater may constrain release and trans
port rates. Additionally, a chemically disturbed zone may exist around the 
repository, due, for example, to high pH leachates from cementitious waste 
and engineered barriers or radiolytic oxidants from the interaction of high-
level wastes with groundwaters. This may penetrate some way into the rock 
around the repository. Geochemical models are used to predict the move
ment of such fronts and their consequences for repository performance. 

Geochemical models and their validation 

There are two alternative approaches to modelling geochemical systems. 
The approach most commonly used assumes that chemical equilibrium is 
achieved rapidly and, hence, that the distribution of aqueous species and sat
uration indices for solids can be calculated from free energies of formation 
(or equilibrium constants) by simultaneously solving a set of equilibrium 
distribution and mass balance equations. The other approach is to take ex
plicit account of the kinetics of reaction, and to calculate distribution of 
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aqueous species and solid phase dissolution/precipitation as a function of 
t ime from known rate constants. 

The equilibrium approach has been applied successfully to a wide range of 
problems but is known to break down, to some extent at least, in low temper
ature groundwater systems. In particular, redox pairs which involve multiple 
electron transfers (e.g. sulphate/sulphide, n i t ra te /ammonia , carbonate/ 
methane) may be very far from equilibrium. Even here, it may be possible to 
use the standard equilibrium models by "switching off" reactions known to 
be negligibly slow, or by amalgamating equilibrium and kinetic approaches. 

It is important to distinguish between the application of codes to major 
elements and to the rather exotic trace elements of interest to performance 
assessors. For the major elements, there are extensive thermodynamic data
bases which are well-supported by many field and laboratory studies in a wide 
range of geochemical environments. Nevertheless, care is required with the 
solid phases or redox couples assumed to be at equilibrium, even though in
formation exists for such potential problems to be identified. The use of ther
modynamic models to interpret groundwater major element chemistry is well-
illustrated in the analysis of Nordstrom et al. ( 1992 ), which is consistent with 
mineralogicalobservations (Waber, 1992; Wabere t al., 1992). 

The situation is more problematic for trace elements. In this case, practical 
problems arise from the poor quality or absence of important thermodynamic 
data. For many key reactions, equilibrium constants are uncertain by many 
orders of magnitude and, in some special cases, alternative values differing 
by over 30 orders of magnitude have been used by different groups. Missing 
data are of particular concern, as they also have the potential to alter results 
by many orders of magnitude. In general, when evaluating solubility, it is as
sumed that missing data on solid phases will tend to overpredict solubility, a 
result that is conservative in terms of evaluating repository safety. Missing 
solution-phase data could be non-conservative if the phase involved has a 
significant concentration under the conditions considered. Given that sorp
tion is very dependent on solution-phase speciation, it should be emphasised 
in the latter case that the overall consequences in terms of repository perform
ance assessment can be very large. 

The alternative kinetic modelling approach can provide a useful represen
tation of low temperature systems but suffers greatly from the paucity of ap
propriate data. Rate constants are very difficult to measure and, being less 
fundamental than thermodynamic parameters, must be extrapolated from 
measured conditions with great care. Kinetic models have been successfully 
used in a few cases but require extensive simplification of the natural system. 

Both equilibrium and kinetic models of trace element geochemistry can be 
tested, to some extent, by comparison of predictions with results from labo
ratory experiments. An important constraint is the difficulty of simulating 
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relevant systems in the laboratory and, more fundamentally, the slow rates of 
some reactions which require impractically long measurement times. 

A more rigorous test of both types of geochemical model can be provided 
by natural analogues. In a natural system geochemically similar to some as
pect of interest in performance assessment, model predictions can be com
pared with field observations. For example, an ore body in a reducing ground
water system should provide a source of several relevant trace elements which 
should reach saturation. From the groundwater major element chemistry, the 
solubility and speciation of these elements can be predicted and the predic
tions compared to field measurements. It should be emphasised that, al
though a model can be disproved if prediction and observation disagree 
widely, the model cannot be validated in a rigorous sense. It is not possible to 
determine trace element speciation in solution completely, or to prove equi
librium with particular solid phases. Nevertheless, reasonable agreement in a 
number of tests greatly increases confidence in the applicability of the model. 

All geochemical models inherently simplify nature, in particular by consid
ering "pure" solid phases rather than considering the extent of substitution/ 
solid solution, which will alter their thermodynamic/kinet ic properties. Ad
ditionally, microcrystalline or amorphous phases will be more reactive than 
the fully crystalline phases for which data usually exist. Thus, a match be
tween the predicted solubility of trace elements and observed concentrations 
within about an order of magnitude should be considered to represent good 
agreement. Such a level of uncertainty is generally taken into account in per
formance assessment. 

Model testing at Poços de Caldas 

The procedure (Bruno et al., 1992) for model testing is illustrated in Fig. 
1, and comprised: 

( 1 ) Specification of three well-defined groundwater samples. 
(2 ) Blind prediction of elemental speciation, solubility and controlling sol

ids for U, Th, Pb, V, Ni, Sn, Se and Ra by five modelling groups, using differ
ent combinations of thermodynamic codes and databases. 

(3) Comparison of results with each other to determine major database 
discrepancies. 

(4) Specification of reference groundwaters for a second modelling exercise. 
( 5 ) Second phase of blind predictions for U, Th, Pb, Ni Sr, Mn, Al and Zn. 
(6 ) Final comparison with field measurements of concentrations and some 

simple determinations of rough speciation (separation of anionic, cationic 
and organic components) and observed mineralogy. Interpretation of any 
discrepancies gives rise to suggestions for database improvement. 

In general, the predictions of the various modelling groups were reasonably 
comparable and consistent with field observations. Only a few specific cases 
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Fig. 1. Th e procedur e adopte d for  blin d modellin g tests . Th e performanc e assessmen t modeller s 

ar e provide d with referenc e wate r  chemistr y for  sites which ar e describe d in term s of genera l 

geology an d majo r  mineralog y only. Prediction s of elementa l solubility , limitin g solid phase s 

an d speciatio n ar e thu s mad e "blind" , withou t knowledg e of th e measure d values . 

could be identified where model predictions of solubility were highly "non-
conservative" (i.e. they could underestimate the possible release from a re
pository) and these involved only Ni and Zn, when a ferrite mineral is taken 
as the solubility-limiting solid. It is extremely unlikely that such minerals are 
formed under low temperature conditions and, unless there is evidence for 
their formation in a specific environment, it is strongly recommended that 
ferrite minerals be excluded from such solubility limit calculations. 

For the waters which were most likely to be saturated, agreements between 
predicted and observed concentrations were best for Th, Pb and Al. For all 
other elements, measured concentrations were below predicted solubility lim
its. For elements such as V this may reflect source term limits, but for U and 
Sr in particular, specific minerals containing these elements are present, along 
with evidence of their mobilisation. For Sr, the discrepancy probably reflects 
the absence of key minerals (e.g. goyazite) from the databases used. For U, 
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the discrepancy could simply be due to uncertainties in the databases used 
(which were generally selected "conservatively" to overpredict solubility) or 
could, as in the case of Ni, Zn and Mn, reflect concentration limits set by co-
precipitation with Fe oxyhydroxides which are found at the redox front and 
could act as efficient scavenging agents for trace elements. 

The role of co-precipitation or solid solution of radionuclides in Fe oxyhy
droxides has not been quantitatively included in performance assessment 
models due to lack of appropriate data. This study strongly suggests that ne
glecting this phenomenon is "conservative" but may over-estimate concen
trations by many orders of magnitude. In order to model trace element con
centrations realistically in a region of Fe oxyhydroxide formation (for 
example, in the vicinity of a corroding waste canister), it is recommended 
that co-precipitation /solid solution models be developed. 

The amount of agreement between predictions of speciation by the groups 
involved was very variable, being good for some elements (e.g. Sr, Ni, Zn, Al, 
M n ) and rather poor for others (e.g. U, T h ) . The discrepancies reflect both 
inherent differences in the complexity of the aqueous chemistry of these ele
ments and variability in the extent of their databases. Of key significance from 
a safety assessment viewpoint is the charge of the predominant aqueous com
plex (es) . In general, free cations or cationic complexes would be expected to 
sorb more than neutral complexes which, in turn, sorb much more than an
ionic complexes. In this study, speciation predictions could be tested, to some 
extent, against field ion-exchange separation results and colloid fractionation 
studies. It should be emphasised that the former technique is not yet well-
established in this application, while information from the latter is rather in
direct. Nevertheless, predicted speciation and ion-exchange/colloid fraction
ation results showed reasonable consistency for Al and Mn and, in some cases, 
U and Th. Given the great importance of sorption in the geosphere, it is rec
ommended that techniques for in-situ speciation be further developed and 
applied to testing model predictions. 

OBJECTIV E 2: REDO X FRON T PROCESSE S 

In most concepts for deep disposal of radioactive waste, the environment 
around the repository will, in its undisturbed form, be chemically reducing. 
Construction and operation of the repository will inevitably introduce air and 
hence a boundary between oxidising and reducing zones (a "redox front") 
will become established. In cases where the host-rock contains sulphide min
erals in particular, the redox front formation and movement may be associ
ated with significant alteration of rock properties and the production of acidic 
leachates which could damage repository structures. 

For high-level radioactive waste, further oxidants may be produced after 
repository closure due to radiolysis. Over long periods of time, particularly 
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when flow occurs in distinct fissures, the resulting redox front could, poten
tially, penetrate large distances into the host-rock. 

The two fundamental components of a redox front model are a description 
of the principal geochemical processes and mineralogical transformations oc
curring in the region of the front, and a description of solute transport through 
the front. A model describing the performance of a radioactive waste reposi
tory would require an additional model for oxidant production by radiolysis, 
but this is not addressed in the current study. 

The supply of oxidants at the Osamu Utsumi mine is derived from infil
trating meteoric water which is saturated with atmospheric oxygen and picks 
up additional potential oxidants (e.g. S 0 4 , N 0 3 , C 0 3 , Fe (III) ) during trans
port through upper layers of soil and weathered rock. Groundwater flow con
ditions and weathering rates are described by Holmes et al. (1992) . The as
pect ratio of redox front fingers implies that, in these zones, solute transport 
occurs predominantly by advection in associated fractures, with more limited 
advection or diffusion in the surrounding rock. At the front, both natural se
ries radionuclide concentration profiles, which indicate very low rates of 
movement, and trace element profiles, which are symmetrical about the front, 
imply that transport here occurs predominantly by diffusion (MacKenzie et 
al., 1992; Scott et al., 1992). 

The most evident chemical processes occurring at the front involve the ox
idation of pyrite to form iron oxyhydroxides, which are responsible for the 
marked colour change observed. Additionally, on the reduced side of the front, 
pitchblende formation is noted, often associated with secondary pyrite. In the 
transition from oxidising to reducing zones, the groundwater pH stays rela
tively constant, or increases slightly, sulphate increases and electrode mea
sured Eh decreases. Detailed analysis of water chemistry changes are, how
ever, limited by perturbations caused by the presence of the mine. 

Based on the information above, a number of modelling approaches was 
considered and the models applied more or less sequentially as the project 
developed. The simplest is a scoping mass balance which considers only the 
supply rate of oxidants and a simple chemical reaction to derive an estimate 
of the rate of front movement. A more sophisticated variant of this approach 
considers the preferential transport of oxidants along fissures to predict the 
evolution of the form of the front (Romero et al., 1992). 

A better representation of the chemistry of reactions at the redox front can 
be obtained using chemical equilibrium models. A study using the code 
CHEQMATE considered a wide range of oxidation reactions, as well as as
sociated mineral alteration reactions which neutralise the acid leachates pro
duced by pyrite oxidation (Cross et al., 1992 ). The coupling of such chemical 
reactions to a transport code allowed the spatial development of the redox 
front to be simulated. In a parallel study (Read, 1992), the code CHEM-
TRAN was used to simulate development of the redox front, with additional 
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consideration of the potential role of sorption in influencing the distribution 
of uranium. 

An alternative to the assumption of equilibrium is the direct representation 
of the kinetics of chemical reactions at the front. This approach (Lichtner and 
Waber, 1992) can account for all the processes included in the equilibrium 
model and also be coupled directly to a model of solute transport. 

Finally, it should be mentioned that there are additional redox front 
"models" which do not attempt to evaluate the overall geochemistry but con
centrate on particular aspects. Of special interest here are models of micro
biological processes, natural series radionuclide profiles, and trace element 
redistribution (West et al., 1992; MacKenzie et a l , 1992; Scott et a l , 1992). 
The microbiological model used was, indeed, developed for repository per
formance assessment, and its consistency with field observations is reassuring. 

Comparison of the results of the various modelling approaches presented 
in this volume with the detailed observations of mineralogy and radiochem-
istry can be used to draw a number of conclusions. 

Simple mass balance calculations explain the formation of redox fronts in 
very general terms but greatly simplify the processes known to be occurring 
at such fronts. Coupled transport/chemistry models provide a better simula
tion of some aspects of the fronts but are really interpretive models which do 
not display any convincing predictive abilities. They tend to be rather poor, 
in particular, in simulating trace element chemistry in either solution or solid 
phases. 

Interpretive modelling of microbial activity, natural series profiles and trace 
element distributions gives strong indications of the reasons for the limita
tions of the chemical modelling. Microbial catalysis seems to be very signifi
cant in such systems, particularly affecting the redox chemistry of sulphur. 
Natural series measurements clearly indicate differences in the rate of front 
propagation at different locations, very slow redox front movement at partic
ular sites, and show that the profiles must be considered in at least two di
mensions. Finally, the trace element distributions strongly suggest immobilis
ation of many elements as co-precipitates or solid solutions in major phases 
such as secondary iron minerals, processes not considered by current models. 

It must, therefore, be concluded that the natural redox fronts are much more 
complex than the simulations were able to replicate, and that some of the 
simplifications introduced into the latter are not applicable. 

Nevertheless, in a repository performance assessment context, this study 
supports the far-field conceptual model of advective flow of oxidants along 
major fracture zones coupled with slow diffusive solute exchange with the 
surrounding rock. Pyrite is clearly identified as an important redox buffer. 
Current models do not, however, explain (much less predict) variations be
tween different redox fronts and the trace element distributions around them. 
The concentration of a range of safety-relevant elements around very slowly 
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moving redox fronts could be of considerable importance for performance 
assessment and is worthy of further study. 

OBJECTIV E 3: PARTICLE S A N D COLLOID S A N D THEI R ROL E I N RADIONUCLID E 
TRANSPOR T 

The radionuclide transport models routinely used in safety assessments as
sume that all mass transport is in the form of dissolved species. The mobility 
of each radionuclide is thus governed by its solubility, by sorption onto the 
rock, and by diffusion into dead-end pores in the rock. 

Groundwater may, however, transport material in particulate form as well 
as in solution. Particle sizes can vary over a wide spectrum, and they may be 
composed of eroded fragments of the rock or chemical species precipitated 
from the groundwaters as their geochemical environment changes. In a repo
sitory environment, both the wastes and the engineered barriers can act as 
additional sources of particles as they corrode, dissolve and react with the 
groundwaters. 

The importance of these particles is twofold; first they may play an impor
tant role in the solution chemistry of the groundwaters. Thermodynamic 
models, such as those used in performance assessments to predict radio
nuclide solubilities and speciation, usually only account for the rock miner
alogy and soluble species in the groundwater. Since particulate material can 
be considered as an especially reactive (high surface/volume ratio) addi
tional phase, it can have a substantial effect on these predictions and, if omit
ted, could give spurious results. 

Second, radionuclides may be sorbed onto, or precipitate as, particulate 
phases and in this form be advectively or diffusively transported in the 
groundwaters (Fig. 2 ) . The particulate species may be filtered out during 
transport or be sorbed onto the rock. 

There is very little information on the behaviour of particulate material in 
deep groundwater systems. The aims of this component of the project were 
thus: 

( 1 ) To characterise natural particles from a number of locations and at
tempt to classify any differences observed in concentrations, size distribu
tions and compositions. 

(2) To test whether relevant trace elements are associated with particles 
and, if so, to test whether such associations are reversible, and whether they 
vary between different particle types. 

(3) To study the stability of particles, looking for indications of their for
mation or dissolution along geochemical gradients (e.g. at the redox front). 

(4) To examine evidence for the mobility of particles in deep groundwaters 
and, if possible, seek indications of mechanisms which could cause their re
tardation by sorption or filtration processes. 
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Fig. 2. Significanc e of colloids in radionuclid e transport . ( 1 ) Shown clearl y in th e Poços de 
Calda s study . (2 ) Strongl y suggeste d fro m interpretatio n of th e Poços de Calda s data . 

Until this point we have spoken only of particles in groundwaters. Much of 
the interest from the safety assessment viewpoint has been in the potential for 
transport of such particles, rather than in their role in contributing to the so
lution behaviour of radionuclides. Naturally, this interest is focused on the 
smallest sizes of particles, since it appears, intuitively, that these would be 
most likely to be mobile over significant distances. These small particles are 
often loosely referred to in performance assessment circles as colloids. 

Formally, a colloidal system has two components: a continuous dispersing 
medium and a disperse (colloid) phase. The classical definition of this col
loid phase is that it comprises particles (which may be macro-molecules) be
tween 1 μτα and 1 nm in diameter. Particles smaller than 1 nm cannot exist 
as a discrete phase, and are thus considered part of the dispersing medium 
(i.e. are in "true solut ion") . 

It is more convenient, however, to apply an operational definition which 
relates to the filtration system and filter mesh sizes used in the laboratory to 
separate different sizes of particles from groundwaters. A simple particle clas
sification was used in the papers in this volume, where mobile particles with 
sizes between 0.45 μιη and 1.5 nm are called colloids, those larger than 0.45 
μχη are called suspended particles, and any species with an apparent size less 
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than 1.5 nm is considered to be truly in solution. The generic term particles 
or particulate material is used to cover both colloids and suspended particles. 

Modelling particle transport 

A groundwater system containing mobile particulate material contains three 
distinct phases; the groundwater, the particles and the surrounding rock. A 
model describing particulate transport would need to include, as a minimum, 
a representation of the groundwater flow and a function describing the inter
action of colloids with available rock surfaces. If the latter interaction is purely 
physical, due to filtration effects, the size distribution of the particles would 
need to be determined. Chemical interaction between particles and the rock 
would require a more complete description of both phases. 

The situation becomes more complicated if different populations of parti
cles coexist, each with their own characteristic chemistry and size distribu
tion. In addition, such particles are metastable and further representation of 
their rate of formation and loss (by dissolution or aggregation) would be 
needed. 

In performance assessment, the main interest is in the transport of those 
trace elements which may be distributed between all three phases (rock, water 
and particles). The distribution mechanism may be fast, concentration-in
dependent and reversible or it may be considerably more complicated. 

To date, no model exists which directly considers all of the processes above 
for a realistic system. In performance assessment, the role of colloids is usu
ally dismissed qualitatively by arguing that their natural concentrations/rates 
of production are negligible, that they are immobile, or that their interaction 
with elements of interest consists only of fast, reversible sorption (Fig. 2 ) . 

The importance ofparticulate material in the hydrochemical systems of Poços 
de Caldas 

The dynamic hydrochemical system of the Osamu Utsumi mine, where ab
rupt changes in groundwater chemistry could be caused by the upward flux of 
reducing waters into an oxidising environment, and by the presence of redox 
and hydrolysis fronts in the rock, was considered to be one in which particu
late materials may be expected to play an important geochemical/radiochem-
ical role. Such discontinuities in the geochemical regime parallel those pre
dicted to occur at various locations (in particular the near-field) around a 
deep radioactive waste repository. This site is especially suited to test the ef
fects of particulate material on the performance of thermodynamic speciation 
models, given the very considerable amount of supporting data available. 

The opportunity to sample a recharge zone, points along a groundwater 
flow pathline and a discharge zone was clearly evident at Morro do Ferro. 
This could be coupled with a well-defined trace element source in the re-
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charge zone to provide a simple example of particulate transport and retar
dation through the orebody in the unsaturated zone, down into the saturated 
zone, and downwards and laterally to the discharge zone in the valley bottom. 
Although no suitable quantitative models of particle transport through inho-
mogeneous dual porosity media exist, this site could be used to provide em
pirical evidence on the extent to which radionuclides (and other trace ele
ments) associate with, and are transported by, particles. 

Particulate material was isolated from groundwaters at both sites, and from 
shallow waters percolating through the unsaturated zone at Morro do Ferro, 
using a sequential ultrafiltration technique. This is described, along with the 
sampling and analytical techniques used, and all the data gathered, by 
Miekeley et al. ( 1992a, b , c ), Schorscher and Osmond ( 1992 ), and Linsalata 
and Morse (1992) . 

Low concentrations ( < m g / L ) of colloids, composed mainly of ferric oxy-
hydroxides and humic species, were found in deep waters at both sites. They 
concentrate minor amounts of uranium, but significant fractions of thorium 
and the REEs. The uranium in solution and in colloidal form is in isotopic 
equilibrium. 

Colloidal organic carbon is most common in near-surface waters, where it 
is associated with polyvalent metals, especially thorium and the REEs. 

Suspended particles (i.e. > 450 n m ) have uranium, thorium and REE con
centrations that are orders of magnitude higher than the associated colloid/ 
true solution fractions.The amount of these particles in the waters is very low, 
and most of the uranium is in true solution. These larger particles would, 
however, be the main carriers of thorium and the REEs, if they were mobile. 
In practice, both these particles and the smaller, colloidal particles appear to 
be immobile. This is suggested principally by the very different composition 
of the colloids and suspended particles in different parts of the flow-field, and 
also by differences in the REE signatures of the suspended particles. How
ever, by providing additional reactive surfaces, these particles affect the so
lution chemistry and participate, in an apparently irreversible fashion, in fix
ing trace elements after they have been released by weathering of the original 
host-rock. 

The results of this study suggest that radionuclide (and other trace ele
ment) transport by particulate material in deep groundwaters does not play 
a significant role in the geochemical processes of weathering, dissolution and 
erosion of these ore deposits. The reason for this must be assumed to be filtra
tion or sorption of particulate material which, even in the highly porous and 
fractured rocks of the Poços de Caldas plateau, seems to be a highly efficient 
process. This suggests that "colloid transport" would be of little relevance in 
performance assessment of repositories in similar geological environments. 

The importance of particulate material in controlling the concentrations of 
trace elements in solution has been discussed here, and in previous sections. 
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It appears to act as an efficient and largely irreversible sink for many elements 
(especially as they are immobile) , but needs to be taken into account in equi
librium thermodynamic modelling of radionuclide speciation in any part of 
the disposal system. Thus, in this environment, particulate material seems to 
play a positive role in reducing the ability of radionuclides to migrate, rather 
than the "migration enhancing" role that has been suggested in some reposi
tory performance assessments. These results need to be incorporated into the 
growing database on particulate material in groundwaters from various geo
logical and geochemical environments in order to see how broadly the conclu
sions on transport can be applied. 

OBJECTIV E 4: HYDROTHERMA L ALTERATION , METASOMATIS M A N D 
MINERALISATIO N MODELLIN G 

The design of a high-level waste repository in terms of the age and thermal 
output of the waste packages, the geometry of their emplacement, the thermal 
conductivity of the host-rock, and other factors, influences the maximum 
temperatures that can be attained in the engineered barriers and surrounding 
rock. Temperatures in excess of 100° C may be attained in some designs, and 
be sustained for hundreds or thousands of years. This may have the effect of 
promoting the circulation of warm (hydrothermal) fluids which, in certain 
scenarios, could be responsible for transporting radionuclides subsequent to 
an early container failure. Furthermore, enhanced rock alteration caused by 
the passage of hydrothermal fluids may affect radionuclide/rock interactions 
and the resultant transport and retardation behaviour of releases occurring 
long after the thermal period has passed. 

Information on the volumes of fluid that can circulate during such hydro-
thermal periods, together with the scale and nature of the geochemical alter
ation and solute transport processes involved, is thus of interest in perform
ance assessment for some repository concepts. Natural hydrothermal systems 
which have been active over geologically short times lend themselves to this 
type of study, and the fourth analogue objective of the Poços de Caldas proj
ect concerned itself with this topic. 

The chemical, isotopic and mineralogical alterations which occurred dur
ing primary uranium ore deposition hosted by the breccia pipes at the Osamu 
Utsumi mine were studied and modelled and are reported in detail by Cathles 
and Shea ( 1992 ). The modelling was carried out by combining chemical and 
isotopic alteration models with finite difference models for the convective 
cooling of a coupled system comprising an idealised pipe and an intrusive 
body. 

Both the hydrothermal alteration and primary mineralisation are directly 
related to the volume of hydrothermal fluid circulation. Modelling which can 
estimate the amount of fluid flow produced by such intrusive systems can, 
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therefore, help to define the nature of primary mineralisation and alteration 
associated with them. The Poços de Caldas observations indicate how rock is 
altered over relatively protracted periods of time (a few to ten thousand years ) 
by high temperature fluid circulation, and how that alteration is related to 
radionuclide (i.e. uranium) transport. 

The models developed for natural systems allow these observations to be 
applied to rock alteration in the high temperature zones of radioactive waste 
repositories. The amount of hydrothermal circulation that could be driven by 
the heat from radioactive decay in a very simplified hypothetical repository, 
based on proposed designs in the US disposal programme, was estimated us
ing the same physical model employed to analyse the hydrothermal system at 
Poços de Caldas. Assuming similar rock types and chemistry also allowed the 
application of the chemical transport models calibrated at Poços de Caldas to 
predict the near-field alteration and uranium transport during a 10,000 year 
period in the hypothetical repository. Clearly, a detailed analysis of a specific 
repository concept would have to account for specific waste thermal param
eters (inventory, fuel burn-up, heat output, pre-disposal storage time, etc.) , 
rock and engineered barrier properties (thermal conductivities, etc. ), as well 
as the geometry of the repository. 

The modelling of the Poços de Caldas system indicated that the intense 
alteration observed at the Osamu Utsumi mine required a cumulative fluid 
flux of approximately 10 5 k g / c m 2 through the breccia pipe. Fluids, as mo
delled, circulated to approximately 10 km depth through a host-rock assigned 
a permeability of 10~ 5 m s - 1 . Uranium deposition occurred when the up-
welling fluids, focused in a few high permeability breccia pipes, boiled. The 
temperatures, scale of the system, and mechanisms of alteration and precipi
tation are remarkably similar in both the natural analogue and hypothetical 
repository. The main difference is that approximately three orders of magni
tude less hydrothermal ( r >200°C) fluid passes through the model reposi
tory even in a "worst case", high bulk permeability scenario. The depth of 
fluid circulation induced in uniformly permeable host rock by the model re
pository (at 500 m depth, with 7 χ 1 0 4 tonnes U emplaced over 9 k m 2 ) was 
5 to 10 km, the maximum temperature was approximately 300 °C, the life
time of the induced high temperature phase was a few thousands of years, and 
boiling caused most of the alteration around the model repository. Although 
the model is very simple and omits heterogeneity in rock hydraulic proper
ties, the physical analysis emphasises the importance of permeability on a 
regional (10 k m ) scale in controlling the potential amount of circulation 
through a repository. 

In addition to modelling fluid fluxes, the high temperature chemical trans
port models that were successfully used to interpret the mineralisation and 
alteration at Poços de Caldas were also applied to the model repository. In a 
worst case, where waste is emplaced in a highly permeable host rock with no 



PO˙O S DE CALDA S PROJECT : IMPLICATION S FO R RADIOACTIV E WASTE DISPOSA L 17 

engineered barriers to restrict the mobilisation of uranium, the amount of 
hydrothermal alteration will be approximately 0 .1% of that found in the Os
amu Utsumi mine breccia pipe and the average concentration of uranium 
precipitated in the rock around the repository would be 0.05 //g/g (rather 
than 50 /xg/g), with hydrothermal alteration amounting to 0.03 wt.% (rather 
than 30 wt.%, e tc) . 

The mineralogy of the calculated alteration is extremely sensitive to the 
thermodynamic values chosen to characterise the reacting minerals. Labora
tory experiments could be carried out to determine solution compositions at 
different temperatures, pressures and salinities for representative mineral 
phases and rock compositions. These data could then be inverted to give ther
modynamic data for the mineral phases known to be involved in the reactions. 

GENERA L CONCLUSION S A N D PROSPECT S FO R FUTUR E STUDIE S 

The Poços de Caldas project has provided valuable information and expe
rience that can be applied to waste disposal at a number of levels. Foremost 
among these are the findings related to the repository performance assess
ment objectives of the project, described above. A second important outcome 
is that both the results and the approach used in the investigations have im
plications for the methodology of repository site investigation. Although not 
foreseen as a product of the project at the outset, some useful guidance has 
been gained in this area. 

A third group of conclusions concerns the experience obtained in the pro
cess of bringing together data, models and experts from the diverse fields of 
the earth sciences and nuclear waste technology, with the aim of understand
ing and, to some extent, predicting the behaviour of a natural geochemical 
system. 

The processes addressed in safety assessments 

Performance assessment models are based on a greatly simplified view of 
reality. For example, radionuclide transport models routinely address ideal
ised rock-water systems. To be used in safety assessments, such simplified 
models must be shown to be robust, in that they either over-predict (reason
ably), or correctly predict, migration rates. The extent to which the results of 
the project will help to build or demonstrate robustness in future assessments 
is referred to frequently in the following discussion. 

In common with other analogue studies, this project has illustrated the 
complexity of natural groundwater systems and, in particular, has highlighted 
the importance of amorphous phases in suspension or as coatings on rock as 
the principal reactive surfaces for many trace elements in solution. The man
ner in which these phases precipitate and then evolve to more crystalline forms 
can control the solution chemistry of the waters, so it is important to know 
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whether this can affect the robustness of simple models which do not incor
porate these mechanisms. The results of the project do, indeed, suggest that 
the presence of amorphous phases in an active geochemical environment tends 
both to reduce the concentrations of trace elements in solution, and reduce 
their mobility. Some of the fixing processes appear irreversible over very long 
timescales (compared to the reversible sorption used in performance assess
ment models ). This indicates that simple performance assessment models tend 
to be conservative and might even, in some circumstances, be overly 
pessimistic. 

The groundwaters in this area have a somewhat exotic chemistry but, 
nevertheless, the concentrations of the major components in solution can be 
interpreted in terms of conventional geochemical models. In addition, trace 
element solubility and speciation modelling, as would be applied in a safety 
assessment, has generally been shown to be adequately robust in tending to 
over-predict or correctly predict groundwater concentrations. There are one 
or two very notable exceptions to this, for example Ni in particular databases, 
and the work has highlighted database errors that need to be rectified. Where 
the project has been able to compare the performance of different geochemi
cal thermodynamic codes and databases, the results have been encouraging. 
Again, with a couple of rather dramatic exceptions, there has been a reassur
ing degree of comparability, which indicates that this approach to calculating 
solubility limits can be as robust as the simpler laboratory measured limits in 
purer waters. 

Many of the observations made in the course of the redox front study pro
vide direct evidence of the operation of flow channelling in fractures and sol
ute transport in the rock matrix as the key controls on the shape and move
ment of these fronts, although the processes involved may be more complex 
than currently addressed in transport models. A consistent picture of very 
slow front movement and solute transport over the front dominated by dif
fusion clearly emerges. The very significant role that the front plays in retard
ing a wide spectrum of trace elements, even many non-redox-sensitive ele
ments, was not foreseen before the study and adds a further element of 
conservatism to transport models involving redox discontinuities. 

Colloid transport has been something of an unknown entity in safety as
sessments to date; if it occurred it could dominate some radionuclide release 
calculations. The evidence from Morro do Ferro is that particulate material 
in deep groundwaters is not mobile, even in the colloidal size range. Indeed, 
colloids seem to play a positive role in radionuclide retention by acting as an 
immobile sink for trace elements. This conclusion also seems to hold in gen
eral for the role of the organic carbon content of deeper groundwaters. 

Microbially mediated chemical reactions have been found to be very sig
nificant, even in relatively deep groundwaters. The models used to predict 
microbial populations and activity levels in repositories appear to be reason-
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ably consistent with field observations, and the net effect of microbial activity 
seems to be positive, i.e. catalysing redox reactions which may immobilise 
radionuclides. 

Perhaps the most encouraging findings of the project have concerned the 
degree of immobility of many of the radionuclides and trace elements stud
ied. The largely undispersed nature of the thorium and rare-earth element 
deposit at Morro do Ferro, together with the sluggish movement of the Os
amu Utsumi redox front "element t rap" , suggest that large-scale, rapid trans
port of many trace elements has not occurred at either site. 

Designing site investigations 

A well-founded understanding of rock-fluid interactions at a repository site 
forms the basis on which predictive transport models are built, and the prin
cipal evidence supporting models of very long term hydrogeological fluxes 
and evolution of the site. Consequently, obtaining high-quality, well-chosen 
and representative rock and groundwater samples for analysis is a very im
portant aspect of site investigation. This is also what forms the basis of most 
natural analogue studies. 

Much effort was put into defining representative sample points and ade
quate temporal monitoring programmes in the project. One aspect of the sites 
which has presented some problems in interpreting geochemical processes, 
yet has also been the cause for many of the driving forces behind these pro
cesses, is the amount of heterogeneity in the physical and chemical properties 
of the rocks and waters. In this respect the Brazilian sites are likely to be little 
different to any site that will need to be characterised for disposal purposes. 
Heterogeneity occurs at all scales, and it has not always been possible to char
acterise it adequately; an example is the variability in flow properties (perme
ability, porosity, fracturing) along the Morro do Ferro hydraulic gradient. In 
order to interpret sparse information, quite robust models had to be con
structed, in a similar fashion to what might be needed when characterising a 
repository site. 

A further problem facing any investigation is to distil out a manageable, 
high-quality and comprehensive data set from the mass of available material, 
and to ensure that no bias is reflected in this selection. Bias can be introduced 
through preconceptions of the operative geochemical processes, and can lead 
to missed opportunities to collect data relevant to real, as opposed to per
ceived, processes. Examples are the positioning of boreholes along assumed 
hydraulic gradients/flow streamlines that subsequently prove more complex, 
or inadequate sample spacing across discontinuities. 

These problems were partially avoided by phasing the investigations and 
gradually building up the project in terms of detail and complexity of mea
surement, but there remained, nevertheless, gaps and inconsistencies that 
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could not be filled. Perhaps one of the central lessons for site investigations is 
thus that it takes time and patience to get at the answers, and the process 
cannot be rushed, no matter how much effort is available at the outset. In the 
end, three years was barely adequate for a major project of this kind, and a 
full site investigation will inevitably take still longer. It goes without saying 
that time and money are well-spent in obtaining full, high-quality, on-site hy
drochemical data. Early, incomplete analyses were confusing and ultimately 
of little use. In-situ speciation studies also began to prove their value towards 
the end of the project, and the importance of including microbiological char
acterisation work at the outset was fully justified. 

Some lessons arise that can also be transferred most appropriately to future 
analogue studies. Something which is probably almost universally true of any 
analogue site is that although there are clear and obvious processes of interest 
to study, the site is inevitably more complex and ill-bounded in terms of mul
tiple superimposed mechanisms and perturbations to the system than was 
originally expected. This is also worth pondering by modellers looking for 
simple, robust models of the repository far-field. It should be borne in mind 
that no matter how obvious and interesting a process may appear, it is not 
always possible to constrain it adequately enough for fully quantitative inter
pretation; a site cannot be forced to yield all the data that one might want. 

A final question is; how "site-specific" are the results of this study? "Trans
ferability" of findings to other sites is obviously important. There is no clear 
answer to this question. Many of the results concerning the hydrochemical 
trace element modelling, together with mechanisms at the redox front, are 
non-site-specific or, at least, could justifiably be transferred elsewhere with 
judicious, but non-controversial, modifications. The "colloid" results reflect 
the physical nature of the rock mass in terms of weathering, clay content, 
porosity, etc. The lack of mobility detected is felt to be a robust finding, given 
the dynamic and open nature of the system compared to deep repository host 
rocks. It is, however, important that more observations of the kind made in 
this study are assembled from diverse environments before the "colloid prob
lem" is finally solved. 

The modelling experience 

Opportunities for modellers from the hydrochemical, radiochemical and 
hydrogeological fraternities to converge on a set of large-scale problems that 
parallel repository site characterisation needs are rare. This is one of the most 
obvious values of analogue studies; as a training ground for eventual asses
sors. It was often clear that each discipline talks a slightly different language, 
and it is dangerous to assume that technical jargon is fully understood by, or 
means the same thing to, each group. There was no substitute for frequent 
meetings and workshops. 
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The modellers' requirements for data can be insatiable, and care needs to 
be taken to establish comprehensive, quality-controlled data sets. The mea
surement limits for each parameter need to be checked closely against the 
modellers' requirements (e.g. detection limits for trace elements in water) . 
Some of the modellers' data requirements are impractical or impossible to 
fulfill. This needs to be checked at the outset, so that alternative approaches 
can be adopted early in the work. This was not always possible, and it has to 
be accepted that obtaining some data from natural systems is not feasible and, 
despite the tantalising closeness of an answer, recourse to very simple models 
and interpretations was sometimes needed. In the event, these often proved 
very satisfactory from the performance assessment end-use viewpoint. In part, 
this is because such an approach reflects that taken in a real performance 
assessment, where the models used must be shown to be robust in that they 
either over-predict (but not grossly), or correctly predict, radionuclide mi
gration rates. 

Finally, it was very encouraging to see the relationship between data gath
erers, interpreters and performance assessors develop during the project. Ex
plaining the performance assessment objectives and the limited needs for ro
bust performance assessment use to specialists in different research areas can 
be difficult, particularly as this can seem to limit the prospects for data anal
ysis. Reaching a good understanding between the different modelling groups 
at the outset is very important. 

The Poços de Caldas project has been an excellent proving ground for the 
multiplicity of techniques and approaches that will be needed in geochemical 
site characterisation. 
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