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Foreword 

Currently, radioactive waste management programmes in OECD countries cover a wide range 
of activities aiming at the gradual implementation of disposal concepts for various types of 
waste. This concerns, in particular, the institutional and regulatory framework as well as 
research and development activities. In some countries, site selection and characterisation 
programmes for high-level waste disposal are at a relatively advanced stage. Several countries 
already have repositories for low-level waste in operation. Among these activities, safety issues 
are a common concern, and, therefore, enjoy a high priority in international co-operative 
programmes. 

INTRAVAL is an international project concerned with the use of mathematical models for 
predicting the potential transport of radioactive substances in the geosphere. Such models are 
used to help assess the long-term safety of radioactive waste disposal systems. The INTRA VAL 
project was established to evaluate the validity of these models. Results from a set of selected 
laboratory and field experiments as well as studies of occurences of radioactive substances in 
nature (natural analogues) are compared in a systematic way with model predictions. 
Discrepancies between observations and predictions are discussed and analysed. 

Twenty-two organisations from thirteen OECD countries participate in INTRA VAL. The 
Swedish Nuclear Power Inspectorate (SKI) is the managing participant and the OECD/Nuclear 
Energy Agency, Her Majesty's Inspectorate of Pollution (HMIP/DOE), United Kingdom, and 
Kemakta Consultant Co., participate in the Project Secretariat. 

INTRA VAL finished its first phase in 1990. Phase 1 of the project was comprised of seventeen 
test cases, and thirteen of these have been extensively analysed. This report is one in a series 
of eleven INTRA VAL Technical Reports documenting the results and conclusions of Phase 1. 
In addition, short descriptions of the experiments behind the test cases are compiled in a 
separate Technical Report. The integrated results and overall conclusions of INTRA VAL Phase 
1 are given in a Summary Report. 

A second phase of the INTRAVAL project was initiated in 1990. Phase 2 of the study will 
conclude the INTRAVAL project in 1994. 
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Abstract 

The study of natural analogues is an important means of validating models of the geochemical 
processes affecting radionuclide behaviour. This test case, which is one aspect taken from the 
much broader geochemical studies carried out in the Pocos de Caldas Project, concerns the 
nature and behaviour of redox fronts, such as might be generated in the near-field of a spent-
fuel repository. A redox front is potentially important in terms of the movements and speciation 
of certain radionuclides close to the waste package. The natural redox fronts in Osamu Utsumi 
uranium mine display many of the features which may occur in a repository, and influence the 
movement of natural series radionuclides, and other elements, through the rock/groundwater 
system. 

This report, derived from material from the SKB, Nagra, UKDoE, USDOE report series on the 
P090S de Caldas project, describes the geological, hydrogeological and geochemical nature of 
the site, and of the redox fronts. Emphasis is placed on the mineralogy of the fronts, and the 
concentration profiles of various elements across them. The project involved a number of 
different modelling approaches which attempted to describe the generation and movement of 
the fronts through the rock. These included mass balance, reaction-diffusion models, fissure 
flow models, thermodynamic models, and kinetic models. Within the scope of INTRAVAL, 
only the first two types, and some of the thermodynamic modelling were presented and are 
summarised in this report. 

The report concludes that the study has identified additional features of redox fronts that may 
be of significance in performance assessment, that simple mass balance calculations can explain 
front formation, but in a greatly simplified manner, and that coupled transport models provide 
a better simulation, but are interpretive rather than predictive. The models can match apparent 
rates of front movement to varying degrees of acceptability, and are conservative, in tending 
to overpredict rates. They also replicate successfully the principal mineralogical and 
hydrochemical changes observed. The transport and deposition of uranium can be simulated, 
but the models are unable to simulate trace element co-precipitation, which is also a 
conservative feature. Although the results of the differing approaches are reasonably compatible, 
further development of the models would add significantly to our ability to understand redox 
front processes. 
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Preface 

Natural analogue studies have long been recognised as an important component of the process 
of validating performance assessment (PA) results, so their inclusion in the first phase of the 
INTRAVAL project was an obvious step to ensure that the project was comprehensive in its 
treatment of validation issues. Since 1985, the CEC Natural Analogue Working Group (NAWG) 
has addressed the issue of how different types of information from natural systems can best 
be applied to the various parts of the performance assessment chain. The NAWG reports 
(Come and Chapman, 1985, 1986, 1988, 1990) contain summaries of discussions on the 
validation aspects of analogues. From these, it can be seen that natural analogues provide 
valuable information that allows: 

a) enhanced understanding of the significant processes involved in the mobilisation, 
transport and uptake of radionuclides and their relative importance in the real world, 

b) the construction of appropriate conceptual models of processes that incorporate the 
correct mechanisms and adequately reflect the behaviour of real natural systems, 

c) the testing of conceptual models of a process and their theoretical- or laboratory-
derived databases in a predictive mode when the overall effect of the process over 
long time or distance scales is evident, 

d) increased confidence in the presentation of the results of PAs, particularly to lay 
audiences, when reference to equivalent long-term processes in nature can be used as 
supporting evidence. 

Performance assessment models are, by nature, very simplified and stylised representations of 
reality. This simplicity is essential if they are to be used for comprehensive sensitivity analysis. 
It is, however, often difficult, even for the expert reviewer, to understand how they relate to 
their own understanding of the natural environment. Consequently, it is essential to have 
constant interplay between the PA modeller and the field investigator, particularly to ensure that 
significant processes are adequately represented by the models. 

Natural analogues often present difficulties to the modeller because their boundary conditions 
in space and time are ill-constrained, the effects of many processes may be superimposed, and 
there is significant uncertainty in parameter values. In this respect, they are merely highlighting 
the complexity of the real environment compared with the stylised environment addressed by 
the modeller. Thus, the two INTRA VAL analogue test cases, derived from parts of the wider-
ranging Alligator Rivers and P090S de Caldas Projects, do not attempt to test models in the 
'predictive' mode of (c) above nor do they put too much emphasis on trying to use existing 
codes to simulate the rates of movement and eventual dispositions of radionuclides. Their 
contribution will be seen to be in the area of defining how radionuclide migration and 
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retardation has occurred and the chief mechanisms involved. From this understanding, it is then 
possible to build problem-specific models that incorporate these processes and give reasonable 
simulations of the migration process. 

This methodology reflects some of the earlier deliberations of the VOIC group of INTRAVAL, 
which saw the only generic aspect of validation as being the issue of demonstrating that we 
can identify and model processes correctly. Transport modelling itself tends to be highly site-
specific. The analogue cases are very different from the other, experimental, cases treated 
within INTRA VAL. The latter have generally used different codes or modelling approaches to 
simulate the end result of an experiment. As noted earlier, the strength of the analogue 
approach is in identifying mechanisms and their end results. Getting to grips with this problem 
may be one of the main challenges of Phase 2 of INTRA VAL. 

While both the analogue cases were incorporated into Phase 1 of INTRA VAL, the necessarily 
prolonged periods of data gathering involved in characterising large-scale natural systems meant 
that it was unlikely that either would constitute a well-defined test-case equivalent to the 
experimental studies which comprise the other INTRAVAL test cases. Thus, it was always 
envisaged that they would come into their own in Phase 2, when a substantial database and 
some reasonably comprehensive interpretations would be available. 

Consequently, this report, on the Pocos de Caldas redox front test case, is not just a summary 
of work carried out within the frame of INTRAVAL Phase 1 (in the event, the bulk of the 
work was performed within the Pocos de Caldas project) but is a reasonably comprehensive 
summary of the state of understanding of the site where the redox fronts are located, and the 
available data sources. Thus, it is also intended for use as a source for INTRAVAL Phase 2 
investigators that elaborates on the test-case description, or for any other groups interested in 
modelling redox front processes in radioactive waste repositories. 
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1. Introduction 

Deposits of U/Th series radionuclides and rare earth elements (REEs; chemically analogous in 
many respects to transuranic elements) occurring in high concentrations as ore bodies have been 
the focus of much attention in natural analogue studies. 

In 1984, the Pofos de Caldas region of the state of Minas Gerais in Brazil was identified as 
potentially highly instructive with respect to the geochemical behaviour of U/Th-series 
radionuclides and REEs. At that time, the potential importance of the geochemical behaviour 
of redox fronts in fractured rocks and of colloid/particulate materials as radionuclide 
complexing or transport agents in waters was being recognised in safety assessments of high-
level waste and spent fuel disposal. 

The Po<;os de Caldas area had been the subject of long-term studies, particularly focussed on 
the Th/REE ore deposit of Morro do Ferro, since the early seventies. The P090S de Caldas 
region, and Morro do Ferro in particular, had been identified as amongst the most naturally 
radioactive places on the surface of the Earth. In 1977, an international conference on areas 
of high natural radioactivity had been held in P090S de Caldas. (Cullen and Penna Franca, 
1977). A considerable amount of background infonnation on the biological uptake of U/Th 
series daughter elements had been gathered by the Federal University in Rio de Janeiro (see, 
for example, Campos et ai, 1986). This work had looked in detail at the thorium deposit of 
Morro do Ferro and the uptake of 228Ra by plants, cattle and humans in the vicinity and 
downstream of the catchment/drainage area. The later work in this project, organised by the 
University of New York Medical Centre had looked specifically at the mobility of thorium in 
solution and particulate form in near-surface waters (Eisenbud et al.). 

In 1984, a group representing SKB (Sweden), 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 relevance to repository performance 
assessment. In addition to considering further work at Mono 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 safety assessment models 
where such fronts were thought likely to occur in either the near-field (Project Gewahr) or in 
the far-field (KBS-3). The fact that the redox fronts in the mine so clearly influence the 
mobility and distribution of uranium in the fractured rock mass made this an obvious site for 
study. 

The significance of redox fronts in safety assessments is twofold. Firstly, they may occur 
naturally in the far-field rock at a disposal site, and it is important to be able to predict the 
behaviour of radionuclides transported across them by groundwater and, secondly, it has been 
estimated that subsequent to the ingress of water, oxidising conditions could be established 
within the waste package and very near-field of a repository and could eventually extend 
outwards into the rock. The postulated mechanism leading to such a situation is that, while 
initially reducing conditions would apply to the repository itself and to the contiguous host 
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rock, radiolysis of invasive water and subsequent preferential loss of hydrogen relative to 
oxygen could lead to the development of oxidising conditions within the repository (Neretnieks, 
1982; Chapman et al, 1984; NAGRA, 1985; Guppy and Atkinson, 1989). Subsequent fissure 
flow has been estimated to be capable of extension of oxidised conditions, with possible 
associated transport of oxidised radionuclides (eg. U, Np, Te) into the host rock at a rate of 
up to 50 m in 106 years (Neretnieks and Aslund, 1983a, b; Chapman et al, 1984). 

Given the feasibility of this model, it is clearly important that an adequate understanding of 
redox front processes should be available for repository safety assessment purposes. The 
difficulty in studying the evolution of redox conditions in a repository by means of 
extrapolation from laboratory-based experiments has, however, been described by Guppy and 
Atkinson (1989), who identified experimental problems such as the selective response of 
electrodes and kinetic controls over redox equilibria as significant limitations on this approach. 
These problems are obviously exacerbated in attempts to extrapolate from laboratory conditions 
and timescales to those applicable to a repository and the importance of empirical 
characterisation of long-term, natural redox processes is thus apparent. 

A three-year project was devised, in which the UK Department of the Environment also 
became involved as a co-sponsor, 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. 
At the end of the feasibility study year, both the data gathered and the growing awareness of 
other critical issues in performance assessment enabled the project to define a list of four 
technical objectives: 
1 to assist in the validation of equilibrium thermodynamic codes and databases used to 

evaluate rock/water interactions and the solubility/speciation of elements, 

2 to determine interactions of natural groundwater colloids, radionuclides and mineral 
surfaces with respect to radionuclide transport processes and colloid stability, 

3 to produce a model of the geochemical evolution of redox fronts, specifically aimed at 
understanding long-term, large-scale movements of redox-sensitive natural series 
radionuclides (including, if possible, natural Pu and Tc), 

4 to model the migration of REE/U-Th series radionuclides during hydrothermal activity 
similar to that anticipated in the very near-field of some spent-fuel repositories. 

Two of these objectives (2 and 3) were fonnulated as potential test cases for INTRAVAL, 
although the first of these, on colloid migration at Morro do Ferro, was withdrawn when it 
eventually became clear that colloid mobility was not an important radionuclide transport 
mechanism at the site. 

The Pocos de Caldas Project was completed in 1990 and the results are being published as a 
series of fifteen technical reports (see below), including a summary report. The present 
INTRAVAL report is largely based on abstracts from this summary and other Project Reports, 
covering only those sections of the work related most directly to INTRAVAL Test Case 7, on 
redox front movement at the Osamu Utsumi mine. More detailed information and interpretations 
are provided in the Project Report Series, in particular Report No. 12 (McKinley et al ). For 
a fuller treatment of the whole project, the other natural analogue objectives and the overall 
conclusions, the reader is thus referred to the following reports which are available in the SKB-
TR, NAGRA-NTB and UKDOE report series: 
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Pocos de Caldas Project Report Series 

Report Topic and Authors (lead author in capitals) 
No. 

Series A: Data, Descriptive and Interpretation Reports 

1 Outline of regional geology, mineralogy and geochemistry, Pocos de Caldas, Minas Gerais, Brazil 
(SCHORSCHER, Shea) 

2 Mineralogy, petrology and geochemistry of the Pocos de Caldas analogue study sites, Minas Gerais, 
Brazil. I: Osamu Utsumi uranium mine. (WABER, Schorscher, MacKenzie, Peters) 

3 Mineralogy, petrology and geochemistry of the Pocos de Caldas analogue study sites, Minas Gerais, 
Brazil. II: Mono do Ferro. (WABER) 

4 Isotonic geochemical characterisation of selected nepheline syenites and phonolites from the Pocos de 
Caldas alkaline complex, Minas Gerais, Brazil. (SHEA) 

5 Geomorphological and hydrogeological features of the Pocos de Caldas caldera, and the Osaimi Utsumi 
mine and Morro do Ferro analogue study sites, Brazil. (HOLMES, Pitty, Noy) 

6 Chemical and isotonic composition of groundwaters and their seasonal variability at the Osamu Utsumi 
and Morro do Ferro analogue study sites, Pocos de Caldas, Brazil. (NORDSTROM, Smellie, Wolf) 

7 Natural radionuclide and stable element studies of rock samples from the Osamu Utsumi mine and Morro 
do Ferro analogue study sites, Pocos de Caldas, Brazil. (MacKENZJE, Linsalata, Miekeley, Scott, Osmond, 
Curtis) 

8 Natural series nuclide and rare earth element geochemistry of waters from the Osamu Utsumi mine and 
Morro do Ferro analogue study sites, Pocos de Caldas, Brazil. (MIEKELEY, Coutinho de Jesus, Porto 
da Silveira, Linsalata, Andrews, Osmond) 

9 Chemical and physical characterisation of suspended panicles and colloids in waters from the Osamu 
Utsumi mine and Morro do Ferro analogue study sites, Pocos de Caldas, Brazil. (MIEKELEY, Coutinho 
de Jesus, Porto da Silveira, Degueldre) 

10 Microbiological analysis at the Osamu Utsumi mine and Morro do Ferro analogue study sites, Pocos de 
Caldas, Brazil. (WEST, Vialta, McKinley) 

Series B: Predictive Modelling and Performance Assessment Reports 

11 Testing of geochemical models in the Pocos de Caldas analogue study. (BRUNO, Cross, Eikenberg, 
McKinley, Read, Sandino, Sellin) 

12 Testing models of redox front migration and geochemistry at the Osamu Utsumi mine and Morro do Feno 
analogue sites, Pocos de Caldas, Brazil. (Ed: McKINLEY, Cross, Hawonh, Lichtner, MacKenzie, Moreno, 
Neretnieks, Nordstrom, Read, Romero, Scott, Sharland, Tweed) 

13 Near-field high temperature transport: Evidence from the genesis of the Osamu Utsumi uranium mine 
analogue site, Pocos de Caldas, Brazil. (CATHLES, Shea) 

14 Geochemical modelling of water-rock interactions at the Osamu Utsumi uranium mine analogue site. Pocos 
de Caldas, Brazil. (NORDSTROM, Puigdomenech, McNutt) 

Summary Report 

15 The Pocos de Caldas Project: Summary and implications for radioactive waste management. (CHAPMAN, 
McKinley, Shea, Smellie) 
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2. Geomorphology, Surface Features and Geology 
of the P090S de Caldas Plateau 

2.1 Geomorphology and Surface Features 

The Pocos de Caldas plateau lies in the highland Savanna region of the state of Minas Gerais, 
about 300 km north of Sao Paulo. A detailed description of the geomorphological and 
hydrogeological features of the Pocos de Caldas caldera and the two main study sites, including 
vegetation and climate, is given in Holmes et al., (Project Report Series, 1990). 

The average annual temperature of the Pocos de Caldas plateau is 19°C. The maximum is 
around 36 C and the minimum is approximately 1°C. The 30-year average annual precipitation 
is 1700 mm with more than 120 days of rain each year. Alternating wet and dry seasons are 
typical with >80% of the yearly precipitation occurring between October and March. 

There are four main vegetation types found in the Pocos de Caldas plateau. These are campo 
cerrado (shrub), mata (evergreen forest), savanna (grass) and agreste (woodland savanna). The 
plateau experienced extensive deforestation due to logging activity approximately 100 years ago. 
The current distribution of vegetation mainly comprises grass and shrubs on the hill tops and 
plains of the plateau interior with thick stands of trees in many of the river and stream valleys. 
Soils of the plateau are predominantly silts and clays. Due to the intense weathering, the 
minerals found are kaolinite, gibbsite and limonite. 

The plateau consists of a volcanic caldera that is roughly circular in outline, about 35 km in 
diameter along its NW-SE axis, 30 km on its NE-SW axis and some 800 km2 in area (Figure 
2.1). Its general altitude lies between 1300 and 1600 m. It has an elevated rim and undulating 
topography within this confining chain of higher peaks. The caldera assumed a comparatively 
low relief very early in its evolution. The highest points of the pre-erosional geomorphology 
may have been little more than 500 m above the present plateau surface. These considerations 
are important with respect to the generation of the secondary ore bodies and the rate of 
movement of the redox and weathering fronts. Taking this figure of 500 m, then, over a period 
of 75 Ma (the approximate time since cessation of volcanic activity), this would represent an 
average erosion rate of about 6-7 m/Ma. 

Denudation appears to have been very slow and many of the present landforms are believed 
to be residual ancient features, at least in terms of some millions of years. Some evidence for 
this is suggested by the presence of considerable bauxite deposits which form especially on the 
crests of interfluves where free drainage ensures the progressive removal of silica. 

Drainage patterns on the Pocos de Caldas plateau have changed little over the last 5 Ma and 
erosion of the interfluves has kept pace with that of the valley floors. Rates of denudation are 
at an average of 12 m per Ma and weathering processes are thought to have been similar over 
the last 10 Ma. 
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2.2 Geology and Geological Evolution 

The Po^os de Caldas caldera complex is a ring structure of late Cretaceous age comprising 
a suite of alkaline volcanic and plutonic rocks (Figure 2.2), generally containing above 
background amounts of U, Th and REEs. Detailed accounts of the geology can be found in 
Schorscher and Shea, Waber et al., Waber and Shea (Project Report Series, 1990). The 
complex initially suffered regional postmagmatic deuteric alteration resulting in widespread 
argillation and zeolitisation of the rocks. Some mobilisation and concentration of U, Th and 
REEs also probably took place at this stage. This was subsequently modified by hydrothermal 
water/rock interaction of local extent which led to the formation of several ore deposits of 
economic importance. Two of these, the Osamu Utsumi uranium deposit (with subsidiary Th 
and REE) and the Monro do Ferro thorium and rare-earth deposit (with subsidiary U), formed 
the two main study sites of the P090S de Caldas Project. 

The evolutionary history of the Po;os de Caldas caldera began with major volcanism involving 
phonolite lavas and volcanoclastics, followed by caldera subsidence and nepheline syenite 
intrusions forming ring dykes and minor circular structures and, finally, intrusions of eudialytc 
bearing nepheline syenites and extrusions of nepheline phonolites. 

Hie latest stages of caldera volcanism also included the fonnation of breccia pipes caused by 
violent outgassing and defluidisation of the volatile-rich alkaline magma chambers. This was 
accompanied by hydrothermal activity which has some minor persistance to this day in parts 
of the caldera. 
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3. The Osamu Utsumi Uranium Mine 

The redox fronts with which the INTRAVAL test case is concerned lie within the Osamu 
Utsumi uranium mine, operated by Uranio do Brasil (previously Nuclebras). The open pit 
mine covers an area of about two square kilometers, located in the soft hilly landscape 
surrounding P090S de Caldas. The mine has been operated since 1975 and crmprises an open
cast benched excavation up to 150 m deep. Earlier exploratory shafts and adits have been 
partially mined-out during exploitation of die deposit. 

3.1 Geology 

The geology, geochronology, mineralogy and geochemistry of the mine and the regional 
surroundings are outlined in detail by Schorscher and Shea, Waber et at, Waber, Shea, and 
MacKenzie et al. (Project Report Series; 1990). 

Drainage of the area is controlled by a network of small, shallow valleys which discharge 
into the main valley heading towards the north, north-west. This valley crosses the northern 
part of the mine area (Figure 3.1). 

The uranium deposit is defined by a primary low grade disseminated U-Zr-(REE-Mo)-
mineralisation and a high grade stockwork veinlet Zr-REE-Mo-(Th-U) mineralisation emplaced 
in various host rocks that have been altered by hydrothermal solutions in a roughly concentric 
zonal pattern. The host rocks comprise a suite of hydrothermally and metasomatically altered 
(fenitised) intrusive bodies and flows of volcanic to subvolcanic phonolites (varying in their 
proportions of mafic minerals) and nepheline-syenites. The hydrothermal alteration and primary 
mineralisation are closely related to the intrusion of two major breccia-pipes. Late-stage 
lamprophyric dykes, not affected by these hydrothermal events, cross-cut all the existing units, 
including the breccia-pipes. 

Intense weathering under semi-tropical conditions has led to the alteration of die uppermost 
exposed rock and to a secondary supergene enrichment of uranium along redox fronts, assumed 
to be the result of downward migrating oxidising groundwaters (Figure 3.2). These redox fronts 
are observed as a marked colour change from reddish-brown to bluish-grey. The transition is 
sharp, in the order of a few millimeters. The reddish-brown colouration results from the 
precipitation of iron oxhydroxides. The redox fronts extend to variable depths following deeply 
plunging fracture zones and heterogeneities in rock physical properties. The secondary 
enrichment of uranium on the reduced side of a redox front is very much restricted in its 
dimensions and occurs adjacent to the front over a distance of a few centimeters to decimeters 
at the most. The degree of weathering is strongly dependent on the intensity of the 
hydrothermal alteration and the textural and physical properties of the underlying rock types. 
A vertical profile within the mine area (Figure 3.3) displays a lateritic cover (including the top 
soil horizon) followed by a saprolitic horizon, oxidised hydrothermally altered rock and 
reduced, hydrothermally altered rock. 
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The part of the mine investigated in the project is dominantly phonolite, which has been 
hydrothermally altered throughout the complete thickness drilled. Fracturing of the bedrock is 
widespread, especially within the upper 50-80 m; at greater depths, fracturing is less uniform 
and there is a trend to more discrete fractures or highly porous zones, often hydraulically 
conductive and lined with fresh pyrite indicating a dominantly reducing groundwater 
environment. The increasing competence of the rock with depth is supported by physical 
measurements which clearly distinguish between higher porosity (approx. 15-20%) rocks down 
to about 50-70 m and lower porosities (<5%) below this depth. 

Studies at die mine in this project have involved the drilling of five intermediate to deep 
boreholes (Fl - F5) and three shallow holes (SW01 - SW03); the location in the mine and 
their relationship to the local geology, rock geochemistry and hydrology are illustrated in 
Figures 3.1 - 3.3. 

Drillcore samples have been supplemented by material from surface exposures within, and 
from outcrops outside, the mine confines, thus providing a regional context for interpretation. 
Routine groundwater sampling was carried out in all boreholes. Additional artesian occurrences 
(ie. Piezometer Station -22 and the old exploratory shaft; Fig .e 3.1) together with some 
streams and small reservoirs around the mine periphery, were also sampled to provide a greater 
understanding of the recharge/discharge hydrochemistry. Boreholes Fl - F3 and F5 constitute 
the major reference locations where the palaeohydrogeology is known and groundwater 
sampling is from restricted depth intervals controlled by downhole packer systems. These 
locations form the key reference points sampled for the large volumes of water required foi 
full hydrochemical characterisation, colloid extraction and microbiological studies. 

3.2 Mineralogy 

All the major rock-units are extremely altered by hydrothermal and later weathering processes. 
The most obvious features of the alteration are intense K-metasomatism resulting in newly-
formed K-feldspar and sericite with subsequent kaolinitisation of the rocks. Fractures, resulting 
during several tectonic and hydrothermal episodes and falling mostly in the range of 1-10 nun 
in width, are numerous, usually altered, and filled with clay minerals, K-feldspar(?), zeolites, 
pyrite and, in oxidised horizons, Fe-oxhydroxides. In a few fissures, uranium and/or 
molybdenum mineralisation can be observed; fluorite may also be present. 

Studies of the opaque phases show that the oxidised phonolites are devoid of sulphides; only 
hematite, goethite, lepidocrocite and less well-defined crystalline Fe-oxhydroxides are present, 
mostly finely dispersed within the rock matrix. The reduced phonolites are characterised by 
impregnations of pitchblende associated with pyrite set in a clay. This major pyrite frequently 
occurs with subsidiary sphalerite (partly as inclusions) and is sometimes partly oxidised to 
hematite/Fe-oxhydroxides. At least one generation of secondary pyrite occurs, often close to 
the redox boundary. 

Combining available data with supplementary surface sampling from higher benches in the 
mine, a detailed petrographical/mineralogical and geochemical cross-section through the mine 
has been reconstructed (see Figure 3.3). 
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Figure 3.1 Osamu Utsunii mine map showing the main geological subdivisions, the 
borehole locations, the groundwater sampling points, and the surface rock 
sampling profiles 
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Figure 3.2 Cross-section along profde A-C of Figure 3.1 showing the relationships of the 
boreholes and groundwater .sampling locations to the geology, geochemistry and 
hydrogeology of the site 

- 19-



Figure 3.3 Distribution of clay mineral content, uranium and thorium with depth from 
the original (pre-mine) ground surface to the bottom of borehole Fl. Note the 
distinct change in mineralogy at about 1414 ni a.s.l., and the enrichment of 
uranium and tho;' im near the surface and associated with the redox fronts 
(denoted by 'R') 
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Weathered Zone (1450-1410 m). This zone is completely argillised (typical laterite) comprising 
material composed of K-feldspar (7%) and clay minerals (90%). The clay fraction (<2 microns) 
is composed of illite (28%), kaolinite (63%), montmorillonite (3%), chlorite (5%) with 
additional gibbsite and florencite. The rock chemistry, compared with the underlying rocks, is 
characterised by a decrease in Si02 and K20 and an increase in A1203. 

Oxidised Zone (1410-1256 m). The lower end of this profile extends into the top of borehole 
Fl. The original rocks were porphyritic phonolites; in some cases, pseudoleucites are common. 
Of the <5% mafic constituents, only pseudomorphs are present. Nepheline and pseudoleucite 
are now completely hydrothennally altered to illite and kaolinite; apatite and zircon are 
accessories. The rock consists of 50% K-feldspar and 45% clay minerals together with Fe-
oxhydroxides and apatite an zircon accessories. The clay fraction is composed of illite (47%), 
kaolinite (44%), smectite (2%), chlorite (7%) and minor gibbsite, forencite, goyazite, gorceixite, 
alunite, jarosite, crytomelan and bimessite. The oxidised phonolite is also notable for the 
absence of pyrite, fluorite, barite, M0-phases and primary U-phases. The bulk rock chemistry 
is litde different from that of the underlying reduced bedrock. 

Reduced Zone (1256-1198 m). Porphyritic phonolites continue to dominate, differing only from 
the preceding zones in textural variations; they comprise 62% K-feldspar, 33% clay minerals, 
with accessory amounts of pyrite, fluorite and barite. Mineralogically, the main difference 
between the oxidised and reduced rock is the presence of pyrite in the reduced horizons. The 
clay fraction is composed of illite (43%), kaolinite (52%), smectite (2%), chlorite (3%). Bulk 
chemistry, in common with oxidised rocks, differs from the primary unaltered phonolites by 
having extremely high K20 and contrastingly low Na20 contents. 

The data show that illite and kaolinite are by far the most abundant clay minerals; there are, 
however, no obvious trends with depth. The illite occurring in the Fl borehole is believed to 
be of hydrothermal origin, although there is a trend toward an increase in illite/illite-
montmorillonite mixed layers with depth which might be an indication of weathering. The 
origin of the clay phases is still inconclusive. 

3.3 Distribution of Uranium, Thorium and the Rare Earths (REEs) 

The distribution of uranium and thorium (Figure 3.3) shows interesting trends along the 
measured profile. Upwards through the oxidised bedrock zone from around 1340 m, uranium 
concentration shows a slight tendency to increase; this being most marked at the laterite surface 
where values up to 40 ppm are recorded. Over the same distance, thorium concentration is 
fairly unifonn to about 1340 m (average value around 40 ppm) before increasing markedly to 
190 ppm some 15 m from the surface; at the surface, there is a slight decrease to 180 ppm. 
From 1340 in to 1200 m (ie. corresponding mostly to borehole Fl), thorium, and especially 
uranium concentrations, undergo considerable fluctuations. This is due to the rapid alternation 
of oxidised/reduced bedrock caused by an interfingering of oxidation associated with several 
steeply dipping fracture/porous zones. Near the hole bottom (1250-1200 m), both uranium and 
thorium concentrations become more uniform with uranium values only marginally higher than 
in the oxidised bedrock horizons; thorium values are correspondingly somewhat lower. 

The uranium within the reduced bedrock is most commonly present as fine-grained aggregates 
of pitchblende disseminated throughout the rock-matrix. Along the redox fronts, pitchblende 
fonns larger, kidney-shaped accumulations (cm size 'nodules') that have subsequently been 
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fissured due to shrinkage cracks. Some evidence of re-crystallisation is also apparent. 
Autoradiography and leaching studies show mobilised uranium to have become associated with 
Fe-oxyhydroxides intragranular to the K-feldspar and pseudomorphed nepheline grains. Further 
away from the redox front, pitchblende is absent but the association of uranium with Fe-
oxyhyrdoxides persists. 

The pitchblende nodules are among the most impressive features of the uranium mineralisation 
in the mine, and can be up to >5cm in diameter. They occur alcng the whole redox front, on 
both sides of the clear-cut iron oxidation front, although 'ghosts' of resorbed nodules on the 
oxidised side indicate that they are metastable in this environment. In the breccia pipe, the 
largest nodules are found along the deeply penetrating tips of the redox front fingers. The 
uranium is mainly present as botroidal aggregates of pitchblende, finely intergrown with illite, 
K-feldspar, and pyrite, and the nodules show cauliflower textures indicative of successive stages 
of growth. 

Rare-earth distributions are not discussed in detail here but are also variable and, in some 
cases, related to the low-temperature supergene redox fronts in close association with uranium 
and in other trace elements (MacKenzie et al., Project Report Series; 1990). These 
characteristics are discussed further in the next Chapter. 

3.4 Hydrogeology 

Prior to development of the open-cast mine, this area comprised a series of quite deeply 
incised, steep-sided valleys containing ephemeral streams. Groundwater flow at this time would 
have recharged on the interfluves and upper valley sides and discharged into the streams in the 
valley bottoms. Water recharging the interfluves would be oxidising and water discharging into 
the streams would be a mixture of reducing groundwaters from depth in the aquifer and 
shallow oxidising waters. The rock is highly fractured and such fractures would be expected 
to act as conduits carrying the bulk of groundwater. 

Exploitation of the ore has lowered the local water table and gradually disturbed the old 
groundwater flow patterns. Additionally, the catchment area of the existing mine is larger than 
the original valley and intercepts groundwaters which originally flowed into other valley 
systems, thus extending the area discharging reducing groundwaters from the aquifer. Upward 
flow of reducing groundwater now occurs through rock which originally received downward 
percolating oxidising waters. Figure 3.4 shows the relationship between the original topography, 
the mine and its influence on groundwater flow patterns. Figure 3.4a shows the original 
topography and that after mining and the influence of excavation on groundwater flow patterns. 
Flow close to the surface of the mine is affected by blasting damage and unloading of the 
overburden which has enhanced permeabilities and generated horizontal flows. Additionally, the 
flow pattern and rates will be affected by the large number of exploration boreholes drilled into 
the quarry floor as part of the ore reserve estimation programme. 

Water levels measured in piezometers installed earlier by Uranio do Brasil, show a steeply 
dipping water table gradient towards the mine sump. Also, those piezometers on the edge of 
the mine show a slight vertically downward flow gradient whilst those near the centre of the 
mine show vertically upward flows. Hydraulic conductivities measured in the piezometers range 
from 110 l 0 - 5-107 ms"'. Water levels responded rapidly to both seasonal rainfall and single 
rainfall events. 
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Figure 3.4 Simulated groundwater flows in the Osamu Utsumi mine: a) prior to 
excavations, b) subsequent to excavations. The thick line shows the original 
topography in (a) and the present topography in (b). Due to excavations, the 
same area of rock now receives the upward movement of predominantly 
reducing water. 
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Present studies (Holmes et al, Project Report Series; 1990) have produced information on the 
hydraulic conductivity or permeability of the rock, its capacity to transport fluids, and water 
levels or pressures, which give flow direction and flow rates. This has been made possible by 
supplementing earlier existing mine piezometric data with the present project data from the 
hydraulic testing of boreholes F1-F4; no testing of F5 was carried out. The distribution of 
hydraulic conductivity below 30 m (boreholes F1-F3) based on the length of the sections 
measured, was found to be relatively uniform (mostly around 10"5 - 10"7 ms'1; Figure 3.5) 
which indicated that the bedrock is evenly fractured and can thus be generally regarded as a 
porous medium. The more highly conductive zones occur, for example, between 96.66-124.00 
m in Fl (2.510"6 ms"1) and between 64.87-70.97 m in F3 (1.2-10* ms"1). Both of these zones 
represent reference location points selected for groundwater sampling and characterisation. 
Pressure heads indicate the groundwater flow to have an upward vertical component throughout 
the mine. 

The upper 10-15 m of the rock contrasts strongly with deeper zones, combining high 
conductivity (10"4 ms'1) with a lateral to downward flow component. Mixing between near-
surface and deep groundwater components therefore occurs below this horizon. Three shallow 
boreholes (SW1, SW2 and SW3) drilled to a depth of 10 m gave conductivity values ranging 
from 10"8 - 10"7 ms"1. This is surprising as the near-surface levels in Fl and F2 showed much 
higher conductivities. 

Separate three-dimensional computer groundwater flow models were created, one for flow 
before mining excavations and one for present conditions. Owing to the limited nature of the 
data and in order to simplify the model boundary conditions, several assumptions were 
necessary. These included: 

- the high ground around much of the mine was considered to form no-flow boundaries, 

- a systematic guess as to the location of the water table was necessary. A depressed version 
of the topographic surface was used for conditions prior to mining; the surface was further 
depressed to coincide with the floor of the mine to simulate present conditions, 

- a lower no-flow boundary condition (at 300 - 400 m below the water table surface) was 
assumed, 

- a uniform bedrock hydraulic conductivity of 10"8 ms'1 was used, 

- a uniform bedrock porosity of 10% was used. 

The values of head obtained are presented in contour plots on selected horizontal and vertical 
sections. In order to assist in the visualisation of the flow field, pathlines have been traced 
from a number of locations and plotted as projections on to the same horizontal and vertical 
sections. The pathlines show the route which a 'package' of water would follow through the 
rock: a) along the line of a stream running through the mine and b), one running roughly 
perpendicular to (a). 

Figure 3.6a shows a contour plot of the heads on the top surface for the pre-mine conditions 
which is, of course, just the water table used for this calculation. Figure 3.6b shows the 
calculated heads contoured on the river section and Figure 3.6c shows that pathlines selected 
to be in the plane of the river section behave in a simple and predictable fashion. Flow rates 
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in the vicinity of the current mine surface are typically in the order of 3 to 5-10 m An s 
directed upwards, though the dependence of these particular values upon the material properties 
chosen must be emphasised. 

Figure 3.7 shows the effects of the excavation of the mine. Figure 3.7a is the contoured water 
table surface showing clearly the location of the mine. Calculated heads on the river section 
are shown in Figure 3.7b and it can be seen that the effect of the mine on the river section 
is very marked. This is especially apparent in Figure 3.7c where pathlines from locations within 
the river section now run almost vertically up into the mine from the bottom of the model. 
These paths do not, however, represent the bulk of the flow into the mine which comes instead 
from the sides of the valley. Flow rates just below the mine floor are now of the order cf 
3-10"9 m'/m2-s. 

10 
DEPTH 
MBCL 

0 -

20 -

40 -

60 -

M -

100 -

110 -

140 — 

PILOT BOREHOLE 

HYDRAULIC WATER LEVEL 
CONDUCTIVITY M/S 

9 7 -5 3 
10 10 10 j 

, 1 , 1 , 1 1 

\ ' 
J 

) 

\ 

MBCL 

C 

D 

• 2 
1 

V 

1 
/ 

10 
DEPTH 
MBCL 

0 — 

20 -

40 — 

60 — 

10 -

100 — 

110 -

140 — 

BOREHOLE FK9-IWCII) BOREHOLE F2mv<~U'. 

HYDRAULIC WATER LEVEL HYDRAULIC 
CONDUCnVFTY MS M BCL 

9 7 S 3 
10 10 10 j fl 

, 1 , 1 , 1 1 

b ' 1 
4 

i • 
I 

CONDUCTTVn-y MIS 

.1 10 10 10 10 
_ | DEPTH l . | . | , i 

MBGL '—' ' — L — ' 
0 — 

20 -

40 -

60 -

10 -

100 -

110 — 

140 — 

I1 

1 

Figure 3.5 Hydraulic conductivity and head measurements in borehole Fl and F2. 
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Pigure 3.6 (a) Distribution of water levels (heads) generated by the hydrogeological model 
for the pre-excavation topography around the Osamu Utsumi mine, (b) vertical 
head distribution along the pre-excavation valley floor section, and (c) the 
vertical distribution of flow-paths along the pre-excavation valley floor section 
showing point pore velocities in inm/day (see legend). 
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Figure 3.7 a) Distribution of water levels (heads) generated by the hydrological model 
for the post excavation topography around the Osamu Utsumi mine, b) vertical 
head distribution along the post-excavation valley floor direction, and c) its 
vertical distribution of flow-paths along the post-excavation valley floor 
direction. 
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3.5 Hydrochemistry 

The main objectives of the hydrochemical study (Nordstrom et al., Project Report Series,1990) 
were to: 

a) classify the hydrochemical regime which characterises the mine site, 

b) establish any changes in the physico-chemical character of the groundwaters related to 
flow along the hydraulic gradient, 

c) establish the major water/rock interactions which produce the water chemistry, 

d) assess the influence of seasonal precipitation on the groundwater chemistry. 

To accomplish these aims, groundwater sampling was carried out at seven reference location 
points; five cased and packed-off borehole sections (F1-F5) and from two shallow-cased 
boreholes (SW01-SW02) (Figures 3.1 and 3.2). These sampling points were supplemented by 
artesian water welling up from an old subterranean shaft and from an artesian piezometer 
station located at a higher level on one of the peripheral benches of the mine (Figure 3.1). 

The range of analysed groundwater compositions is highly uncommon relative to most reported 
worldwide groundwater compositions and suggest intense weathering from actively circulating 
fresh groundwaters in contact with a highly leached potassic-rich rockmass. Deuterium and l 80 
isotopic analyses show that the groundwaters are meteoric in origin, lying on or near the 
meteoric water line. The waters are essentially of K-FeS04 character, where fluoride is a much 
more important anion than chloride. Potassium, the major ion, is present at an order of 
magnitude greater concentration (12-42 mg/L) than any other cations, such as Na and Mg, 
which are more comparable in concentration to Sr and Ba. Rarely does any other cation 
achieve a concentration greater than 1 mg/L, whereas potassium is consistently above 10 mg/L. 
Another unusual feature is the frequent occurrence of barium concentrations greater than 
strontium and sometimes as high as calcium concentrations. Iron concentrations are also quite 
high, up to 2 mg/L, and mostly as Fe(II). Aluminium concentrations are elevated because of 
the moderate acidity reflected by the pH values. Zinc concentrations tend also to be elevated, 
probably reflecting the oxidation of sphalerite which sometimes occurs in mineralised zones, 
along with pyrite. 

The highest concentrations of iron, uranium, fluoride and sulphate are found in the surface 
and near-surface waters, which also exhibit the lowest pH and a low alkalinity. Pyrite is 
dispersed throughout the hydrothermally-altered rock and oxidation of pyrite has produced 
these highly concentrated acid mine waters. Fluorite, together with pyrite, is also a common 
fracture mineral at the mine and leaching, due to contact with the acid mine waters, has 
caused significant increases in the fluoride and calcium concentrations. Other than the shallow 
boreholes, the F3 and shaft waters contain the highest concentrations of iron, sulphate and 
fluoride, reflecting a significant contribution of acid mine waters even at these increased depths. 
The fact that these two locations do not have any significant acidity associated witli them 
suggests that other reactions have been taking place to neutralise it. Neutralisation reactions 
could involve dissolution of alumino-silicates and carbonates. 
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With increasing depth (boreholes F1-F3 and F5), the concentrations of iron, uranium, fluoride 
and sulphate all generally decrease and the pH and alkalinity increase. These concentration 
changes with depth suggest strongly oxidising and very active circulation of groundwaters in 
the top 10 metres and then, perhaps, moderately oxidising conditions combined with active 
groundwater circulation down to about SO metres depth. This essentially conforms with the 
hydrogeological pattern described above. 

The near-surface waters, represented by shallow boreholes (10-15 m depth), are relatively 
young, oxidising, and characterised by tritium values ranging from 1.1 to 3.3 TU representing 
a 'tritium model age' of 30-40 years. This age range is only relative, however, as these waters 
are a result of mixing between recent recharge (around 4.5 TU) and older upwelling discharge 
groundwater (>0.5 TU), and are also influenced by seasonal fluctuations in precipitation. This 
is supported by the hydrogeological model and also the groundwater chemistry of the acid mine 
waters, both of which indicated groundwater mixing to around 50 m. 

At greater depths (>50 m), the waters have lost their oxygen content and nearly all the 
dissolved iron is in the reduced Fe(II) state, indicating mildly reducing conditions. Some older 
groundwaters show signs of sulphate reduction but only trace concentrations of sulphide are 
observed, which indicates that the rate of sulphate reduction is very slow and may be quickly 
removed by secondary pyrite precipitation. These deeper groundwaters consistently have high 
concentrations of dissolved silica (30-35 mg/L) due to the breakdown of alumino-silicates in 
a mildly acidic environment (pH 5-6.6). More acid groundwaters (ie. the younger near-surface 
recharging groundwaters) tend to inhibit polymerisation and crystallisation of silica so that 
either silica remains dissolved or attempts to form some metastable phase such as chalcedony 
or cristobalite. 

The upward flow of groundwater has been demonstrated by the distribution of head 
measurements in the boreholes and supported by the tritium data which indicate that the Fl 
water (0.7 to 1.1 TU; 'tritium model age' of 30-50 years) may be younger than the F2 water 
(0.04 to 0.34 TU; 'tritium model age' of about 35 to more than 60 years). 

Geochemical processes involving water-rock-gas interactions in the Osamu Utsumi mine 
groundwaters have been modelled using groundwater compositions, mineralogical data, ion 
plots and computations of speciation, non-thermodynamic mass balance and thermodynamic 
mass transfer. The BALANCE program was used to characterise the reactions influencing the 
chemical composition of the groundwaters and the PHREEQE program was used to check the 
thermodynamic feasibility of the budget models obtained with BALANCE. The results are 
presented in Nordstrom et al., Project Report Series, 1990). 
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3.6 Summary 

Studies at the Osamu Utsumi mine and, to a lesser extent, within the caldera as a whole, 
have managed to clarify the complex geological interrelationships between: 

a) the primary magmatic/deuteric episode resulting in the emplacement of rocks with 
enhanced backgrounds of uranium, thorium, zirconium, molybdenum and REEs, 

b) the post-magmatic regional hydrothermal alteration of the caldera complex giving rise 
to argillation and zeolitisation of the rocks, together with some remobilisation of 
uranium, thorium and REEs, 

c) the localised hydrothermal events which have remobilised and concentrated uranium, 
thorium and the REEs (together, for example, with molybdenum and zirconium) mainly 
as stockwork breccia mineralisations, some of economic potential, 

d) the development of deep weathering profiles and the formation of supergene uranium 
remobilisation deposits at and adjacent to migrating redox front systems. This has 
resulted in further argillation of the rocks, together with small-scale remobilisation of 
REEs and other trace elements in association with the redox fronts. 

Interpretation of the site has been further influenced by the extensive excavations which have 
extended the groundwater discharge area such that bedrock, which originally received downward 
percolating oxidising waters, now receives upward discharging reducing waters. 

In general, the groundwaters are of unusual dilute composition and indicate intensive 
weathering from actively circulating fresh groundwaters in contact with die highly leached 
potassic-rich rockmass. As a result, the waters are essentially of K-Fe-S04 character. Oxidation 
of pyrite (dispersed throughout the reduced bedrock) due to the mixing of reducing discharge 
waters and near-surface oxidising waters within the upper SO m of mine bedrock, has produced 
acid mine water at and near the surface. At greater depths, the groundwaters are more reducing 
in character and some redox trends are indicated. Tritium and stable isotopic data support the 
present groundwater flow model. 

Geochemical model computations reveal that the dominant processes are the production of 
C02 (by aerobic decay of organic material in the soil zone and/or by anaerobic microbial 
activity at depth), the dissolution of pyrite and sphalerite, and the precipitation of ferric oxides, 
silica and kaolinite. These results are supported by mineralogical observations. 
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4. Nature of the Redox Fronts and Structure 
of the Test Case 

4.1 Morphology of the Redox Fronts 

The redox fronts exposed in the Osamu Utsumi mine are a very obvious feature to the eye and 
have been of considerable interest, and the cause of much discussion, since the inception of 
the Pocos de Caldas Project. 

The fronts exhibit a very irregular surface, owing to variations in the physical properties of the 
rock, in particular displaying downward extensions around water conducting fractures. Romero 
et al, 1991, have used the extensive suite of boreholes drilled by Nuclebras to map the 3-D 
nature of the front. A series of ten maps, based on geochemical analytical data, show the 
location of the redox front for any given vertical section. The zone covered in this study is 
about 216 000 m2 (600 by 360 m). 

Figure 4.1 illustrates the 3-D location of the redox-fingers in this area. The figure clearly 
shows the existence of several downward penetrating 'fingers' of oxidised bedrock, along and 
adjacent to fractures or fracture zones of greater permeability than the rock matrix itself. 
Because of the variability of the hydraulic properties within these zones, the 'fingers' are not 
uniformly distributed. 

The depths of the fingers are shown in Figure 4.2. The total number of redox fingers is 134 
over the studied area of 216 000 m2. The frequency of redox fingers is on the order of 1/1000 
m2. The fingers in the excavated rock could not be reconstructed. The number of fingers is 
thus truncated and too small. The resolution of the mapping is very coarse (in each grid square 
of 40x40 m, there would be a maximum ct 64 mine exploration boreholes but, in practice, not 
all were drilled and, in some places, none of them) and finer fingers than those that can be 
picked up in a 5x5 m box will not be found. Visual observations in the vertical walls show 
many more fine fingers but these have not been quantified in the histogram. As most of these 
fractures are oblique, borehole Fl intersected such fingers of oxidised rock at 33.40 m and 
between 42.0 and 66,2 m. At 42.0 m, the reduced rock is above and the oxidised rock below, 
this being the upper part of an oxidation finger. 

The three redox fronts in drillcore Fl occur in subvolcanic phonolites. The front at 33.40 m 
intersects the core at a narrow angle and displays some remnant patches of reduced rock 
within the first 3 cm on the oxidised side. Within the oxidised part, the 'inverse' front at 
42.0 m shows, on a millimetre scale, a type of oscillatory zoning of iron hydroxides. It also 
contains a 5 mm thick white zone (consisting of 80% kaolinite) separating the front from the 
reduced rock. Two to three centimetres within the reduced part, a nodular pitchblende 
mineralisation is present. The 66.20 m redox front has an irregular surface but a very sharp 
transition from oxidised to reduced rock, transecting single mineral grains. 
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Some of the other fronts in the mine display oscillatory zoning of iron hydroxides with white 
spots (1-2 cm) representing former pitchblende nodules. Pitchblende nodules occur within a few 
to 10 cm from the front, within the reduced phonolite. The nodules are concentrated in 
transecting fissures, which determine their often irregular shape. 

Figure 4.1 A 3-D view of 'Fingers'. Slanting view from below. The box shows the 
orientation. 
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Figure 4.2 Distribution of the depth of the redox-fingers in the site. The reference depth 
is taken at 1200 m above sea level. 
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4.2 Mineralogy of the Redox Fronts 

The basic mineralogy at the redox fronts is identical to that of the hydrothermally altered 
('reduced') and the oxidised phonolites, nepheline syenites and breccias. Some specific 
mineralogical features can be observed at the redox fronts: 

- primary pyrite in the reduced rock disappears at the front within a fraction of a millimetre. 
Some dissolving pyrites occur as mantled relicts on the oxidised side of the front, 

- fluorite disappears on the oxidised side, within the first few millimetres, 

- sphalerite and other sulphides only occur on the reduced side, 

- carbonates disappear abruptly on the oxidised side, 

- K-feldspar begins to diminish from 0.5 to 3 cm ahead of the front, 

- secondary pitchblende nodules may be formed 1 to 3 cm ahead of the front. This location 
is directly related to the commencement of K-feldspar dissolution, 

- secondary pyrite is formed at roughly the same locations as the pitchblende nodules, 

- macroscopically, iron hydroxides and hydrous ferric oxides delineate the oxidised part of the 
redox front. In some fronts, an ageing sequence can be observed: amorphous hydrous ferric 
oxides, poorly crystalline hydrous ferric oxides, goethite, hematite, 

- the amount of illite slowly begins to decrease in the oxidised zone, 

- there is a general, slight decrease of kaolinite when compared with illite in the oxidised zone 
adjacent to the front. In some cases, however, kaolinite is concentrated at the front where it 
can constitute up to 80% of the minerals, 

- crandallite-group minerals can be observed as the main REE hosts in the oxidised rock, 

- jarosite and alunite type minerals are formed in the vicinity of the front, 

- sporadically, CdS (greenockite) is formed in the pitchblende nodules. 

It is important to note that the macroscopically visible front, determined by the iron hydroxides 
does not coincide exactly with other mineral fronts. 

The porosities of samples across four redox fronts were determined on the basis of rock an 
grain densities. The oxidised rocks have a much higher porosity than the reduced rocks, aroun 
18% in the oxidised samples and around 10% in the reduced varieties. This large differenc 
implies an important dissolution and loss of bulk material at the site of the redox fronts. 
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43 Natural Radionuclide Studies of Rock Samples at the Osamu Utsumi Mine 

The natural radioactive decay series work has been focussed upon a number of specific 
objectives, namely: 

1. identification of radionuclide dissolution, transport and deposition processes, within the 
study sites in general, and at the redox fronts in particular, 

2. attempts to establish the timescales appropriate to the above processes and to evaluate 
the rate of movement of die redox fronts, 

3. provision of information relating to the long-term (105 - 106 y) direction of groundwater 
flow, 

4. investigation of the growdi rates of uranium nodules. 

The natural decay series measurements were complemented by an extensive series of stable 
element analyses and an additional section of the work involved analyses for naturally 
occurring plutonium and technetium (not reported here). 

The main research effort in the natural decay series investigation at the Osamu Utsumi mine 
was devoted to samples from the Fl drillcore, including detailed study of transects across the 
three sections of the core where it intersected the redox front. An extensive range of stable 
elements was also analysed in Fl drillcore samples using ICP-MS. Additional redox front 
transects on varying scales were analysed using samples collected from surface exposures of 
the mine or from hand sections of rock. Uranium nodules from the mine were analysed for 
uranium and thorium isotopes; one was analysed for natural plutonium. In the present report, 
we only look at data from the Fl borehole. The detailed description and interpretation of these 
data are to be found in MacKenzie et al, (Project Report Series 1990). 

4.3.1 Natural Decay Series Studies 

The Fl drillcore intersects a finger of oxidised rock penetrating into the reduced phonolite, 
with the oxidised conditions extending in a downwards pointing wedge shape around a major 
fracture system intersected at a depth of about SO m. As noted earlier, the drillcore 
consequently intersects the same redox front at three depths: at 33.40 m and 66.20 m, with 
oxidised rock overlying reduced rock, and at 42.0 m where the sequence is reversed and the 
reduced rock overlies the oxidised rock. 

The uranium profile shows concentrations decreasing from about 30 ppm in the uppermost 
weathered (laterite) section to values of 10 ppm or less throughout most of the oxidised 
phonolite overlying the depth range covered by the Fl drillcore. 

It is clear from Figures 4.3 and 4.4 that the enhancement in uranium concentrations near the 
fronts is much greater than the corresponding enhancement of thorium concentrations, with 
uranium exhibiting a maximum concentration of 2.8% in the reduced rock just above the 42 m 
redox front, while the maximum thorium concentration observed was 387 ppm. Thus, while 
significant variations in the thorium content of the rock do occur in the vicinity of the redox 
fronts (either as a result of dissolution and redeposition after transport or by preferential 
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concentration of thorium in resistate phases) die magnitude of such effects appears to be about 
two orders of magnitude lower than the corresponding increase in uranium concentrations. 
Thus, the very much lower degree of enhancement of thorium concentration than uranium 
concentration supports me assumption commonly used in interpretation of 23(Th/234U activity 
ratio data that thorium is, to a first approximation, insoluble in comparison with uranium. 

The section of the drillcore below about 75 m lies well away from any redox front and 
consists entirely of reduced rock. This section of the core thus represents the best available 
material to characterise the composition of the phonolite before being influenced by the 
penetration of oxidising water. 

Above 75 m, the uranium content of the rock increases sharply and remains generally high 
but with a pronounced series of maxima and minima between 70 m and 30 m. The variations 
in uranium concentration in this section of the core in fact form a systematic pattern with a 
maximum in uranium concentration being observed on each side of each redox front and a 
minimum at each front as shown in Figures 4.5 to 4.7. This correlation of the distribution of 
uranium with the position of the redox front as marked by the Fe2+Fe3+ colour charge and, in 
particular, the very sharp increase in uranium concentration immediately inside the reduced 
section of rock, indicates that the redox-controlled reactions affecting uranium occur at 
effectively the same place as those affecting iron, thus suggesting that the redox potential 
shows a sharp variation over a very short distance (of the order of 1 cm). In the redox fronts 
at 33.40 m and 42.00 m, the uranium peak is very narrow (less than 20 cm) on the reduced 
side of the front and, in both cases, much higher concentrations are observed in the reduced 
rock than in the oxidised rock where the peaks are smaller in magnitude but extend over 
several metres. In the case of the 66.20 m redox front, the same broad maximum structure is 
observed in the uranium distribution on the oxidised side of the front but a broader peak is 
present on the reduced side. A final point on the distribution of uranium at the redox fronts 
is that there is no major depletion in the uranium content of the rock relative to the average 
reduced rock. 

Thus, while dissolution of uranium is evidendy occurring just on the redox front, the 
distribution of uranium indicates that the general area around the fronts is a zone of uranium 
deposition. The similarity in the distribution of uranium suggests that similar processes are 
operating at ail three fronts and the presence of the peaks in uranium concentration on the 
oxidised side of each front clearly demonstrates that die process involved is not a simple 
transfer of soluble U6* from the oxidised section to me reduced section to be deposited as U4+. 

The distribution of uranium about the three redox fronts in fact places a constraint upon the 
direction of groundwater flow which has given rise to this system. Thus, any significant 
upwards flow of water across the redox fronts would be difficult to reconcile with the existence 
of peaks in the uranium concentration on the lower sides of the fronts, particularly since two 
of these occur in reduced rock while the third is in oxidised rock. Similarly, any large 
downward advective movement of water would be difficult to reconcile with the existence of 
peaks in the uranium concentration above the redox fronts. The flux of uranium in any 
direction at the redox front will clearly be the result of the advective and diffusive processes 
operating. Dissolution of uranium as oxidising water contacts the reduced rock is likely to 
generate a maximum in uranium concentration in (he groundwater just on the oxidised side of 
the front. This process would generate a concentration gradient in the groundwater which would 
result in tliffusive movement of uranium away from the front into both the oxidised and the 
reduced rock. In the latter case, redeposition of the uranium in the solid phase would be 
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extremely likely when it encounters reducing conditions. On the oxidised side of the front, the 
dissolved uranium is likely to be inherently stable in solution but other processes, in particular 
deposition of oxides of iron and manganese, may lead to removal of uranium from solution. 

On the basis of these considerations, the most likely mechanism to have generated the observed 
uranium distribution in the Fl ti.illcore would involve advective flow of groundwater 
downwards through the rock in a direction approximately in line with the redox fronts (ie. 
parallel with the line of the fracture that intersects the core at SO m). Preferential flow of 
oxidising water down the fracture would lead initially to the extension of oxidised conditions 
along the line of the fracture and subsequently outwards into the adjoining rock. The extent 
of oxidised conditions about any point in the fracture could increase with the time elapsed 
since oxidising water first penetrated to that level, resulting in the observed wedge-shaped 
distribution of the oxidised rock about the fracture. 

Operation of a system of this type, with outwards propagation of oxidised conditions from 
the fracture at 60 m would be consistent with the observed minimum in uranium concentration 
in the porous, fractured area of rock, and with the bimodal distribution of uranium around the 
42.0 m and 66.2 m redox fronts (Figure 4.3). A simple one-dimensional system of this type 
is, however, inconsistent with the fact that the minimum uranium concentration observed within 
the oxidised finger is substantially higher than the average concentration of uranium in the 
reduced phonoljte below 75 m. The enhanced concentration of uranium at 50 m thus requires 
an input of uranium to this position in a lateral direction. 

Furthermore, a one-dimensional system involving a propagating redox front is not capable of 
generating the very high concentrations of uranium observed on the reduced sides of the redox 
fronts if there is any significant diffusion (or advection) of uranium into the oxidised rock. 
Application of a simple box model to this situation reveals that the uranium concentration in 
the reduced rock reaches a saturation value beyond which it will not increase, no matter how 
far the front moves into the reduced rock. A significant lateral input of uranium is required 
in order to generate the high concentrations of uranium observed at the redox fronts in the Fl 
drillcore. 

The distribution of uranium in the Fi drill core thus suggests that the long-term direction of 
groundwater flow at this location has been downwards, approximately parallel with the fracture 
system which intersects the drillcore at 50 m depth. This conclusion is inconsistent with the 
observed flow of water in the mine at this location at present, which is generally upwards, but 
is consistent with the direction of groundwater flow prior to mine excavations when the redox 
fronts were formed. 

Above 33.4 m the observed uranium concentrations in this uppermost section of the drillcore 
are consistent with the concept of the water flow having been dominamly downwards, with 
dissolution of uranium at the redox front and subsequent diffusion into both the oxidised and 
reduced rock. 

Using this assessment of uranium mobilisation and deposition presented above, a very detailed 
analysis of natural decay series radionuclide activities and activity rates was carried out by 
MacKenzie ct al, (Project Report Series, 1990). The details are not presented here but the main 
findings are outlined. 
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The natural decay series activity ratio data demonstrate, first of all, that dissolution, transport 
and deposition processes have affected uranium and radium, both in the vicinity of the redox 
fronts and in other sections of the drillcore. Further information concerning the rates and 
mechanisms of the processes involved can be derived by more detailed consideration of the 
results. 

For example, at the 33.4 m redox front, the radionuclide activity ratios over this section of the 
drillcore indicate that dissolution and redeposition effects influence uranium and radium over 
a relatively wide range of about 10 m across the redox front, that 234U is mobile within the 
reduced rock and that the processes involved are rapid and complex. The results would be 
consistent with a rate of downwards movement of the front at this location at a rate between 
2 and 20 m per 106 years. 

In contrast, if the observed 234U/238U disequilibrium observed in the section of core at the 42.0 
m redox front is accepted as being related to redox front processes then the implication is that, 
at this location, the redox front has moved a negligible distance on a cm scale over a period 
of 7-105 years. 

The natural decay series data for the 66.2 m front indicate that the uranium in the uppermost 
edge of the peak in uranium concentrations in the reduced rock was deposited at least 3-4105 

years ago, and that this location, just on the reduced side of the front, is not at present a 
location of significant uranium deposition. However, it was not possible to draw any definite 
conclusions concerning the present location (if any) of uranium deposition. If, however, it is 
assumed that uranium deposition takes place at the lower edge of the peak in concentrations 
(as would be necessary for movement of this structure into the reduced rock) and that the 
uranium peak has been approximately the same width over a 3-10s year timespan, then a rate 
of downward movement of the front of the order of 12 m in 106 years is suggested. 

The final set of samples from the Fl drillcore were analysed from the reduced rock below 
75 m. Despite the fact that all of these samples lie well below the redox front, pronounced 
radioactive disequilibrium is still observed in a number of cases, indicating that significant 
redistribution processes are influencing uranium and radium at these depths. 
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Figure 4.3 Uranium concentration as a function of depth for samples from the Fl drillcore 
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Figure 4.4 Thorium concentrations as a function of depth for samples from the Fl 
drillcore. 
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Figure 4.5 Uranium concentration profile across the redox front at 33.4 m in the Fl 
drillcore. 
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Figure 4.6 Uranium concentration profile across the redox front at 42.0 m in the FI 
drillcore. 
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Figure 4.7 Uranium concentration profile across the redox front at 66.2 m in the Fl 
drillcore 

4.4 Stable Element Studies 

In addition to the natural radionuclide studies described above, Mackenzie et al (Project Report 
Series, 1990) also analysed selected samples from the Fl drillcore for a range of stable 
elements. The following discussion of this aspect of the work is restricted to a comparison of 
the behaviour of uranium with that of other elements in the Fl drillcore and attempts to 
provide further details of processes occurring at the redox fronts. 

Comparison of the behaviour of uranium with that of thorium is of particular importance first, 
since the virtually complete insolubility of thorium relative to uranium is a fundamental 
assumption in interpretation of the natural decay series data and, secondly, since thorium exists 
only as Th4+ and is not intrinsically sensitive to redox processes, it provides a contrasting 
behaviour to the redox-sensitive properties of uranium and can provide information of relevance 
to the behaviour of U4+ in this system. 

The uranium enrichment pattern (Figures 4.3 - 4.7) is, in fact, the opposite of that for thorium 
in the Fl drillcore, with the downward movement of the redox front system clearly separating 
the two elements, with preferential downward displacement of the redox-sensitive and more 
mobile uranium relative to the much less soluble thorium. This pattern of relative enrichment 
of the two elements is entirely consistent with the previously postulated long-term direction of 
water flow being downwards along the front, with the degree of separation of the two elements 
increasing with increasing length of water flow path. The narrower band of enrichment at the 
42,0 m redox front than at the other two is also consistent with the conclusion, derived above 
from the natural decay series radionuclide data, that the 42.0 m redox front has been effectively 
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static on a 10 year timescale while the other two fronts are moving downwards at a rate of 
metres to tens of metres in 106 years. 

The rare earth elements, like thorium, generally exhibit a low solubility in groundwater, being 
highly prone to removal from solution by hydrolysis and, in particular, scavenging and being 
generally preferentially concentrated in resistates during weathering. The rare earth element 
distributions in the Fl drillcore show enrichment patterns similar to thorium at the redox fronts, 
with a broad, low maximum in the reduced rock at 33.40 m, a narrower but more intense 
enrichment at 42.0 m and almost no enrichment at 66.20 m. Eu, which can participate in 
redox-controlled geochemical processes by reduction to the 2+ oxidation state from the 3+ state 
normally exhibited by the rare earth elements, shows no significant evidence of the operation 
of such effects in the concentration profiles for the Fl drillcore (see, for example, Figure 4.8). 
In general, the non-redox-sensitive refractory 3+ and 4+ oxidation state species behave in a 
systematic manner at the redox fronts with preferential concentration in the reduced rock close 
to the fronts. 

The rare earth element data thus reveal a general loss of these elements from the oxidised 
rock as the redox front moves down through the phonolite with the degree of loss being 
greater for the light rare earth elements. Fractionation of Eu and Ce from the other rare earth 
elements is observed but, in some other cases, there is also fractionation of elements in the 
series which are not normally regarded as being redox sensitive, eg. Gd. 

A number of systematic trends and groupings of many other elements, in accordance with their 
position in the periodic table, are also apparent, and a few of the large number of profiles 
assembled by Mackenzie et al are shown in Figures 4.9 - 4.13. Thus, as might be expected, 
the most soluble elements, such as Mg, Ca and Sr, are grouped together by being depleted in 
all of the overlying rock relative to the reduced phonolite, indicating a general removal of the 
species from the system by groundwater. Interestingly, the redox-sensitive elements As and Mn 
also appear in this group as do La, Hf and the light rare earth elements Pr and Nd. Ce and 
Li are grouped together as being enriched in the oxidised rock between 42.0 m and 66.2 m 
while Y, Sm, Tb, Do, Ho and Er are enriched only in the reduced rock between the 33.4 m 
and 42.0 m redox fronts. A large group of elements, including the remaining rare earths, the 
noble metals, Sc, Pb and B, are enriched in the middle two divisions considered but depleted 
in the other two. The remaining elements are all enriched in at least three of the overlying 
sections of rock and include U, many of the redox-sensitive d-block elements (eg. W, Ru, Co, 
Mo), most of the p-block elements analysed, Rb, Ba and Th. Notably, Fe is the only element 
to be depleted in the reduced rock between 33.4 m and 42.0 m (consistent with relatively 
soluble behaviour of Fe2+) but enriched in the other three sections. The elements which are 
grouped along with U as being enriched in all four sections relative to the reduced phonolite 
are Re, Mo, Ti, Rb, Bi, Tl, Sn and Ga. 

The distribution of elements about the redox fronts can be bimodal or asymmetric and the 
species exhibiting bimodal distribution include redox-sensitive elements such as U and Mo as 
well as elements which are not intrinsically involved in redox-controlled processes such as Cs. 
In the case of the non-redox-sensitive elements, removal from solution in the vicinity of the 
redox fronts requires either that the solution phase concentrations of appropriate ions are high 
enough to lead to precipitation or else that the mechanism involved is scavenging or co-
precipitation with some major mineral species. 
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Figure 4.8 Europium concentration profile in the Fl drillcore. 
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Figure 4.9 Rubidium concentration profile across the 42.0 m redox front in the Fl 
drillcore. 
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Figure 4,10 Iron concentration profile across the 33.4 m redox front in Fl drillcore. 

Ba(ppm) 

„ § § § § § § § 
V 

3 

» 

t-

\ 

_ ^ ^ 

\ 

^ 

Figure 4.11 Barium concentration profile across the 33.4 redox front in the Fl drillcore. 
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Figure 4.12 Chromium concentration profile across the redox front in the Fl drillcore. 
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Figure 4.13 Palladium concentration profile across the 42.0 redox front in the Fl drillcore. 

- 4 4 -



4.5 Studies of Pitchblende Nodules at the Redox Fronts 

Isotopic studies of zoned pitchblende nodules were carried out by Osmond (in Project Report 
Series No.7, 1990) to determine growth rates in terms of relative ages of the layers observed. 
Uranium isotope disequilibrium ages were obtained for l-2min thick sections from the outside 
to the cores of two large nodules. 

The smaller of the two nodules gave a best-fit growth rate of 2.8mm/100 000 years, although 
the core yielded an age as young as the innermost mantle (younger than the main body of die 
nodule) suggesting that these two regions have been more open to uranium migration. 

The other, larger, nodule had a more complex history, and may have been a compound 
structure, exhibiting two growth surfaces, with accretion rates of 1.9 and 1.6mm per 100 000 
years. 

U/Th series disequilibrium studies of much smaller nodules found on both sides of the iron 
oxidation front did not allow growth rates to be calculated, but showed very clearly the 
mechanism for U transport across the front. They also allowed model ages of these 
'micronodules' to be calculated, at close to 100 000 years. This represents die average age of 
continuously accumulating uranium in the nodules in the reduced zone, during which time die 
front has moved, either continuously or episodically, some 2 or 3cms. 

4.6 Conclusions on the Geochemistry of Elemental Distributions at the Redox Fronts 

The following general conclusions (MacKenzie et al, Project Report Series, 1990) can be drawn 
from the preceding discussion on the Fl core and from studies of other redox fronts, of 
uranium nodules, and of Pu/Tc distributions (not described above). 

1. The long-term (on a 10* year timescale) direction of groundwater flow has probably 
been approximately parallel with the redox fronts, ie. downwards along the line of the 
fracture intersecting the Fl drillcore at 50 m. 

2. There is clear evidence of preferential deposition and eraicbment of uranium on the 
reduced side of redox fronts within the last 3-10s years. The deposited uranium occurs 
both as dispersed uranium, probably in the form of very thin precipitations on the 
surfaces of other minerals, and as nodules. 

3. Uranium deposition also occurs on the oxidised side of the fronts, probably by 
incorporation in iron oxides. Thermodynamically, uranium could be predicted to be 
soluble in this environment but there is clear evidence of significant enrichment and 
retention of uranium in the oxidised rock for time up to 7-10 years. 

4. The distribution of uranium (and other elements) about the redox fronts suggests 
advective flow of groundwater along the direction of the fronts, dissolution at the front 
and diffusive movement of the dissolved species into both the oxidised and the reduced 
rock. 
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5. Dissolution of dispersed uranium occurs at the redox front at the same position as the 
colour change marking the Fe2+/Fe3+ transition, indicating a sharp gradient in Eh. 
Deposition of dispersed uranium can occur at depths of metres bito the reduced rock. 

6. Some of the uranium nodules are young (on a 10s - 106 year timescale) and exhibit 
growth ratios of 1.8 - 2.6 cm in 106 years. Other nodules are old (on a 105 - 106 year 
timescale) and demonstrate the chemical stability of uranium plus daughters in this 
form of deposit under reducing conditions for times in excess of 310 5 years. 

7. The time required for growth of micronodulcs of uranium in the reduced rock close 
to the front is of the order of 105 years. Unlike dispersed uranium, nodules are not 
necessarily dissolved at the redox front marking the Fe^/Fe3* colour change. 
Micronodule dissolution in the oxidised rock, following movement of die front part of 
the nodule, takes of the order of 10s years. 

8. The natural 23lPu content of a uranium nodule from the mine was measured as 2.3 
plus/minus 0.7 108 atoms per gram, consistent with a state of secular equilibrium with 
the uranium present. The result indicates the chemical stability of co-existing uranium 
and plutonium in nodules in the reduced rock for at least 10 years. 

9. The redox front at 42.0 m in the Fl drillcore has moved very little, on a cm scale, 
during the last 710 5 years. The other redox fronts have probably moved at a rate in 
the range 2 to 20 m in the last 106 years. 

10. 2:,4U/238U versus 23(Th/238U diagrams are confirmed as highly useful in the interpretation 
of natural decay series data with excellent agreement between observed results and 
theoretical models in a number of cases. 

11. Some degree of dissolution and redistribution of thorium is apparent but the degree 
of redistribution of thorium is about two orders of magnitude less than that of uranium. 

12. Thorium is prefentially enriched on the reduced side of the redox fronts but the 
magnitude of this effect decreases with increasing depth in the mine, consistent with 
decreasing transport of thorium with increasing length of flow path of the groundwater. 
This is the opposite of the trend exhibited by uranium where the extent of enrichment 
increases for deeper redox fronts, ie. the greater the length of the water flow path, the 
greater is the degree of separation of uranium from thorium. 

13. Alpha recoil effects clearly result in preferential loss of 234U from the solid phase to 
solution in both the oxidised and the reduced rock, effectively resulting in an enhanced 
solubility of the daughter isotope. The effect must clearly be considered in any far-
field situation where serial decay of escaped radionuclides occurs. It is, however, 
significant that 234U produced in situ is more mobile than 23<>Th despite the fact that 
both will be susceptible to alpha recoil loss to solution. 

14. 226Ra is lost from the reduced rock and deposited in the oxidised rock at the deeper 
redox fronts but is subject to more general deposition in upper sections of the mine. 
Those trends suggest a solubility control either by the sulphide/sulphate system or by 
iron oxide scavenging. 
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15. Active redistribution of uranium and radium is apparent in the reduced phonolite well 
below the redox fronts, particularly in the vicinity of the conductive zone in the Fl 
drillcore. This may represent the incipient effects of a developing finger of oxidation 
around the conductive zone in response to preferential downward flow of oxidising 
water at this location. 

16. Other elements in addition to uranium which are subject to dissolution or deposition 
as a result of oxidation also show major redistribution as a consequence of the 
movement of the redox front through the rock, eg. Mo and Ce. 

17. There is a general depletion of elements of higher solubility from the oxidised rock, 
but an enrichment in resistate species such as Th and in elements scavenged from 
solution by iron oxides. 

18. The redox fronts represent zones of enrichment for many elements with the distribution 
of elements about the front varying with their chemistry. The redox fronts thus 
constitute retardation zones which, in the context of far-field migration of radionuclides, 
would in the first instance be beneficial. In the longer term, however, if the redox front 
could move over a sufficient distance, it could result in the breakthrough of a front 
containing enhanced radionuclide concentrations into the near-surface zone. 

4.7 Content and Rationale of the INTRAVAL Test Case 

The majority of the geochemical data on the distribution and behaviour of uranium and other 
elements across the redox fronts only became available during the course of INTRA VAL Phase 
1, as the Po?os de Caldas Project was running on a parallel timescale. The INTRA VAL test 
case was constructed at the outset of the Pocos Project and was aimed only at modelling the 
physics and chemistry of the redox front propagation mechanism rather than at geochemical 
transport across it, since it was appreciated that detailed geochemical profiles would not be 
available until late in the field programme. 

This Phase 1 report is, thus, concerned with modelling studies of redox front development 
(Chapter S) and represents the first attempt to apply mass-transport, reaction and diffusion 
models that have been developed for near-field assessments, to real natural systems. 

Having developed the simple models of front propagation, it is intended that more attention 
is paid to transport processes in Phase 2 of INTRA VAL. 

The data available for the Phase 1 work were limited to the hydrogeological characteristics 
of the Osamu Utsumi mine, details of the structure and 3-D morphology of the fronts with 
respect to the physical properties of the rock, preliminary mineralogical data on transformations 
across the front and on uranium disposition, and estimations of erosion rates from 
geomorphological analysis. 
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The task was to use existing models and mathematical approaches to analysing advection and 
diffusion in both porous media and in fractures to try to simulate: 

a) the shape of the front, 

b) the observed mineralogical transformation, 

c) the disposition of uranium and 

d) the postulated rate of front movement. 

Apart from the work carried out within the framework of INTRA VAL by the KTH group, 
other approaches were being developed later in the Pocos Project. The results to date of all 
the work are summarised in the next Chapter. 
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5. Modelling Redox Front Processes 

5.1 Introduction 

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 
minerals, in particular, the redox front formation and movement may be associated with 
significant alteration of rock properties and the production of acidic leachates which could 
cause further damage to repository structures. 

For high-level radioactive waste, in particular spent fuel, further oxidant may be produced 
after repository closure due to radiolysis. Over long periods of time (= 108 years), when flow 
occurs in distinct fissures, the redox front resulting from this source could potentially penetrate 
large distances into the host-rock. 

A number of simple models have been developed to predict the reactions occurring at such 
redox fronts and the rate at which they move. Two of these approaches have been presented 
in the course of INTRAVAL Phase 1 (5.3.1 and 5.3.2). This chapter summarises the predictions 
of all the models used within the P090S de Caldas Project and compares them with 
observations of the well-defined redox fronts in the Osamu Utsumi mine. 

5.2 Components of a Redox Front Model 

The two fundamental components of a redox front model are a qualitative description of solute 
transport through the redox front and a formulation of the key chemical processes occurring 
in the area. In the case of radioactive waste, an additional model for oxidant production by 
radiolysis may be included but this is not addressed in the current study. 

The supply of oxidants at the Osamu Utsumi mine is derived from infiltrating meteoric water 
which is saturated with atmospheric oxygen and picks up additional possible oxidants (eg. S04, 
NO,, C03, Fe(III)) during transport through the upper layers of soil and weathered rock. The 
aspect ratio of redox front fingers implies that, in these zones, solute transport occurs 
predominantly by advection in associated fractures with more limited advection or transport by 
diffusion in the surrounding rock. At the front, both natural series profiles, which indicate very 
low rates of movement, and trace element profiles, which are symmetric about the front, imply 
that transport here occurs predominantly by diffusion. 

Re-iterating, the most evident chemical processes occurring at the front involve the oxidation 
of pyrite to form iron oxyhydroxides which are responsible for the marked colour change 
observed. Additionally, on the reduced side of the front, pitchblende fonnation is noted, often 
associated with secondary pyrite. In the transition from oxidising to reducing zones, the 
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groundwater pH stays relatively constant, or increases slightly, sulphate increases and Eh 
decreases. Detailed analysis of water chemistry changes are, however, limited by perturbations 
caused by the presence of the mine, (see Chapter 3). 

Based on the information above, a number of modelling approaches can be considered. 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. 

A better representation of the chemistry of the oxidation reactions can be obtained using 
chemical equilibrium models. Such models can incorporate a wide range of oxidation reactions 
and also associated weathering reactions caused, for example, by neutralisation of acid leachates 
produced by pyrite oxidation. These models can be loosely coupled to transport codes which 
allow the spatial development of the front to be simulated. The effects of sorption processes 
can also be included in this approach. 

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

5.3 Overview of the Redox Front Models 

Before presenting an overview of the results of various modelling studies, it is important to 
emphasise that these were initiated at different times and hence used slightly different physical 
models of the Osamu Utsumi mine system and different databases of physical/geochemical 
parameters. The earliest work was the mass-balance modelling, which was followed by the 
thermodynamic modelling, while the kinetic model represents the most recent work and has not 
been presented in the context of INTRAVAL. 

5.3.1 Mass Balance Models and Studies of Fissure Flow 

In the simplest model (Romero et al, 1991) the rate of movement of the redox front was 
estimated from the supply of oxidants by infiltrating water. The model makes the global 
assumption of: 

i) a rainfall infiltration excess of 100 mm/year, 

ii) oxygen saturation (10 ppm), 

iii) 2% pyrite by weight in the reduced rock, 

iv) complete pyrite oxidation by dissolved oxygen, ie. 
FeS2(s) + 15/4 Oz(aq) + 7/2 H20 -> Fe(OH),(s) + 4H+ + 2S04

2 \ 

v) no other redox active components in the system. 
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This results in a predicted redox front movement rate of =25 m/10 years. This numerical 
value is not unreasonable but the assumption of constant conditions over >106 y (eg. [i] above), 
oxygen as the only oxidant and die production of very acidic waters at the redox front do not 
match field observations. 

This first calculation assumes an ideal homogeneous, porous, anisotropic rock. In reality, the 
redox front shows marked fingering. 

In order to analyse these redox fingers, a conceptual model was thus developed (Romero et al, 
1991) in which advective flow occurs only within fracture zones and, further, that such fracture 
zones are themselves heterogeneous and contain channels in which the flow is focussed. 
Oxidants in the flowing water may, however, diffuse into the connected porosity of the 
surrounding rock. 

5.3.1.1 Modelling Approach 

The mathematical approach adopted essentially uses a one-dimensional flow and transport 
description based on the streamtube concept. Within the streamtube, different transport 
mechanisms for the dissolved reactive species, oxygen, are included: purely advective transport, 
purely diffusive transport, advective plus diffusive transport; all in an homogeneous porous 
medium. 

In a different fracture flow model concept where the medium in the streamtube is fractured 
or contains independent channels, water flows in the discrete fractures or channels and the 
oxygen it carries with it intrudes the rock matrix by molecular diffusion. In the 
fractured/channelled medium, the water flow rate may also vary in time and be different in 
different paths. 

The hydrology is simplified to be that of a streamtube. The whole region can be thought to 
consist of a sufficient number of streamtubes to cover the whole region. Some errors are, of 
course, introduced by this approach. The main error is that no transport of the dissolved species 
can occur over the wall of the streaintube. This means that transverse diffusion is neglected. 
The errors introduced are deemed to be small in this application. 

In the streamtube approach, one needs to know the inflow rate of water and to determine the 
geometry of the streamtube in order to know how much pyrite is available for the oxygen to 
react with. 

The simplest form of a streamtube is the circular straight tube with constant diameter. It was 
shown that the form of the cross-section does not matter at all, and that the variation of the 
cross-sectional area can be handled by a simple mathematical transformation. The basic idea 
behind this transformation is that the oxygen which has intruded will have oxidised the pyrite 
in a given volume of rock. One thus needs to determine the length of the streamtube which 
contains this volume in order to know the location of the redox front. 

In the streamtube, a large number of reactions take place. Oxygen reacts with the pyrite, the 
sulphuric acid formed reacts with the K-feldspars and other minerals, the carbon dioxide 
intruding with the air also reacts with the K-feldspar and other minerals and the uranium is 
dissolved and reprecipitated, to mention just a few. In me simulations performed by Cross et 
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al. (1990), it was demonstrated that, with the concentrations at hand and the minerals present, 
the redox front movement can be treated independently of the other reactions because it 
dominates over them due to the large mass of oxygen (relative to other constituents) which 
intrudes. This supports the assumptions made by Zhu (1988) who only accounted for the 
oxygen to model the rate of movement of the redox front. 

The most advanced modelling of this type assessed the development of the redox front by 
oxygen inflow with water, with flow along a fracture or channel and diffusion into the rock 
matrix. 

The rock is modelled as a fractured porous medium containing sparse channels in the fracture 
planes. At eariy times, the advance lines of the redox front perpendicular to the channel into 
the matrix may be represented by a linear model. The oxidised zone is nearly rectangular 
initially but, with time, this zone becomes oval and finally circular. This is shown in Figure 
5.1, for a cross-section of the channel. For early times, or when the penetration depth of the 
front is small compared with the extent of the slit, a linear one-dimensional model is used. 

When the penetration of the front is large compared with the width of the slit, a cylindrically 
symmetrical model is used. For both these cases, analytical models have been developed. The 
intermediate case when neither a linear nor a cylindrical propagation is appropriate is not 
modelled here. In the cylindrical case, it is assumed that propagation of the front is cylindrical 
from the start. 

Figure 5.2 shows the development of the reducing finger along a fracture or channel seen from 
the side and Figure 5.3 shows a fracture that is expanded to obtain a cylindrical annulus. 
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)SC flowing 
;;\ \ water 

M j S advance lines 
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Figure 5.1 Redox front develops outward from channel by diffusion. With time, the redox 
front expands outward, changing from linear to cylindrical symmetry. View 
perpendicular to flow direction. 
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Figure 5.2 Development of redox front along a fracture or channel seen from the side. 
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Figure 5.3 Obtaining an annulus from the expansion of a fracture. Slit and cylinder has 
the same wetted surface per length unit, 2W. 
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The rock is assumed to contain a large number of channels. The channels may have different 
flowrates and widths. Figure 5.4 shows a cross-section of rock with independent channels. 
Every channel has, on the average, a cross-section of rock which may be oxidised by oxygen 
diffusing from that channel. The channels are independent for some distance but otherwise are 
part of a channel network. 

The mathematical model is first developed for a slit where the slit is so wide that the diffusion 
is everywhere perpendicular to the surface. 

The governing equations are described in detail in Romero et al, 1991, and are not presented 
here. 

For linear geometry, the diffusion mechanism may be modelled as diffusion from both sides 
into a slab of thickness S as shown in Figure 5.5. 

The effects of erosion may be added in any of the modelling approaches used. For the cases 
where the front propagation rate decreases with time, as in the diffusive case, and in the 
fracture flow or channelling cases during the period when the fronts at the surface of the 
ground have not met, there will be a competition between the erosion rate and the front 
velocity. For very long times, when stationary conditions have been reached, the front velocity 
will just balance the erosion rate. The depth of ihe front will become constant. 

It is very probable that the flowrates have varied over time in the individual channels. There 
are several reasons for this. One is that fracturing and the conductivity of fractures have 
changed over time, another is that the channels form a network which is eroded from above 
and thus changes the upstream flowpaths. A further reason is that the topography changes over 
time. This leads to a changing overall flow pattern. 

Calculations accounting for a stochastically changing flowrate with time were performed. The 
basic equations for flow and transport in fractures and channels mentioned above were solved 
numerically for this case. The effects of erosion are also included in the numerical code. The 
runs are typically performed by letting the front develop in a channel over a certain time for 
a given flowrate. After the set time, a new flowrate is chosen from the probability distribution 
function discussed below. The front in the channel continues to develop with the new flowrate 
for a new time increment after which a new flowrate is chosen, and so on. 

Another approach to account for stochastically varying flowrates was also used. In this 
approach, the basic idea is that a channel has the same flowrate and other properties over a 
certain distance. After this distance, the channel connects with other channels or divides itself 
into two or more channels and the flowrate may, therefore, change in a stochastic manner. In 
the computations, a new flowrate is thus selected from the probability distribution when the 
front has traversed a certain distance. 

Again, the detailed mathematical treatment is not presented here but is described in Romero 
etal, 19yl. 
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Figure 5.4 Cross-section of rock with many independent channels each having a different 
flowrate. 
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Figure 5.5 Representation of the model in luiear geometry. 
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5.3.1.2 Results of Simulations of Redox Front Development 

There is no direct information on the flow rates in the fractures and fracture zones in the 
deeper lying rock at P090S de Caldas and flux calculations made by Holmes et al, 1990 were 
based on the assumption of flow in a non-fractured medium. To have some first basis for the 
calculations, it was assumed that 0.1 m3/m2a oxygen equilibrated rainwater infiltrates into the 
ground to the depth of the redox front. This oxygenated water will divide itself up between 
the different channels in the rock and also, to some unknown extent, flow in die porous matrix 
of the rock itself. Above the redox front, a larger fraction of the flow can be expected to be 
in the matrix. An unknown fraction will flow in the rock matrix and in many small fractures. 
If the small fractures are near enough to each other then their redox fronts will meet and a 
continuous jagged front will form. 

Even if the total infiltrating flowrate to the redox front is known, the fraction entering the 
larger channels is not known. The approach taken is to calculate the development of the front 
in channels with different flowrates of water or, more precisely, the flowrate of oxygen into 
the fracture, and compare with the observed extent of the redox fingers. 

There is no information on widths, frequencies and flowrate distribution in channels in the rock 
of the uranium mine in PDC. There are, however, observations in several tunnels in crystalline 
rocks in Sweden which show that channel widths range from a few centimeters to tens of 
centimeters and up to one meter. The frequency of channels range from 1 per 20 m2 in Stripa 
(Abelin et al, 1985) to about 1 per 100 m2 in SFR (Bolvede et al, 1987) and Kymmen 
(Palmqvist et al, 1987) in the good rock. In fracture zones in Kymmen, the frequency was 
nearly one order of magnitude larger. The flowrates vary considerably between channels. In 
the field observations of channelling, the distribution is truncated. In the SFR distribution, for 
example, the channel flowrates span only a flowrate range of a factor of 32. The data suggest 
that, had channels with smaller flowrates been mapped, the number of channels with smaller 
flowrates would have been large. The total flowrate in them could still be small in comparison 
with the flowrate in the high flowrate channels. In the computations, the assumed total 
infiltrating flowrate, 0.1 m3/m -a, is divided up among six channel categories derived from the 
SFR flow distributions in proportion to their frequency, and each channel is treated as if it is 
independent of all others. To calculate the movement of a redox front by channelling, it is 
necessary that the geometrical characteristics of the channels, the flow distribution and channel 
density are known. Having no site specific data, the calculations were made using the relative 
SFR flowrate distribution applied to the conditions at the Osamu Utsumi mine. 

The relative flowrate distribution among the channels is thus given. The absolute flowrate is 
one of the entities that will be sought. To begin with, the absolute flux is assumed to be 
known and equal to 0.1 m3/m2a. The consequences of this assumption, as to the rate of 
movement of the redox fingers, were then explored and, where necessary, the overall flowrate 
adjusted. 

The redox front develops out from a fracture or a channel like a growing wedge or cone 
respectively. This is illustrated in Figure 5.6 below. 

As the fronts grow further sideways, they will eventually meet the fronts from neighbouring 
channels. At the mouth of the channel, all fronts grow equally fast sideways, irrespectively 
of the flowrate into the channel. This implies that, if there is a large number of small channels, 
the surface will all be oxidised quickly. It may be noted that, in the present calculations, the 
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vertical diffusion of oxygen from the air is neglected. Zhu (1988) showed that this mechanism 
will allow for a much smaller rate of front growth than that due to the infiltrating water. 
As a lower limit of the frequency of channels, the SFR data were used. 

Simulations of the development of the front were made using all the models described above. 
The basic data for the simulation are given in Table 5.1 below. The detailed discussion is 
presented in Romero et al, (1991). 

Table 5.1 Data used in the calculations 
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Figure 5.6 Development of redox front from a long fracture and from a narrow slit. 
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When only diffusion is active, after one million years, the front would have reached 1.3 m. 
Considering that the rate of erosion is in the order of tens of metres per million years, this 
implies that the redox front cannot have developed to the depths observed by diffusive 
processes only. Solving for the penetration depth at which the erosion rate (30 m per million 
years) is equal to the rate of front propagation, we find that the front driven by diffusion only 
stabilises at 0.03 m depth. 

For a streamtube with constant cross-section, the front propagation velocity for purely advective 
transport is 2.4-10"5 m/a, using the data in Table 5.1. In one million years, the front would 
move 24 m. This is more comparable with the estimated erosion rate and it is conceivable that 
the front would just balance the erosion. It should be noted, however, that with this concept, 
the front moves with a velocity independent of depth. If erosion is a little faster, the front 
disappears and, if the erosion is slower for a long time, the front could reach very large 
depths. 

However, u„ is not well known and could be up to ten times larger or ten times smaller and 
may vary in time. It is thus not conclusive that the obtained rate of front movement seems to 
coincide well with the rate of erosion. Further, it should be noted that this model assumes a 
constant flowrate independent of depth which is known to be an over-simplification. 

The flux may vary with depth in a streamtube with varying diameter and the porous medium 
model was assessed, accounting for this decrease, using the streamtube model. For the steady 
state case when erosion balances the rate of front movement then, for the central value in the 
calculations (Table 5.1), the front would stabilise at less than 1 m below the eroding ground 
level. At least ten times higher fluxes are needed to reach the depths observed. 

The observations that the front develops deeper around fractures and fracture zones led to 
development of the channel flow plus matrix diffusion models. 

In a later development, a variable inlet flowrate was also introduced. The physical basis for 
this is that, after some erosion has taken place, the upper part of channel network has eroded 
away and new inlets to the network are exposed. Cylindrical channels were used in this model. 

The handling of this change in the model is made by randomising the inlet flowrate among 
the six categories of channels according to its density distribution. Calculations were made for 
times up to 80 million years using 100 different channels. 

Two types of calculations were made. In the first, it was assumed that the condition of change 
of inlet flowrate takes place every one hundred thousand years and, in the other case, the 
change of inlet flowrate occurs every one hundred meters of advance of the peak of the redox 
front. 

In the numerical method applied, it was assumed that the capacity of the fracture to hold 
oxygen is very small and, therefore, a quasi steady state is applied to solve the advection 
equation for a fracture/annulus with cylindrical geometry. 

The results for the first case gave channel lengths in the order of 10 000 m. Obviously, the 
lengths of the channels are far too large. This is because the channel with high flowrate 
strongly influences the advance of the redox front, and erosion then does not play a large role 
as it does with lower flowrates. 
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In the other case, the channel property (flowrate) changed every time 100 m of rock had 
eroded away. The results are shown in Figure 5.7 where it can be seen mat the effect of 
channels with high flowrates is limited by the condition assumed (changes each 100 m of 
advance of the redox front). The advance of the peak of die redox front, when the channel has 
high flowrate, is broken at very short time and the movement of the redox front tends 
sometimes to a stationary state as a result of erosion, when the channel has the lower 
flowrates. 
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Figure 5.7 Histogram, number of channels vs. length of the redox 'fingers' for changing 
of flowrate every 100 meters of advance of the peak of the redox front. 

5.3.1.3 Comparisons with Field Observations 

The evolution of the major chemical changes in the rock compare well with those predicted 
by a transport mass balance model based on the local equilibrium assumption such as 
CHEQMATE (see 5.3.2). The special conditions of the present system also make it possible 
to model the movement of the redox front independently of the many other reactions because 
there is one dominating oxidant, die dissolved oxygen, and one dominating reducing agent, the 
pyrite. The secondary reaction, where the sulphuric acid produced by the pyrite oxidation reacts 
with the feldspars to form clays, is also directly predicted by the model as well as the 
dissolution and reprecipitation of the uranium. Many finer chemical details such as secondary 
pyrite formation and the kaolinite or illite formation, are however, not handled sufficiently well 
by the models, which neglect kinetics (see 5.3.3). 

The overall rate of front movement is predicted to be in the order of a few tens to a hundred 
metres per million years based on estimates on the flowrate of infiltrating rainwater. This is 
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reasonable, at the lower values, with respect to the independent estimates of the erosion rates. 
These two competing mechanisms would make the redox front stabilise a little ahead of the 
eroding surface because the rate of redox front movement will decrease with depth below the 
ground surface for several reasons. One reason is that the overall water flux always decreases 
with depth. Another reason is that, when the water flowing in fracture zones goes deeper, the 
dissolved oxygen will be depleted by molecular diffusion into the adjacent rock matrix. 

The redox front is very uneven and exhibits a large number of redox fingers. This can be 
caused by the variable hydraulic conductivity of the rock matrix but also by the uneven 
fracturing. The conductive parts of the fractures, the channels, form a network of water 
conductors with different flowrates In different members of the network. Molecular diffusion 
of oxygen from the water flowing in the channels will oxidise the rock matrix adjacent to the 
channels and form long slender 'fingers'. Such have been observed, but the more 'stubby' 
fingers cannot have been formed by this process alone. A higher conductivity either of the 
matrix or due to a higher frequency of fractures must have aided the process. 

The frequency of fingers is much smaller than would be expected in a rock with the channel 
frequencies found in Swedish granites and gneisses. One reason may be that the finer channels 
arc not observed by the mapping methods used. Another reason may be that the P050S de 
Caldas rock has different fracture frequency and flow properties than granites and gneisses. 

Very long and narrow redox fingers have been observed at the site. As these have not been 
mapped systematically, it is not possible to make a quantitative comparison. The broad redox 
fingers mapped in the 3-D model cannot have been formed by simple transverse molecular 
diffusion from the flowing water in the channels only. Some matrix flow may have contributed 
to form that shape. A 3-dimensional network of channels with variable flow properties can also 
cause the formation of shorter, wider fingers as adjacent 'vertical' channels are connected by 
'horizontal' channels. 

hi conclusion, the mass-balance and fissure-flow modelling approach has shown that there are 
several mechanisms which are active, contributing to the formation of the complex shape of 
the redox front. Several of the processes have been conceptualised and some have been 
quantified in the form of mathematical models which were used to make quantitative 
calculations. The calculations have aided considerably in determining which mechanisms may 
be more important than others. 

5.3.2 Thermodynamic Models 

Two independent attempts to simulate the redox front were carried out by Cross et al (1990) 
and Read, 1991 (see also Project Report Series No. 12; McKinley et al) using the CHEQMATE 
and CHEMTARD coupled equilibration/transport codes, respectively. These improve 
considerably on the simple mass-balance approach, for example, by considering buffering 
reactions which bring the predicted groundwater pH much closer to that observed. Both models 
simulate the formation of sharp fronts and the formation of uranium minerals on the reducing 
side of the front. 

The CHEQMATE calculations (Cross et al, 1990) were carried out for both advective flow 
(=0.7 m/year) and for a pore-diffusive case. The inflowing water was assumed to have pH 5.1, 
total dissolved carbonate 1.6-10"* M and dissolved oxygen 3.110"6 M. The reactive minerals 
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in the original reduced rock are pyrite, K-feldspar, kaolinite and 'uranium'. A typical 
representation of development of the mineralogy around a hydrolysis/redox front is shown in 
Figure 5.8(a) for the advective flow case. Associated predicted pore water chemistry and 
uranium speciation in profiles through the redox front are shown in Figures 5.8(b) and (c). 

To explain the sensitivity of the calculation to assumed flow conditions, simulations were also 
run assuming that solute transport occurs only by diffusion. Predicted mineralogy and pore 
water chemistry profiles are illustrated for this case in Figure 5.9. In general terms, the 
predictions in bom cases are similar although, naturally, the rate of movement of the front is 
considerably slower for the diffusion only cases. 

The CHEMTARD modelling (Read, 1991) was predominantly aimed at elucidating U transport 
over the redox front. The simulations run were based on a conceptual model including: 

i) percolation of oxygenated waters through the profile; rapid conversion of pyrite to iron 
oxyhydroxides, 

ii) slower dissolution of primary pitchblende ore; release of U(VI) species to solution, 

Hi) fixation of U(VI) hydroxy and hydroxy-carbonate species by iron oxides, 

iv) diffusion and reduction across fracture-controlled redox interfaces; localised redistribution 
of uranium and formation of secondary pitchblende ore. 

Sorption on iron oxyhydroxides, which is not normally included in thermodynamic models, was 
represented by a triple-layer model. It should be emphasised that such an approach does not 
include co-precipitation processes and, in the model, uraninite was considered as the 
precipitating phase rather than pitchblende. 

Typical results of such modelling (IMa simulation) are shown in Figure 5.10, which depicts 
a predicted profile of U concentration/speciation over the redox front. Figure 5.11 shows the 
location of uraninite precipitation at this time and indicates how the amount of precipitation 
(normalised to the pore water content) varies with the assumed diffusivity. 

When examined in detail, however, both models deviate from reality both in their predictions 
of the alterations of water chemistry and, in particular, their inability to simulate the observed 
formation of secondary pyrite. Some of the problems involved are certainly associated with the 
databases used, eg. predicting uraninite formation rather than the observed pitchblende but there 
are indications that the simple equilibrium approach may give a poor representation of this 
system. 
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5.3.3 Kinetic Modelling 

The model applied by Lichtner (1991, and Project Report Series No 12) is based on the quasi-
stationary state approximation and describes mineral reactions by pseudo-kinetic rate expressions 
when, as is commonly the case, accurate rate laws are not available. This model gives good 
simulation of the evolution of sharp fronts with associated uranium mineralisation and, 
interestingly, also predicts the formation of secondary pyrite. In its current form, however, the 
model does not evaluate rates of redox front movement. 

In these simulations, K-feldspar, kaolinite, muscovite (in place of illite), fluorite and pyrite in 
the original rock body are considered. Gibbsite, ferrihydrite and uraninite are considered to 
form as secondary minerals. The results for a typical simulation are shown in Figure 5.12 
which indicates the mineralogy profile. Figure 5.13 shows detail of the redox front with 'travel 
time' converted into distance by assuming a Darcy flow velocity of 1 ma'1. Of particular note 
here is the simulation of the formation of secondary pyrite on the reducing side of the front. 
Under the predicted conditions, however, pitchblende would be unstable with respect to 
uraninite and would not be expected to form (as also indicated by the thermodynamic models). 
The profile of aqueous uranium speciation is shown in Figure 5.14 (Lichtner, Project Report 
Series, 1990). 

This kinetic approach is particularly limited by the lack of appropriate rate data and hence, to 
some extent, involves a fair degree of curve fitting. The model does not reproduce the remnant 
uranium found in the oxidised zone although, in principle, sorption processes could also be 
incorporated in this approach. 
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5.4 Detailed Observations of the Redox Front 

The models discussed above were rather locally constrained by data on reasonable advective 
water flow rates, input water chemistry and the mineralogy of the unaltered rock. The results 
of the model simulations are now compared with some detailed observations of the redox front. 

5.4.1 Natural Series Radionuclide Profiles 

Although the interpretation of individual profiles is complex, there is clear evidence from the 
natural series measurements (see Chapter 4) of general removal of uranium from the oxidised 
side of the front and deposition on the reduced side. Comparison of the 3 fronts in borehole 
(Fl) shows clearly that the rate of movement of the individual fronts is variable and may range 
from 10 m/Ma to <lm/Ma. Such low rates of movement are supported by measurements of 
pitchblende nodules which indicate growth rates of ~ cm/Ma or less on the reduced side and 
similar dissolution rates on the oxidised side of the front. These observations are, in general 
terms, compatible with the simple mass balance calculations in 5.3.1 and the conceptual model 
of advective flow predominantly in fracture zones with 'matrix diffusion' of oxidants over the 
redox front. 

Indications of natural series disequilibria persist within the reduced rock, indicating that a 
connected porosity exists throughout this region, although these signals are most significant in 
a highly conductive zone where advective fluxes would be expected to be largest. 

5.4.2 Mineralogy and Trace Element Profiles 

The mineralogical analysis shows clearly that, although the iron oxidation front may be very 
sharp, remnant pitchblende nodules are found in oxidised zones showing that the model 
assumption of a homogeneous medium is inapplicable on the fine scale. The distribution of U 
and a range of trace elements about the redox front (Chapter 4) shows that bands of 
concentration occur in both the oxidising and reducing sides of the front. Such behaviour would 
not be predicted by any of the models considered in 5.3, predominantly because of their 
inability to consider co-precipitation/solid solution. As indicated in Chapter 4, iron 
oxyhydroxides appear to be a major scavenger for a range of trace elements in the oxidised 
side of the front. This was considered only in the CHEMTARD model and, even here, was 
treated purely as a surface sorption process, whereas co-precipitation was suggested in Chapter 
4 and was confirmed by mineral autoradiography. 

The elements concentrated around the redox front include many of relevance to performance 
assessment. The profiles are most dramatic around the front predicted to be slowest moving 
on the basis of natural series measurement (at 42 m) and the symmetry observed in some cases 
provides additional support for solute transport in this region being dominated by diffusion. 
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5.4.3 Microbiology 

A range of microorganisms are found at depth in the Osamu Utsumi mine including sulphur 
oxidisers and sulphate reducers which may be expected to be involved in redox processes 
occurring at the fronts. Simple scoping calculations indicate that observed populations are 
reasonably consistent with expected constraints set by the supply of nutrients and chemical 
energy from the oxidation of pyrite. The absence of sulphur oxidising bacteria around the redox 
fronts led to postulation of a mechanism on which initial pyrite oxidation is incomplete, 
producing intermediate sulphur species such as polysulphide or colloidal sulphur which then 
disproportionate in the reduced side of the front to form secondary pyrite and sulphate, possibly 
also providing the reductant needed to form the observed pitchblende nodules. This mechanism 
is supported by both the sulphur isotope analysis of the secondary pyrite and the shape of the 
pitchblende nodules but, unfortunately, cannot be analysed quantitatively due to lack of 
appropriate thermodynamic or kinetic data. Needless to say, microbial processes are not 
considered in any of the models described above in S.3. 
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6. Conclusions 

The development of redox fronts in the engineered barrier system of a deep HLW repository 
and, possibly, into the surrounding rock, is an important feature of the long-term behaviour of 
the disposal system. 

In some models, the redox front may be treated as a secondary 'source term' as radionuclides 
held up at the front are re-mobilised as it moves forwards. It is thus important to be able to 
model geochemical processes at such fronts in order to be able to predict rates of release of 
radionuclides into the far-field. Such models have been developed within the Swedish and 
Swiss Programmes and the Osamu Utsumi mine offered the first opportunity to validate them 
on a real example of the phenomenon. 

6.1 Validation Aspects 

As noted in the Preface, natural analogues offer a variety of means of validating modelling 
approaches. In the redox front context, critical issues which could affect the results of a 
performance assessment are: 

a) the rate and mechanism of propagation of a redox front through the rock, 

b) the mechanism of transfer of redox-sensitive radionuclides across the front, 

c) the behaviour of non-redox-sensitive radionuclides at the front, 

d) mineralogical transformations in the rock that may affect radionuclide mobility. 

Prior to the Pocos de Caldas project, the last two issues would not have been regarded as 
significant features of redox fronts. The apparent concentration of a very wide suite of elements 
at the front, as a result of (d) was thus a surprise and has caused a revision of the conceptual 
models of redox front processes. This is an important validation achievement. 

The conclusions of this exercise are that sunple scoping calculations can 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 can provide a better simulation of the fronts 
but these are principaly interpretative rather than predictive models. They perform well in 
simulating major element behaviour, but have limited capability to simulate trace element 
chemistry in either solution or solid phases. 

Interpretative modelling of microbial activity, natural series profiles and trace element 
distributions, give strong indications of the reasons for the limitations of the chemical 
modelling. The role of microbial catalysis seems to be very significant in such systems, 
particularly affecting the redox chemistry of sulphur. Natural series measurements indicate very 
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slow redox front movement at particular sites which could be due to precipitation processes 
limiting accessible porosity, a point not especially considered in any of the models. Finally, 
the trace element distributions strongly suggest immobilisation of many elements as co-
precipitates or solid solutions in secondary iron minerals, again a process not considered by 
current models. 

The test of the ability of a variety of modelling approaches to simulate the movement of the 
fronts was the principal validation objective of the Project, part of which has been reflected 
in work presented in Phase 1 of INTRAVAL. Significantly, the models described in this report 
have been able to: 

a) match the apparent rate of movement of the front with varying degrees of acceptability. 
The current generation of coupled transport/chemistry models can be used to simulate 
a moving redox front although, in general, the models tend to over-predict rates of front 
movement and thus, in most cases, could be considered as 'conservative', 

b) replicate successfully the principal mineralogical reactions, and groundwater 
compositional changes, using independent data sets, 

c) oredict the formation and disposition of new mineral phases, and simulate the transport 
•i i deposition of uranium as observed in the rock. However, the models cannot 
.mutate trace element removal by co-precipitation and, again, this would be generally 

conservative in terms of performance assessment. 

6.2 Prospects for Further Analysis 

The variety of modelling approaches used has produced a set of reasonably compatible results 
but it is clear that further development of some aspects of these models would add significantly 
more to our ability to understand the redox front processes. Two obvious areas of development 
are in enhanced modelling using the reaction-diffusion approach, and in further testing of 
kinetic models of mineral-fluid reaction. 

Finally, the most significant area where data clearly await even preliminary analysis is the 
behaviour of non-redox-sensitive elements, where a model combining dissolution, mobilisation, 
mineral transformations, the kinetics of mineral maturation, sorption and remobilisation might 
be considered. 

All these topics might be pursued either in the second phase of INTRA VAL or in the follow-
up to the Pocos de Caldas Project. 
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