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PREFACE

The Koongarra uranium ore deposit is located in the Alligator Rivers Region of the
Northern Territory of Australia. Many of the processes that have controlled the
development of this natural system are relevant to the performance assessment of
radioactive waste repositories. An Agreement was reached in 1987 by a number of
agencies concerned with radioactive waste disposal, to set up the International Alligator
Rivers Analogue Project (ARAP) to study relevant aspects of the hydrologicai and
geochemical evolution of the site. The Project ran for five years.

The work was undertaken by ARAP through an Agreement sponsored by the OECD
Nuclear Energy Agency (NEA). The Agreement was signed by the following organisations:
the Australian Nuclear Science and Technology Organisation (ANSTO); the Japan Atomic
Energy Research Institute (JAERI); the Power Reactor and Fuel Development
Corporation of Japan (PNC); the Swedish Nuclear Power Inspectorate (SKI); the UK
Department of the Environment (UKDoE); and the US Nuclear Regulatory Commission
(USNRC). ANSTO was the managing participant.

This report is one of a series of 16 describing the work of the Project; these are listed below:
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EXECUTIVE SUMMARY

The purpose of the present study was to establish how the uranyl phosphate zone at
the Koongarra site was formed. The overall approach taken in the present study
employed theoretical chemical mass transfer calculations and models that permit
investigation and reconstruction of the kinds of waters that could produce the uranyl
phosphate zone. These calculations have used the geological and mineralogical
data for the Koongarra weathered zone (Volumes 2, 8, and 9 of this series), to
constrain the initial compositions and reactions undergone by groundwater during the
formation of the uranyl phosphate zone. In carrying out these calculations the
present-day analyses of Koongarra waters are used only as a guide to the possible
initial composition of the fluids associated with the formation of the phosphate zone.
However, this line of research yields results for comparison with the interpretation
and evaluation of the present-day groundwaters from the Koongarra deposit (see
Volume 12 of this series). The calculations reported in the present volume are, of
course, heavily dependent on the thermodynamic datafile used for the calculations
(see also Volume 10 of this series). Aqueous speciation, saturation state and
chemical mass transfer calculations were carried out using the computer programs
EQ3NR and EQ6 (Wolery, 1983; Wolery et al., 1984) and a thermodynamic
database generated at The Johns Hopkins University over the last eight years which
is tabulated in the Appendix 1 to Volume 12 of this series. In assembling all this data,
considerable effort has been made to avoid inconsistencies that could introduce
significant errors into the modeling calculations reported below. In addition, solubility
and chemical mass transfer calculations were carried out by W. S. Atkins (see
Section 3 of this report) and the effects of using different thermodynamic databases
were investigated.

Despite uncertainties in the thermodynamic characterisation of species, all the above
calculations suggest that the uranyl phosphate zone at Koongarra has not formed
from present-day groundwaters (Volume 12 of this series). The present-day
groundwaters in the weathered zone (eg. at 13 m depth) appear to be
undersaturated with respect to saleeite. Furthermore, as present-day groundwaters
descend below the water table they rapidly lose their atmospheric oxygen imprint, as
is typical of most groundwaters, and become even more reducing in character.
Under these circumstances, the groundwaters become more undersaturated with
respect to saleeite than the shallow groundwaters. Because much of the phosphate
zone is currently below the water table, under saturated zone conditions, it is
suggested in the present study that the uranyl phosphate zone must have formed in
the geologic past under unsaturated zone conditions.

Mass transfer calculations have therefore been used to try to delineate the optimum
conditions for saleeite formation. It was found that the shallow weathered zone
assemblage kaolinite + hematite + saleeite could form by the weathering of primary
ore containing the hydrothermal alteration assemblage chlorite + muscovite + quartz
+ pyrite + graphite^ apatite + pitchblende under conditions buffered by atmospheric
CO2 and O2. Pyrite appears to be crucial under such circumstances because it keeps
the pH of the fluid from rising to values consistent with saturation with respect to
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apatite or to silicates not found in the uranyl phosphate zone at Koongarra. The
buffering by atmospheric CO2 and O2 is important to maintain Fe and U in their
oxidised states while sufficient saleeite and hematite formed. In turn, this result is
consistent with the suggestion that the formation of the uranyl phosphate zone took
place in an unsaturated zone. By analogy with studies of supergene copper deposits,
this suggests that the present base of the uranyl phosphate zone may represent
(approximately) a paleo-water table. Consideration of solubilities and preliminary
evaporation calculations (see Section. 3 of this report) suggests that evaporation
under arid conditions may also lead to saleeite formation. However, quantitative
modeling of such processes is currently limited by the availability of thermodynamic
data.

The results summarised above suggest further that the uranyl phosphate zone may
have formed in a more arid climate that would have been associated with a much
lower water table than at present. Such a climate may have prevailed, prior to the
relatively recent monsoonal climate initiated about 12,000 years ago. Although it is
likely that a favourable arid climate in the geologic past would have alternated with a
climate associated with a high water table (see Volume 3 of this series) and
concurrent dissolution of the saleeite zone, the model suggested above would only
require that the arid periods prevail. The present extent of the uranyl phosphate zone
in cross section coincides with the maximum lateral extent of graphite-bearing
hydrothermal alteration assemblages. This may possibly reflect a difference in the
weathering and availability of PO4.

Based on the above results and other studies, the geochemistry and geochemical
processes at Koongarra associated with the uranyl phosphate zone can be
conveniently divided into two categories according to their relevance to present-day
geochemical processes and those that have operated in the geologic past.
Information on the present-day geochemistry of soils, weathered rock, groundwaters,
and the role of sorption processes forms a basis for a present-day analogue for
nuclear waste migration. Information and inferred reconstructions of geochemical
processes thought to have operated in the geologic past form a basis for a paleo-
analogue for nuclear waste migration.

IV
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1 INTRODUCTION

The purpose of the present volume is to present geochemical modelling results that
help to unravel the geochemical processes involved in the formation of the
secondary mineralisation zones in the Koongarra natural analogue. The present
volume is one of several in which various aspects of the formation of the secondary
mineralisation is addressed. These include the Volumes by Murakami et al. (Vol. 9)
focussing on the geochemical implications of mineralogical evolution, Waite et al.
(Vol. 13) focussing on geochemical sorption processes, and Golian and Lever (Vol.
14) focussing on transport processes and the integration of geochemical and
transport processes. The major goal of the present study has been to try to delineate
the optimum chemical conditions for the formation of a major part of the secondary
mineralisation at Koongarra. The results of this study are then compared directly to
the results of the related study in Volume 12, which concentrates on aspects of the
present-day geochemical processes affecting groundwater chemistry.

Secondary mineralisation in the Koongarra deposit refers mainly to the zone of
economically exploitable uranium mineralisation in the weathered zone (Volume 2 of
this series). In this part of the deposit, the uranium occurs in three modes that can be
treated separately for the purposes of this discussion. First is the part of the
secondary mineralisation occurring as uranyl phosphate minerals (principally
saleeite), which is interpreted to have formed in situ from weathering of the up-dip
projection of primary ore. Second is the uranyl phosphate part of the dispersion fan
extending away from the up-dip projection of the primary ore. This part of the
secondary ore is interpreted to have formed from fluids transporting uranium away
from the up-dip projection of the primary ore (see also Volume 9 of this series). Third
is the tail of the dispersion fan, which contains no visible uranyl phosphate
mineralisation and extends to the southeast of the primary ore. This part of the
secondary ore is also interpreted to have formed from fluids transporting uranium
away from the up-dip projection of the primary ore (see also Volume 13 and 14 of
this series). In addition to these occurrences of secondary mineralisation in the
weathered zone, economically mineable secondary uranium occurs below the
weathered zone (as defined by macroscopically visible alteration of chlorite schists;
see also Volume 9 of this series) in the form of complex oxide minerals (eg.
uranophane, sklodowskite and others; Volume 2 of this series).

The present study has focussed primarily on attempting to delineate the optimal
chemical conditions under which uranyl phosphate mineralisation may form in the
first mode described above (ie. in situ). Secondary uranium mineralisation occurring
in the second mode has been the focus of studies reported in Volume 9 of this
series. Secondary uranium mineralisation occurring in the third mode has been the
focus of studies in reported in Volumes 9, 13 and 14 of this series. However, the
chemical mass transfer calculations reported below are carried out as a function of a
measure of overall reaction progress (Helgeson, 1970; 1978), which can be
interpreted in terms of either temporal or spatial distributions (see also Wolery et al.
1983). Consequently, the kinds of reactions deduced for the in situ secondary ore
also have direct application to the second mode of occurrence of the secondary ore
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described above. In addition, because a whole range of possible reaction conditions
has been considered here, the calculations reported below have some implications
for the formation of the secondary mineralisation that occurs below the weathered
zone. Complete characterisation by chemical modelling of the secondary uranium
mineralisation in this zone was not, however, a primary focus of the current work.

The mineralogy and the chemical characteristics of the weathering in the secondary
ore-zone are summarised in Volumes 2, 8, and 9 of this series. This information
forms a vital basis for the kinds of model calculations that are presented below. Any
attempt to unravel the chemistry of the reactions that may have been responsible for
the formation of the uranyl phosphate zone relies heavily on a detailed knowledge of
the nature and relative abundances of the phases in this zone. It is crucial to develop
a sound set of constraints for the model calculations that are consistent with the
known and inferred geological history of the site.

For example, the geological studies of the Koongarra (and other similar deposits; eg.
Wilde and Wall, 1987) have shown that deposition of the early primary pitchblende
was associated with intense hydrothermal alteration of the host-rocks, resulting in
distinctive, relatively simple assemblages. Closest to the primary ore, the host rocks
were graphite-pyrite-apatite schists. These were altered dramatically by the
circulating hydrothermal solutions to Mg-rich chlorite, quartz, muscovite, hematite,
sulfides, and possibly additional apatite or other hydrothermal phosphate minerals
(cf. Stoffregen and Alpers, 1987). The nature and extent of possible hydrothermal
apatite (or other phosphates) remains to be clarified.

In the present study, reconstruction of the reactions that were associated with the
formation of the uranyl phosphate zone at Koongarra employ chemical mass transfer
calculations to help unravel the geochemical processes operating during the genesis
of the uranyl phosphate zone. The systematics of the mass transfer calculations
described below provide a model of the formation of the phosphate zone that reflects
our current state of knowledge of the mineralogy and chemistry of the ore deposit, as
well as the computer codes and thermodynamic datafile used. Mass transfer
calculations have been carried out with the computer programs EQ3NR and EQ6
(Wolery, 1983; Wolery et al., 1984) and a thermodynamic database generated at The
Johns Hopkins University as described below. Additional, mass transfer calculations
have been reported in Section 3 by Bennett and Read (see below) using a different
thermodynamic datafile (see also Volume 10 of this series).

2 CHEMICAL MASS TRANSFER MODELS

2.1 Conceptual Models to be Investigated

2.1.1 Background to mass transfer models

Chemical mass transfer models of the type pioneered by Helgeson et al. (1969) and
Helgeson (1970,1978) have given a unique insight to the way natural waters interact
with soils and rocks over a very wide range of temperatures and pressures. In



particular, these models provided for the first time a quantitative appreciation of the
tightly coupled nature of chemical precipitation and dissolution reactions, and
equilibria and speciation in the aqueous phase.

It is worth emphasising that these are not equilibrium models. In general, these
chemical mass transfer models employ irreversible reaction path calculations to
answer the fundamental question of what happens when an aqueous solution of a
given initial bulk composition encounters a specified set of (reactant) minerals. The
degree to which the aqueous solution is out of equilibrium with the reactant minerals
drives the overall irreversible water-rock interaction. This is specified quantitatively by
the calculated chemical affinities of each mineral with respect to the aqueous phase.
In a typical calculation, small amounts of the reactant minerals are permitted to react
at defined rates with a given mass of the initial aqueous solution. The minerals
dissolve and the solution evolves chemically. The irreversible reaction path followed
by the aqueous solution chemistry is calculated by solving simultaneous equations
derived from mass balance, charge balance and mass action expressions.

At some point in this process, the solution becomes supersaturated with respect to
new product minerals, which may or may not be permitted to precipitate at calculated
rates. As product minerals accumulate, they may be permitted to remain in
equilibrium with the aqueous phase (a closed system model), or they may be
isolated from the aqueous phase (an open-system model). However, the aqueous
phase continues to react irreversibly with the reactant minerals until all are used up
or the solution reaches equilibrium with respect to the reactant minerals (ie. their
affinities reach zero). The overall chemical evolution of the system being studied is
thus driven by the chemical affinities of the reactant minerals. The evolution of each
of these affinities can be represented by a reaction progress variable (Q, whereas
the overall progress of the water-rock interaction can be represented by an overall
reaction progress variable (Q that is a combination of the individual progress
variables. This is the reaction progress variable that appears as a coordinate on
many of the diagrams below, which illustrate the evolution of water chemistry and
product minerals for specific calculations.

Although the kind of chemical mass transfer model described above is computed
independently of any spatial or fluid flow characteristics, numerous studies and
applications of such models have demonstrated that the results can be applied to a
further understanding of spatial zonation patterns of product minerals (Ague and
Brimhall, 1989; Lichtner, 1985, 1988; Murphy, 1986). For example, the closed
system model described above can be visualised as representing a "static system",
with negligible rates of fluid flow relative to the rates of the chemical reactions.
However, the open system model described above can be used to visualise a "flow-
through system", in which the fluid flows past sites of reaction at a rate faster than
the rate at which the water can completely equilibrate with the reactant minerals
(Woleryetal.,1984).



2.1.2 Application to Koongarra secondary mineralisation

The main zone of secondary uranium mineralisation at Koongarra (ie. in the
weathered zone) appears to record events of uranium mobility involving numerous
geochemical processes over a number of different time and length scales. The most
general geochemical processes that are widely recognised in all water-rock systems
and that may be of importance at Koongarra include: precipitation of minerals,
dissolution of minerals, adsorption of aqueous species onto the surfaces of minerals,
aging of early, poorly-crystallised precipitates, and recrystallisation of minerals with
time (Steefel and Van Cappellen, 1990). Based on studies of the present-day water
chemistry (see Volume 12 of this series), the uranyl phosphate mineralisation in the
weathered zone has not formed from present-day waters. Instead, it appears that the
present-day waters are actively dissolving and thereby destroying the uranyl
phosphate zone of uranium accumulation. This evidence is consistent with that
obtained from the results of transport models of the lengths of time required to grow
saleeite crystals found in the uranyl phosphate zone (see Volume 14 of this series). It
therefore seems clear that the uranyl phosphate parts of the secondary uranium ore
were formed at some time in the geologic past, prior to the present-day climate. This
inference is strongly supported by the reaction path calculations described in the
present study. As a consequence, it is suggested in the present study that aspects of
the Koongarra deposit, such as the formation of the uranyl phosphate zone in the
geologic past, can serve as a separate analogue for nuclear waste migration from
that defined by processes occurring at the present-day.

This has led to the following two concepts. First, we can define a paleo-analogue for
nuclear waste migration as a term to describe the group of processes associated
with the formation of the uranyl phosphate zone taking place in the geologic past.
Second, we can define a present-day analogue concerned with the present-day
geochemical processes and water compositions related to uranium migration on a
human timescale. The major difference between these two is that the paleo-
analogue exists on a geologic timescale. In contrast, the present-day analogue exists
on a human timescale. Over a geologic timescale, the minéralogie evolution of the
weathered zone and the water-chemistry can be treated in terms of precipitation and
dissolution processes that have led to the formation of the most stable weathering
minerals: e.g. minerals such as hematite, kaolinite and saleeite. Although these
minerals are probably not the first to precipitate from solution on a human timescale,
they are the minerals that eventually form on a geologic timescale. Consequently,
the long-term (geologic) evolution of the secondary uranium mineralisation can be
depicted in terms of these minerals

The mass transfer models described below account for precipitation and dissolution
processes, but do not account for sorption, aging or recrystallisation processes. As a
consequence, they have their greatest applicability to the evolution of the paleo-
anaiogue over geologic time. They also serve as a background for the sorption
studies by giving an account of how much can be explained by considering only a
limited number of well-defined geochemical processes.



The mass transfer models also depend strongly on the initial assumptions about
treating the kinds of mineral assemblages thought to be present as reactant minerals
at the time the uranyl phosphate zone was forming. It is necessary to aim to use the
geological and mineralogical data for the Koongarra weathered zone to constrain the
initial compositions and reactions undergone by groundwater during the formation of
the uranyi phosphate zone. The mass transfer calculations use the present-day
analyses of Koongarra waters as a guide to the possible initial composition of the
fluid associated with the formation of the phosphate zone. But the waters associated
with the formation of the uranyl phosphate zone may be quite different from those
found in the present-day wells at Koongarra. Consequently, the known mineralogy,
mineral chemistry and textural observations are of use to attempt to constrain both
the kinds of waters that might have been involved in the formation of the uranyl
phosphate zone and the detailed nature of the geochemical processes operating
during the formation of this zone at Koongarra. The initial conditions for the mass
transfer calculations are summarised below. These encompass a range of possible
scenarios that are tested individually in a series of different mass transfer runs.

2.2 Assumptions

2.2.1 Initial reactant water compositions

To initiate a series of mass transfer calculations it is necessary to define an initial
water composition - one which can, of course, be changed as a series of calculations
is carried out. Although, as emphasised above, the groundwaters at Koongarra in the
geologic past may have been quite different chemically to those sampled at the
present-day, the present-day waters can serve as an initial guide to start a series of
calculations. Studies of the Koongarra site prior to the ARAP, suggest two possible
scenarios for the development of the phosphate zone (Snelling, 1990). According to
one scenario, groundwater originating in the Kombolgie sandstone crossed the fault
and weathered the primary ore to produce the dispersion. Alternatively, groundwater
from vertical recharge above the primary orebody was associated with the
weathering of the primary ore. Consequently, in this study two present-day waters
were used as starting solutions for chemical mass transfer calculations simulating the
weathering process over a geologic timescale. One water was assumed to be similar
to the deep groundwater sampled from the Kombolgie sandstone (KD1, Volume 2 of
this series). This water represents samples from across the fault away from the
orebody, as a possible source of water to weather the primary ore (see also Volume
7 of this series). The other water was assumed to be similar to the shallow
groundwater presently near the unsaturated zone over the primary orebody (W4A,
Volume 2 of this series). This water represents one of the most oxidising waters
sampled at the present-day. This is however a relative term, as the water is certainly
not in equilibrium with the atmosphere.



The initial compositions of these two waters are shown in Table 2.2.1 below, where
they are also compared with present-day rainwater from the Alligator Rivers region
(see also Volume 12 of this series, for a detailed discussion of rainwater, and typical
shallow, intermediate depth, and deep groundwaters, and their chemical evolution at
the present-day). As expected, both groundwaters are highly charged with CO2,
acidic, and have very low values of the activity ratio log(aMg

++/(aH
+) ), all of which

indicate that they will react with the chlorite-dominated lithologies in the immediate
vicinity of the primary orebody.

TABLE 2.2.1
COMPARISON OF INITIALGROUNDWATER

COMPOSITIONS (mg/L) USED

ELEMENT
or

SPECIES

Na
K
Ca
Mg
AI
Si
Zn
Pb
Ba
C (total)
CI
S
F
Mn
Fe
Cu
U
P

HCO3"

OTHER

PH
logfO2

logfCO2

logaM|++/aH
+2

logaK /aH
+

logaCa
++/aH

+2

T°(C)

RAINWATER1

0.26
0.074
0.064
0.12

0.49

0.0152

4.4
-0.7
-3.5
3.41

-1.34
2.92

25.0

SHALLOW
GROUNDWATER

(13 m)2

1.70
0.53
2.19
10.7
0.0
9.4
0.029
0.0009
0.024

52.8
6.4
0.27
0.11
0.54
0.0
0.0011
0.44
0.011

54.3

5.75
-39.5
-1.00

8.06
0.86
7.16

25.0

KOMBOLGIE
GROUNDWATER

(80 m)3

0.99
0.18
1.95
2.4

<0.02
6.5

2.6

0.05
0.009
0.097

0.00357

43.0

5.82

25.0
1 Average of all Nourlangie Creek system rainwaters (from Noller et al., 1990).
2 Analytical data for well W4A, Oct.,1989 analysis (see Volume 7 of this series).
3 Analytical data for well KD1, May, 1988 analysis (see Volume 7 of this series).
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The uranium and phosphorous contents of these waters at the present day reflect
their passage in the present-day Koongarra system. For example, the shallow
groundwater has a relatively high uranium and phosphorous content because it was
sampled from within the secondary saleeite-bearing zone. However, the Kombolgie
water has not yet contacted uranium mineralisation. Its low uranium and
phosphorous contents serve as a more accurate guide to the possible background
uranium and phosphorous contents of waters in the geologic past. Although the
present-day waters were used as a guide to initiate chemical mass transfer
calculations (see below), the uranium and phosphorous contents were adjusted to
low values consistent with the Kombolgie water given below, in order to simulate the
process of acquisition of these elements during the weatherinq of primary ore.

In the work reported below the following assumptions proved to be adequate for the
formation of a model uranyl phosphate zone:

(i) The initial water is saturated with respect to hematite, kaolinite, and quartz. Again,
even though this is probably not the case at the present-day, over a geologic
timescale it is probably reasonable. The consequences of assuming instead that the
initial water is saturated with respect to fine-grained and/or amorphous equivalents of
these phases, or mixtures of the two, were also explored, and basically yield higher
concentrations for the aqueous phase (as expected) without significantly affecting
the course of the reaction path calculations.

(ii) Compared to the known compositions of the present-day groundwaters at
Koongarra, a simplified water chemistry was considered. This was partly a function of
the available thermodynamic data for aqueous species and solids, and partly a
function of speeding up the computer calculations. For example, Mn and Pb were not
included owing to an inadequate thermodynamic characterisation for these species
(eg. dewindtite precipitation was not considered, even though it occurs in the uranyi
phosphate zone at Koongarra, Volume 2 of this series).

(iii) The temperature of the water-rock system was taken to be 25.0°C which is six
degrees lower than the temperatures recorded for the May, 1988 and November,
1988 analyses. Substantial uncertainties would attend the extrapolation of the
thermodynamic data available for the aqueous uranium species to higher
temperatures. Consequently, we assume here that the temperature at which the
uranyl phosphate zone formed was not significantly different to those prevailing at
the present-day.

(iv) It is well established that low temperature natural waters generally contain a
record of a whole range of "oxidation states", ie. they are not in redox equilibrium. It
is possible to model this numerically with the kinds of codes used in this study.
However, the relative rates of approach to equilibrium for the numerous redox
couples encountered in such natural waters are not known. Consequently, despite
uncertainties in the application of a uniformly consistent oxidation state for the
system (eg. Drever, 1988; Garrels and Christ, 1965; Wolery, 1983), we have chosen
such a "single oxidation state" approach as a limiting end-member. The oxidation



state of the initial water for the mass transfer calculations has, however, been
variedto reflect a value consistent with dissolved oxygen in equilibrium with the
atmosphere (log fugacity of -0.70), and other measured values of "Eh" of the waters
sampled. This, again, was therefore an assumption that was altered to explore the
possible consequences of variable hypothetical redox states.

(v) A saleeite-bearing secondary orezone cannot form unless there is a source of
uranium and a source of phosphorous. In the present calculations, it was assumed
that the initial water had no significant amounts of these elements. Instead, the water
had to acquire them from the weathering of primary ore. Consequently, the initial
uranium and phosphorous contents of the water were set to very low values
(compare Tables 2.2.1 and 2.4.2).

2.2.2 Initial reactant mineral assemblages

Of particular importance to the conceptual model of the formation of the uranyl
phosphate zone is a consideration of the initial reactant mineral assemblages
present at the time in the geologic past when the paleo-analogue was forming. Many
different mineralogical possibilities can be envisaged. For the purposes of the
present study it seems worthwhile to focus on one particular likely mineral
assemblage and use this as a reference assemblage for the rest of the model
calculations in which the effects of different initial reactant minerals and rates can be
examined. The reference assemblage chosen in this study and other assumptions
relating to the mass transfer models are as follows:

(i) We define a relatively simple reference assemblage which refers to that part of the
secondary ore in mode one discussed above (Section 1). In the immediate vicinity of
the primary orebody the complexities of the ore can be approximated by a reference
assemblage consisting of Mg-rich chlorite (representing chlorite solid solutions),
quartz, muscovite (representing sericite), pyrite, graphite, and F-apatite.

(ii) The uranium-bearing phases associated with the above minerals at the time of
formation of the uranyl phosphate zone could either have been pitchblende-bearing
or alternatively could have consisted of earlier-formed secondary alteration products
represented by the uranium oxide and silicate zone (eg. uranophane and
sklodowskite). These two possibilities were also investigated.

(iii) The formation of the phosphate zone is assumed to take place when
groundwater of some given composition encounters the reference assemblage as
defined above. There are many ways in which this could occur. If the groundwater
was essentially buffered by the atmosphere as one end-member, then the water-rock
interactions would have been taking place in the unsaturated zone, where diffusion
of the atmospheric gases replenished the O2 used up in the oxidation of primary ore
minerals. Alternatively, in an unbuffered system, if the groundwaters were at or
below the water-table, they would probably have lost contact with the atmosphere
and contain essentially no dissolved O2 that could participate in chemical weathering
reactions (Garrels and Christ, 1965).
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Of course the general lack of redox equilibrium to be expected in such low
temperature groundwater systems makes either of the above two end-member
models (buffered and unbuffered) only a gross approximation to real systems. As will
be seen below, in a model system of complete redox equilibrium, the instantaneous
chemical reduction of UO2

++ to U++++ requires that uraninite precipitates, and that
very little uranium can be transported in solution near neutral pH values. A more
realistic treatment would have to include the kinetics of reduction of UO2

++ to U++++ in
the presence of carbonate as a complexing ligand, in order to ascertain how fast
reduction takes place relative to fluid flow. In the present model, buffered runs were
carried out assuming that this was equivalent to weathering in an unsaturated zone
(ie. above the water table). Unbuffered runs were assumed to be equivalent to
weathering in the saturated zone (ie. below the water table).

(iv) Chemical mass transfer calculations were also carried out using both the closed
and open system models discussed above. These calculations serve to provide
some insight into the effects of relatively rapid and slow water movement relative to
the rates of the chemical reactions.

(v) In the course of carrying out chemical mass transfer calculations it is possible, in
principle, to specify the reaction rate laws for the reactant minerals. However, there
are no such data for most of the reactant minerals used in the present study.
Consequently, relative reaction rates were adopted guided by the relative
abundances of the minerals. These relative reaction rates are summarised in
Table 2.4.1.

2.3 Thermodynamic Data Used

The research summarised below relies completely on the particular thermodynamic
data used for the quantitative calculations of equilibria and chemical mass transfer.
Aqueous speciation, saturation state and chemical mass transfer calculations were
carried out using the computer programs EQ3NR and EQ6 (Wolery, 1983; Wolery
etal., 1984) and a thermodynamic database generated at The Johns Hopkins
University which is available on request (a listing is given in an appendix to Volume
12 of this series). During the course of ARAP, this thermodynamic database has
further evolved to be consistent with the following references and sources of
thermodynamic data:

ROCK-FORMING MINERALS (non-uranium bearing):
Berman (1988,1990) - Most silicate minerals, oxides and carbonates.
Helgeson et al. (1978) - Sulfides, some carbonates and oxides.
Nordstrom et al. (1990) - Gibbsite, goethite and other low temperature phases.
Sverjensky et al. (1991) - Feldspars and (OH)-micas
Zhu and Sverjensky (1991,1992) - Apatites and (F, Cl)-micas



AQUEOUS SPECIES:
Shock and Helgeson (1988, 1990)
Shock et al. (1989)
Sverjensky et al. (1991)
Tanger and Helgeson (1988)
Turner et al. (1981)

URANIUM-BEARING SOLIDS AND AQUEOUS SPECIES:
Brown, P. L and Wanner, H. (1987)
Grentheetal. (1992)

In assembling all this data, considerable effort has been made to avoid poor data
and inconsistencies that could introduce significant errors into the modelling
calculations reported below. During the course of the present project, several major
problem areas were discovered.

One of these was the thermodynamic properties of the OH-, F-, and Cl-apatites,
particularly the equilibrium solubility products, which caused unrealistic calculated
levels of supersaturation in reaction path runs. In the final results reported here, a
recent thermodynamic characterisation and re-evaluation of the apatites based on
integration of both low and high temperature data (Zhu and Sverjensky, 1991, 1992)
has resulted in a far more realistic set of modelling results.

A second area of uncertainty that arose during the course of the project concerned
the thermodynamic properties of uranium-bearing aqueous species and minerals
(see also Volumes 10 and 12 of this series). Of particular relevance to the present
study are the uncertainties surrounding thermodynamic characterisation of the uranyl
phosphate minerals of the autunite group and various aqueous uranyl complexes
(including the phosphate complexes: eg. UO2(HPO4)2~). Of the autunite group,
saleeite, Mg(UO2)2(PO4)2UO2.nH2O, is the most abundant uranyl phosphate at
Koongarra. At present, all attempts to generate an accurate thermodynamic
characterisation of saleeite are limited by the paucity of experimental data. A review
of the thermodynamic solubility product of saleeite is given in Volume 10 of this
series.

In the present study, it was felt that the solubility study of Magalhaes et al. (1985)
was inadequate to accurately obtain the thermodynamic solubility product of saleeite,
because these authors only report measurement of saleeite solubility at a single pH.
Because the solubility of saleeite is pH-dependent, through various phosphate and
hydroxide complexes (under the experimental conditions reported by Magalhaes
et al., 1985), and there is so much uncertainty surrounding the stability constants of
the aqueous phosphate and hydroxide complexes (Grenthe et al., 1992), a saleeite
solubility measurement at a single pH is not sufficient to unravel the uncertainties
surrounding both the standard free energy of saleeite and those of the aqueous
uranyl complexes. Consequently, in the present study, the solubility product of
Magalhaes et al. (1985) was used as a provisional estimate for saleeite, together
with a value of the dissociation constant for UO2(HPO4)2~ estimated by Brown and
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Wanner (1987); all are tabulated in an appendix to Volume 10 of this series). The
combination of these equilibrium constants underestimates the solubility of saleeite
measured by Magalhaes et al. (1985) in a carbonate-free system. However, what is
really needed to properly calibrate the solubility product of saleeite is a series of
solubility measurements over a range of pH values and carbonate concentrations.
Consequently, all equilibria involving saleeite and natural waters in the present study
probably represent minimum uranium solubilities. In addition, the data from
Magalhaes et al. (1985) for the Ca-end member uranyl phosphate (autunite itself)
were found to be unreliable (see also Volume 10 of this series, and Section 3 by
Bennett and Read, below). Consequently, autunite was suppressed from all the
mass transfer calculations. Fortunately, autunite does not occur at Koongarra and
the saleeite that has been chemically analysed is almost pure (see Volume 2 of this
series). Nevertheless, all the above uncertainties render the status of all such
calculations of uranium solubility in natural waters to provisional estimates until
comprehensive experimental results are available to thoroughly recalibrate the
thermodynamic properties of saleeite and other uranyl phosphates.

2.4 Chemical Mass Transfer Calculations

During the course of this project numerous reaction path calculations were carried
out in order to vary the kinds of assumptions and initial conditions for the reactant
fluid and minerals as discussed above. Over a five year period, the datafile used has
also evolved and improved significantly. Consequently, many of the calculations
have been repeated to test the sensitivity of the reaction path calculations to the
changes in the datafile. The amount of information that results from any one of
these mass transfer calculations is substantial. In order to discuss these results and
to be able to present the effects of varying numerous aspects of the initial conditions
for the runs it is useful to define a couple of the runs as reference runs with which the
others can all be compared. In this section, we present the detailed results of two
chemical mass transfer calculations that can be used as references for comparison
with all the others. Discussion of the consequences of varying the initial reactant
assemblages and water compositions are discussed below.

The two reference calculations to be presented here were carried out for the same
initial reactant assemblage and the same initial water composition, but under two
different conditions. In the first reference run, the unbuffered calculation, the initial
partial pressures of CO2 and O2 used for the groundwater were typical of shallow
Koongarra groundwaters. As discussed in Volume 12 of this series, the CO2 and O2

of most of the shallowest groundwaters sampled in the present study already
strongly reflect near surface interactions of precipitation and surface runoff with
vegetation and soil. Consequently, these shallow groundwaters reflect chemical
conditions significantly different from rainwater that is "equilibrated" with atmospheric
CO2 and O2. In the second reference run, the buffered calculation, the partial
pressures of CO2 and O2 of the shallow groundwater were fixed throughout the
calculation at the partial pressures of CO2 and O2 in the atmosphere in order to
approximate chemical reactions in the unsaturated zone. The initial reactant
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minerals used, and their relative reaction rates for the reference calculations are
summarised in Table 2.4.1.

TABLE 2.4.1

INITIAL REACTANT MINERALS, COMPOSITIONS, ABUNDANCES AND
RELATIVE REACTION RATES FOR THE REFERENCE CALCULATIONS

ROCK
TYPE

PRIMARY
URANIUM

ORE

INITIAL
MINERALOGY1

Chlorite
Sericite
Quartz

Graphite
Pyrite

Apatite
Pitchblende

COMPOSITION

Mg5AI2Si3O1û(OH)8

KAI3Si3O10(OH)2

SiO2

C
FeS2

Ca5(PO4)3F

u3o8

NUMBER
OF

MOLES

1 .0
1.0
1.0
0.01
0.1
0.01
0.01

RELATIVE
REACTION

RATES

1.0
0.03
1.0
0.01
0.1
0.01
1.0

1 Quartz was included as a phase in the calculations even though it tends to be resistant to
weathering and the present-day Koongarra waters are supersaturated with respect to quartz.

It can be seen from Table 2.4.1 that the reference mineral reactant assemblage is an
approximation of the primary ore (Volume 2 of this series). Chlorite and sericite have
been approximated by clinochlore and muscovite, respectively. Chlorite, sericite and
quartz are assumed to be the most abundant minerals. Large (ie. excess) quantities
of each of these (1.0 moles) were assumed to be present in order to force the fluid to
eventually exhaust its reaction capacity and reach saturation with these phases.
Evidence from studies of the present-day groundwaters (Volume 12 of this series)
suggests that they can evolve by chemical reaction to a state of apparent saturation
with respect to chlorite, and can approach apparent saturation with respect to sericite
and other silicates. The same data also suggest that the relative reaction rates of
chlorite and muscovite are approximately as shown in Table 2.4.1 (see Volume 12).
It was assumed that similar relative reaction rates applied in the geologic past.

The accessory phases in the primary ore that are critical to the formation of the
secondary uranyl phosphates are graphite, pyrite, apatite and pitchblende. Of these,
apatite and pitchblende exhibit the greatest mineralogical and thermodynamic
complexity. Apatite in and near the primary ore varies in composition but is mostly F-
rich (Volume 8 of this series). Pitchblende is a complex phase that has been
approximated in the present study by the well characterised phase U3O8. Relative
reaction rates for the phases graphite, pyrite and pitchblende were simply set
proportional to their relative abundances (Helgeson, 1970).
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The initial aqueous solution compositions used for the reference calculations are
shown in Table 2.4.2. The compositions given in the table are based on that of
typical shallow groundwater (sample W4A2, see Table 2.2.1), but have been
modified in several ways over a series of reaction path runs in order to find optimum
conditions for saleeite precipitation. The initial unbuffered groundwater in the table
refers to a shallow groundwater with a pH value from the present day saturated zone
conditions, but an initial Eh and pCO2 of the atmosphere. The initial buffered
groundwater in the table refers to a shallow groundwater with p02 and pC02 values
equivalent to equilibrium with the atmosphere. Both waters have total uranium and
phosphorous contents set at arbitrary very low values (see above). In order to form
saleeite, these waters must gain sufficient uranium and phosphorous from reacting
with the model schist composition discussed above.

Another important modification that applies to both of the initial groundwaters in
Table 2.4.2 concerns the anion charge balance. In both cases this has been
achieved by adjusting the chloride contents of the fluids in order to reach a solution
that is more chloride rich than present-day groundwaters and contains much less
total dissolved carbon as CO2 or HCO3 . As discussed in Volume 12, the high CO2

and/or HCO3' contents of the present-day groundwaters permit relatively high
solubilities of uranium and phosphorous. Similarly, when initial waters high in CO2

are weathered, so much HCO3" forms during the reaction path calculations that
uranium is heavily complexed by CO3~, the solution becomes undersaturated with
respect to saleeite, and saleeite cannot precipitate readily.

The mineralogical results of the two reference runs are shown in Table 2.4.3. It can
be seen that the unbuffered calculation resulted in the final equilibration of the
groundwater with the reactants chlorite and muscovite, and the formation of the
product minerals cristobalite, kaolinite, chalcocite, and uraninite. In contrast, it can be
seen in Table 2.4.3 that the buffered calculation resulted in the final equilibration of
the groundwater with the reactants chlorite and muscovite, and the formation of the
product minerals cristobalite, kaolinite, hematite, and saleeite.
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TABLE 2.4.2
INITIAL AND FINAL FLUID COMPOSITIONS FOR UNBUFFERED AND BUFFERED

REFERENCE CALCULATIONS
Element or

Species
Na
K
Ca
Mg
AI
Si
Zn
Pb
Ba
C (total)
CI
S
F
Fe
U
P
CO2

HCO3-
CO3-
OTHER
PH
logfO2

logfC02

logaMg++/aH
+2

logaK /aH
+2

logac^/a^2

T(°C)

Initial
Groundwater

1.700
0.530
2.190
10.700
0.000
9.416

0.0294
0.009
0.024
0.165

37.406
0.267
0.110
0.000
0.0053
0.0016
0.483
0.17

0.50E-05

5.75
-0.7
-3.5
8.06
0.86
7.16
25.0

Final Unbuffered
Groundwater

1.699
0.65
2.39
11.59

3.19E-05
2.78

2.93E-02
9.20E-04
2.35E-02

0.29
37.4
0.908
0.129

3.35E-16
6.42

4.02E-04
1.25

0.052
0.00253

7.58
-4.47
-0.80
11.76
2.78
10.86
25.0

Final Buffered
Groundwater

1.699
0.65
2.39
13.73

2.96E-05
2.78

2.93E-02
9.19E-04
2.36E-02

2.72
37.40
0.908
0.129

3.15E-15
6.42

6.03E-04
0.488
10.87
0.021

7.55
-0.7
-3.5

11.76
2.75
10.79
25.0

TABLE 2.4.3
MINERALOGY OF BUFFERED VERSUS UNBUFFERED

REFERENCE CALCULATIONS

UNBUFFERED

BUFFERED

INITIAL REACTANT
MINERAL ASSEMBLAGE

Chlorite, Muscovite,
Quartz,

Pyrite, Graphite,
Apatite
U3O8

Chlorite, Muscovite,
Quartz,

Pyrite, Graphite,
Apatite
U3O8

FINAL EQUILIBRIUM
MINERAL ASSEMBLAGE

Chlorite, Muscovite,
Quartz,

Pyrite, Graphite
Apatite

Kaolinite
Chalcocite

Uraninite
Chlorite, Muscovite,

Quartz,
Kaolinite
Hematite
Saleeite
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The unbuffered calculations did not produce the kind of assemblages presently
found in the weathering zone at Koongarra. Instead, the fluid became overwhelmed
by the reactions with the highly reducing initial assemblage and eventually
equilibrated with that assemblage. Rather than corresponding to groundwater
reactions in the formation of the weathered zone, these unbuffered calculations
instead probably correspond more closely to present groundwaters deep in the
Koongarra section. Without buffering by the atmosphere, the groundwater rapidly
loses its dissolved O2 content by reactions with Fe2+-bearing minerals. This is typical
of groundwaters in the unsaturated zone (Garrels and Christ, 1967). In addition, in
the present set of calculations the groundwaters are reacting with graphite, which
strongly reduces the oxidation state of the solution. Under these conditions, uranium
in the solution is reduced from U(VI) to U(IV) and becomes highly insoluble at near
neutral pH conditions. Consequently the fluid equilibrates with a reduced
uranium-bearing phase such as uraninite. This process may have actually happened
at Koongarra. Multiple generations of pitchblende in the primary ore have been
documented by Snelling (1980a, 1990). Some of these may represent remobilisation
and reprecipitation of what would be essentially supergene uraninite. These issues
are discussed further in Section 3.

Clearly, the buffering of the O2 and CO2 in the first set of calculations shown in Table
2.4.3 is highly advantageous for the formation of the uranyl phosphate zone at
Koongarra. Under these conditions, the oxidation state of the reacting system is
forced to remain defined by the atmospheric partial pressure of oxygen. This keeps
the dissolved uranium that is acquired by reaction with pitchblende in the U(VI)
oxidation state throughout the calculations and the whole weathering sequence.

Under these circumstances the fluid can accumulate uranium by progressive
reaction with the pitchblende until it reaches saturation with respect to saleeite. In
these calculations the fluid will never reach saturation with respect to the reactant
minerals pyrite and pitchblende because of the imposed oxidation state of the
system. Consequently, it is assumed that reactions cease once the fluids have
reached saturation with respect to the most abundant phase in the primary ore, ie.
chlorite. It can be envisaged that once the fluids reach saturation with respect to
chlorite there is little opportunity for the weathering of minor phases such as pyrite
and pitchblende to proceed at a significant rate because they are effectively
surrounded and armoured by chlorite and quartz.

The final states of the reacting reference groundwaters are shown in Table 2.4.2 for
comparison with the initial solution compositions. It can be seen that for both the
unbuffered and buffered calculations the solution composition is changed drastically
by the reaction path calculations.
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The detailed evolution of the groundwaters and the evolution of the product phases
is shown in a series of diagrams in Figures 2.4.1-2.4.4. Overall, the most important
reaction is the weathering reaction in which chlorite is altered to kaolinite as CO2 is
converted to HCO3" according to:

chlorite kaolinite
Mg5AI2Si3O10(OH)8 + 10CO2 + 3H2O = AI2Si205(0H)4 + 5Mg++ + 10HCCV + SiO2

(2.4.1)

This reaction causes the pH of the solution to progressively increase, as does the
parallel reaction of sericite to kaolinite. The pH continues to increase until another
competing reaction causes a decrease (Figure 2.4.1).

The strong coupling of the mineralogical evolution and the evolving aqueous phases
is illustrated by the effect of pyrite alteration to hematite according to the reaction:

pyrite hematite
2FeS + 4H2O + 7.5O2 = Fe2O3 + 8H+ + 4SO4~ (2.4.2)

which oxidises the sulfur in the pyrite to sulfuric acid. The production of sulfuric acid
causes the pH of the fluids, which had been progressively increasing consistent with
the alteration of chlorite to kaolinite, to decrease.
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3 CHEMICAL MASS TRANSFER MODELS
D Bennett and D Read, W S Atkins

3.1 Introduction

This section details the geochemical modelling work performed by W S Atkins in
attempting to further the understanding of the uranyl phosphate zone and the
distribution of uranium throughout the Koongarra system. It builds on the
thermodynamic data review reported in Volume 10 of this series and also forms an
essential precursor to the coupled chemical transport modelling reported in
Volume 14 of this series.

The salient mineralogical information from the Koongarra site is described, largely
based on the more detailed information presented in Volumes 2 and 8 of this series,
followed by a brief description of some initial modelling calculations concerning the
composition of the present day groundwaters. The background thus established, the
subsequent sections describe the conceptualisation of models for the formation of
the uranyl phosphate zone, the assumptions underlying the models, the data used,
the results of sample calculations and finally interpretation of the results.

The mineralisation at the Koongarra uranium deposit occurs in a sequence of
deformed and metamorphosed Lower Proterozoic schists. Primary mineralisation
occurs within a quartz-chlorite schist of the Cahill Formation and takes the form of
uraninite veins and uraninite disseminated within the chloritic alteration halos of the
veins. To the south east of the primary ore zone (Figure 3.1.1) a zone of secondary
uranium mineralisation occurs. This is typified by uranyl phosphate minerals of the
autunite group and is the main subject of this volume. Predominant amongst these
autunite minerals at Koongarra are saleeite (Mg(UO2)2(PO4)2.10H2O),
meta-torbernite (Cu(UO2)2(PO4)2.8H2O) and renardite (Pb(UO2)2(PO4)2.(OH)4.7H2O),
see Volumes 2 and 9 of this series. Further away from the primary ore zone to the
south east, a zone of dispersed uranium occurs within the weathered schists. Here, it
is thought that uranium may be adsorbed onto the surfaces of other mineral such as
clays and iron oxides.

In developing a model for the formation of the uranyl phosphate zone several
questions were initially considered:

a) What were the conditions under which phosphate zone formed? eg Under
hydrologically saturated or unsaturated conditions? Were oxidising conditions
important?

b) Is the zone currently forming? ie Are uranyl phosphate minerals currently
forming by precipitation from the groundwaters observed at the site?

c) Is or was solid solution amongst uranyl phosphate minerals important in fixing
uranium into phosphate phases?
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Some of these questions have been addressed by a series of equilibrium
thermodynamic speciation-solubility calculations for selected water samples from the
Koongarra site. The calculations have been made using the EQ3/6 code (Wolery
etal. 1990) and the CHEMVAL 4 database (Volume 10 of this series). As calcium
and magnesium are two of the major dissolved components in the groundwaters, an
investigation has been made of the possible solid solution between the Ca and Mg
end member uranyl phosphates; autunite (Ca(UO2)2(PO4)2.10H2O) and saleeite. In
the absence of detailed data on activity-composition relationships across the solution
it has been assumed that the solid solution is ideal and such that its thermodynamic
properties can be deduced simply from those of the end members. This assumption
is returned to below. To address the possible uncertainties arising from the
thermodynamic data for the end members themselves (eg. Williams 1990),
comparisons have been made by repeating the calculations using solubility products
for autunite and saleeite from both the Johns Hopkins data base (Volume 10 of this
series) and the CHEMVAL 3 data base (Read 1991).

The compositions of a series of groundwaters collected during the 1989 field season
are given in Table 3.1.1. Speciation calculations for these waters indicate that
uranium occurs mainly as U(VI)-carbonates, predominantly UO2(CO3)2

2", UO2CO3°
and UO2(CO3)4

4" (Table 3.1.2). Table 3.1.3 presents calculated saturation indices for
saleeite, autunite and an ideal solid solution between these end members for each of
the waters. Also given (Table 3.1.3) are the compositions of the solid solution which
would be most stable in contact with the waters at equilibrium.

All but one of the saturation indices (the ratio of the ion activity product for the
mineral dissolution reaction to its solubility product) for saleeite are negative,
indicating that it should dissolve in the groundwaters of Table 3.1.1. The exception
was calculated for water W1 using the Johns Hopkins data. In general the Johns
Hopkins data yield the most positive saturation indices for saleeite (Table 3.1.2).

The saturation indices calculated for autunite differ greatly dependent on the data
used in their calculation. Both the initial calculations made using the CHEMVAL 3
data and those made using the CHEMVAL 4 data imply that the waters are
undersaturated with respect to autunite. The Johns Hopkins data, however, suggest
that the waters are oversaturated with respect to autunite. This is not easily
compatible with field observations that suggest that saleeite is the predominant
uranyl phosphate mineral at the site (eg. Snelling, 1980b). Even if the groundwaters
studied are not related to the formation of the observed saleeite, for example if they
are significantly younger, the precipitation of autunite has not been identified as an
important process at Koongarra.

Further insight may be gained by considering the results calculated for an ideal solid
solution between autunite and saleeite. As for the pure end members, the CHEMVAL
data suggest that all of the groundwaters are undersaturated with respect to such a
solid solution. The data also suggest that for the Ca/Mg ratios of these waters, a
range of solid solution compositions would be the most stable, with the mole fraction
of saleeite ranging from 0.4 up to 0.95 (Table 3.1.3). That such a range of
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compositions is not observed at the site implies that the extent of solid solution
between autunite and saleeite may actually be limited for crystallographic reasons
and/or that any solution which does occur may not be ideal.

The results of the calculations made using the Johns Hopkins data for autunite and
saleeite suggest that all of the waters are oversaturated with respect to the solid
solution. The corresponding solid solution compositions predicted suggest that an
almost pure autunite would precipitate. Although strictly the use of The Johns
Hopkins data for autunite and saleeite with the CHEMVAL data for aqueous species
breaks the rules of internal consistency in thermodynamic data, these calculations
demonstrate the effect of having a large implied difference between the solubilities of
autunite and saleeite. That is, if there is a large difference (the Johns Hopkins data
imply that autunite is approximately 4.5 orders of magnitude less soluble than
saleeite), then it is very difficult to form the more soluble end member (in this case
saleeite) except from waters with extreme Mg/Ca ratios.

In conclusion these initial calculations suggest that:

a) uranium occurs in solution predominantly as U(VI) carbonate complexes

b) the level of uncertainty in certain of the thermodynamic data for the autunite
group minerals (eg. autunite) is relatively high

c) the groundwaters are currently undersaturated with respect to saleeite (see
also Volume 12 of this series), and

d) solid solution between autunite and saleeite is unlikely to be an important
process in fixing uranium in the uranyl phosphate zone. This is consistent with recent
work on the crystallographic structures of the minerals of the autunite group (Williams
pers. comm.) which suggests that rather than being an isostructural series in the
tetragonal system (Williams, 1990), saleeite may in fact have a pseudo-tetragonal or
monoclinic structure and thus be less likely to exhibit extensive solid solution with the
other members of the group.
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TABLE 3.1.1
THE COMPOSITION OF KOONGARRA GROUNDWATERS COLLECTED FROM ~ 25M DEPTH

AT THE SITES SHOWN IN FIGURE 3.1.1.

Na
K
Ca
Mg
Fe
Sr
Si

CO
SO
CI
PO
pH
Eh
U

Sample

-2
3
-2

4

4

(mV)

W1

1.7E-04
5.6 E-05
5.1 E-04
3.6 E-04
4.1 E-07
5.3 E-07
2.1 E-04

1.9E-03
1.8 E-05
2.1 E-04
4.1 E-06

6.9
245

1.0 E-06

M1

4.8 E-05
1.3 E-05
6.3 E-05
9.0 E-04
1.3 E-07
2.9 E-08
1.5 E-04

2.7 E-03
3.5 E-06
1.6 E-04
4.2 E-07

6.8
200

5.4 E-07

PH49

5.2 E-05
1.6 E-05
7.7 E-05
8.4 E-04
1.7 E-05
6.6 E-08
3.0 E-04

2.3 E-03
1.8 E-06
8.6 E-05
1.8 E-06

7.0
80

4.5 E-07

W4

7.8 E-05
2.0 E-04
5.0 E-05
9.9 E-04
3.4 E-06
3.6 E-08
2.9 E-04

2.7 E-03
3.3 E-06
1.2 E-04
8.4 E-07

6.8
133

1.8 E-06

C9

5.7 E-05
2.9 E-05
4.8 E-04
7.3 E-04
5.5 E-05
2.2 E-07
3.9 E-04

2.3 E-03
2.0 E-04
2.3 E-04
1.3 E-06

6.7
95

1.1 E-07

M4

8.7 E-05
4.5 E-05
5.2 E-05
6.1 E-04
5.3 E-05
1.0 E-07
4.8 E-04

1.8 E-03
1.0 E-06
9.3 E-05
3.2 E-06

6.9
130

1.7 E-08

W5

8.3 E-05
1.9 E-05
3.0 E-04
3.9 E-04
2.3 E-07
1.8 E-07
5.8 E-04

1.3 E-03
1.0 E-06
2.7 E-04
5.7 E-06

6.8
185

1.3 E-08

W7

6.1 E05
1.2-05
1.4-05
1.7-04
5.0 -07
1.5-07
4.5 -04

8.5E-04
1.4E-05
5.5E-05
4.5E-06
7.2
220
1.1 E-08

Concentrations are mol/dm3



TABLE 3.1.2
THE PREDICTED SPECIATION OF URANIUM IN THE KOONGARRA GROUNDWATERS OF TABLE 3.1.1.

ABUNDANCES ARE PERCENTAGES.

Species\Sample

UO2(CO3)-
2

UO2CO3

UO2(CO3)4-
4

UO2SiO(OH)3
+

UO2OH+

W1

80.8
10.3
8.3
-

M1

80.9
9.6
9.2
-

PH49

79.8
6.3

13.3
-

W4

80.6
9.5
9.4
-
—

C9

78.2
14.6
5.8
0.6
—

M4

80.6
11.0
7.4
0.6

W5

74.6
18.9
3.7
1.8
1.0

W7

80.8
10.9
6.4
1.0
-



TABLE 3.1.3
SATURATION INDICES (LOG Q/K) AND SOLID SOLUTION COMPOSITIONS (X = MOLE FRACTION)

CALCULATED FOR THE WATERS OF TABLE 3.1.1.

Sample

CHEMVAL

log Q/K
log Q/K
log Q/K

3 DATA

Saleeite
Ca-Autunite
Autunite-SS
X(Saleeite)
X(Autunite)

JOHNS HOPKINS DATA

log Q/K
log Q/K
log Q/K

CHEMVAL

log Q/K
log Q/K
log Q/K

Saleeite
Ca-Autunite
Autunite-SS
X(Saleeite)
X(Autunite)

4 DATA

Saleeite
Ca-Autunite
Autunite-SS
X(Saleeite)
X(Autunite)

W1

-3.21
-2.61
-2.51
0.20
0.80

0.45
5.00
5.00

0.00010
0.99990

-4.46
-4.29
-4.06
0.40
0.60

M1

-5.80
-6.51
-5.72
0.84
0.16

-2.14
1.10
1.10

0.00006
0.99994

-7.05
-8.19
-7.02
0.93
0.07

PH49

-5.14
-5.72
-5.03
0.79
0.21

-1.47
1.88
1.88

0.00040
0.99960

-6.05
-7.07
-6.01
0.91
0.09

W4

-4.13
-4.98
-4.07
0.88
0.12

-0.471

2.63
2.63

0.00080
0.99920

-5.38
-6.66
-5.36
0.95
0.05

C9

-5.87
-5.60
-5.41
0.35
0.65

-2.20
2.01
2.01

0.00006
0.99994

-7.12
-7.28
-6.89
0.59
0.41

M4

-6.63
-7.24
-6.53
0.81
0.19

-2.96
0.49
0.36

0.00050
0.99950

-7.88
-8.92
-7.84
0.92
0.08

W5

-5.85
-5.51
-5.35
0.31
0.69

-2.19
2.09
2.09

0.00005
0.99995

-7.10
-7.19
-6.84
0.55
0.45

W7

-6.29
-6.92
-6.20
0.81
0.19

-2.63
0.69
0.69

0.00050
0.99950

-7.54
-8.60
-7.50
0.92
0.08



3.2 Model Conceptualisation

Following the conclusions drawn above it is suggested that the uranyl phosphate
zone is being leached by the present day groundwaters and that its formation must
have occurred during different conditions in the past. Accepting this, alternate
scenarios can be advanced for the formation of the uranyl phosphate zone:

a) evaporation of groundwaters in unsaturated conditions leading to the direct
precipitation of uranyl phosphates, or

b) weathering (oxidation) of the primary ore zone assemblages leading to
groundwaters from which the precipitation of uranyl phosphates could occur.

The first of these is consistent with the observations of saleeite precipitation in
surface rainwater puddles (Dickson & Meakins, 1984; Snelling, pers. comm.). It
raises questions as to the amount of evaporation necessary to form such precipitates
and whether this process alone could have given rise to formation of the observed
uranyl phosphate zone. The second scenario is more complex and concerns the
likely weathering reactions which may act to bring the primary ore mineralogy closer
to being at equilibrium with the surface environment. Quantifying this scenario
requires a knowledge of the phases which are important in the reactions as well as
certain assumptions as to the prevailing conditions and reaction kinetics.

3.3 Assumptions

In the development of models for the formation of the uranyl phosphate zone
assumptions have been made on two different levels. The first type concern the
system to be modelled and are of primary importance. The second type relate to
choices made during the numerical modelling studies and are of variable
significance. For the models described here the following assumptions have been
made:

a) that saleeite is the predominant uranium phase in the uranyl phosphate zone
(Volume 2 of this series) and that the formation of the zone may be approximated by
the formation of saleeite and other gangue minerals,

b) that present day groundwaters are a guide to the composition of past waters,

c) that the system can be treated in terms of a static geochemical system in
contact with the atmosphere, and

d) that as a first approximation, thermodynamic equilibrium can be assumed.

In investigating the properties of the models themselves the applicability of some of
these assumptions (eg. b) has been evaluated. Some however, (eg. a) remain and
hinge on the basic understanding of the mineralogy of site itself.
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3.4 Thermodynamic Data

In contrast with the speciation-solubility calculations presented in Table 3.1.3, all of
the following calculations have been made using thermodynamic data from the
CHEMVAL 4 data base as listed in Volume 10 of this series and discussed by the
references therein.

3.5 Geochemical Mass Transfer Calculations Evaporation Scenario

For the evaporation scenario trial speciation-solubility calculations have been
undertaken using both PHREEQE (Parkhurst et al. 1980) and EQ3/6 (Wolery et al.
1990) in an attempt to quantify the amount of evaporation necessary to cause the
precipitation of saleeite from a present day groundwater from the uranyl phosphate
zone (Water C9, Table 3.1.1, Figure 3.1.1), and to identify other potential precipitates
which may form during evaporation.

It is well known that difficulties arise in attempting to use conventional geochemical
tools to trace the process of evaporation (eg. Parkhurst et al. 1980; Greenberg &
Moller, 1989). These difficulties relate to the methods used to make ionic strength
corrections and to account for the mass of water. The PHREEQE code used in this
study employs a truncated form of the Davies equation for ionic strength correction,
consistent with the CHEMVAL data base (Read 1991) and applicable up to ionic
strengths of 0.3 molal. The EQ3/6 code uses the b-dot equation (Helgeson, 1969)
which is applicable up to ~1 molal (Wolery, 1983). Below 0.3 molal both equations
give very similar results. Whilst EQ3/6 accounts for the mass of water and uses a
further approximation from Helgeson (1969) to calculate the activity of water, which
is applicable for sodium chloride solutions up to 2 molal (Wolery, 1983), PHREEQE
does not solve mass balance equations for either hydrogen or oxygen, and thus
does not trace the mass of water (Parkhurst et al. 1980). More advanced models for
the treatment of ionic strength correction in saline solutions do exist (e.g. Pitzer,
1973; Harvie et al. 1984; Greenberg & Moller, 1989; Grenthe et al. 1992), however,
their use is limited to relatively simple geochemical systems owing to a lack of the
necessary data. For example, use of Specific Ion Interaction theory (Grenthe et al.
1992) to model the waters of Koongarra is limited as the necessary interaction
parameters are not available.

Sample results from the series of speciation-solubility calculations made for water C9
after different amounts of evaporation are shown in Table 3.5.1.

Comparison of the results obtained using EQ3/6 with those from PHREEQE
illustrates the high degree of uncertainty which arises as the models are used
beyond their ranges of applicability. Positive values of log Q/K indicate
oversaturation, negative values undersaturation.
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TABLE 3.5.1
SAMPLE RESULTS FROM SPECIATION-SOLUBILITY CALCULATIONS MADE

FOR WATER C9 AFTER INCREASING AMOUNTS OF EVAPORATION.

Water

PHREEQE
Ionic strength
log Q/K Quartz
log Q/K Saleeite

EQ3/6
Ionic strength
log Q/K Quartz
log Q/K Saleeite

C9

0.0036
0.541

-7.317

0.0033
0.541

-7.117

C9 90%
Evaporation

0.0306
1.544

-7.720

0.0309
1.542

-7.718

C9 99%
Evaporation

0.25
2.570

-10.762

0.25
2.552

-11.356

C9 99.9%
Evaporation

1.63
3.749

-8.940

1.60
3.615

-15.566

Comparison of the results (Table 3.5.1) from the two codes used is enlightening as to
their relative strengths and deficiencies, however their usefulness in treating the
evaporative process is limited as will be seen from the following discussion.

Although both codes calculate very similar ionic strengths (Table 3.5.1), their
estimates of saturation indices diverge when simulating high degrees of evaporation.
The differences in the saturation indices calculated for quartz are relatively small,
when compared to those for saleeite and relate mainly to the different corrections
made for ionic strength. As would be expected, as evaporation proceeds and the
aqueous solution becomes more concentrated, it becomes progressively more
oversaturated with respect to quartz. The results for saleeite, however, are clearly
much more divergent. This relates to the fact that saleeite is a hydrated mineral,
containing ten molecules of water per formula unit, and highlights the need to
explicitly trace the mass of water involved in such problems. The results from both
codes are clearly erroneous because as the water becomes more concentrated as
evaporation proceeds, they suggest that it becomes more undersaturated with
respect to saleeite. At extreme amounts of evaporation the PHREEQE results do
suggest that the water is becoming less undersaturated with respect to saleeite.
This, however, may simply be the result of the errors involved in making ionic
strength corrections, acting in opposition to those introduced by the lack of
accounting for water.

In conclusion the conventional geochemical models employed here are not adequate
for tracing the evaporation processes involving the production of hydrated
precipitates from brines as has been observed at Koongarra (Dickson & Meakins,
1984). Despite this, however, their observations clearly suggest that evaporation is
an important process in the formation of the uranyl phosphate zone. This conclusion
is also consistent with experimental results obtained by Marx et al. (1991) who
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formed uranyl phosphate precipitates from brines under laboratory conditions
(Table 3.5.2).

TABLE 3.5.2
THE COMPOSITION OF WATERS ABOVE URANYL PHOSPHATE PRECIPITATES

AFTER MARX et al. 1991

Sample
MgSO4

MgCI2
CaCI2
Na2SO4

K2SO4

NaCI
KCI

Precipitate

Q
0.24
3.13

0.41
0.47

Saleeite

II
0.0005
4.61
0.27

0.07
0.017

Saleeite

III
0.016

0.019
0.019
0.016
5.33

Meta-autunite

The retrieval of thermodynamic data from the results of Marx et al. (1991 ) is
hampered by the lack of suitable activity-composition relationships with which to
make ionic strength corrections. However the direct precipitation of saleeite and
meta-autunite from brines is clearly a feasible process.

Weathering Scenario

The basis to the weathering scenario is the re-equilibration of the typical mineralogy
of the mineralised schists with groundwaters at surface conditions. To quantify the
process a series of reaction path calculations have been performed using the EQ3/6
code (Wolery et al. 1990). A range of calculations have been made to assess:

a) the possible influence of amorphous phases taking part in the reactions
(eg Fe(OH)3, UO2) as compared with related crystalline minerals (eg. hematite,
uraninite), and

b) the possible role of solid solution between the uranyl phosphates.

The average mineralogy of the schists used as the starting point for the calculations,
has been derived from Volume 2 of this series and is given in Table 3.5 3.
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TABLE 3.5.3

THE AVERAGE MODAL ANALYSIS OF THE MINERALISED CAHILL SCHISTS
USED IN THE WEATHERING MODEL CALCULATIONS

Mineral

quartz
chlorite

muscovite
pyrite
1UO2

fluor-apatite

% Abundance

40
40
9
8
2
1

1 Calculations made for both crystalline uraninite and amorphous UO2.

The equivalent starting point for the aqueous phase was the analysis of groundwater
W1 (Table 3.1.1) from the ore zone (Figure 3.1.1). During the calculations, surface
conditions of 25°C and atmospheric oxygen and carbon dioxide fugacities have been
imposed on the reacting system. All reactant mineral phases have been assigned
dissolution rates proportional to their modal abundances, consistent with the idea
that the more of a certain mineral present, the greater the amount available to react
and supply material to the aqueous phase. Throughout the simulations mineral
phases have been allowed to precipitate to equilibrium.

Sample results from the weathering calculations are presented in Table 3.5.4 and
Figure 3.5.1. Table 3.5.4 presents data on the initial assemblage and water used for
each simulation together with details of new product minerals and the composition of
the aqueous phase at the point in reaction process at which a uranyl phosphate
phase first forms. Simulations A to D were made with amorphous UO2 as the
reacting uranium phase, for contrast with simulations E and H which considered
crystalline uraninite. Similarly, simulations A and C were made allowing aqueous Fe
concentrations to be constrained by hematite precipitation, for comparison with the
other calculations in which amorphous iron oxide, the more likely iron product, was
allowed to form. Three of the simulations C, D and E were made to trace the
evolution of a uranyl phosphate solid solution with reaction progress; the composition
of the first formed solid solution is given in Table 3.5.4 in terms of its saleeite content.

The water compositions of Table 3.5.4 are those developed at the first point of uranyl
phosphate formation. All are close to neutral pH and have ionic strengths
between 3 x 10"3 and 5 x 10'3 molal, well within the range of the method used for
ionic strength correction.

Initial inspection of the aqueous compositions (Table 3.5.4) indicates that although a
range of total uranium concentrations have been calculated, reflecting the different
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controlling phases in the system, all lie between 1.3 x 10"4 and 3.9 x 1CT4 molal,
levels approximately two to three orders of magnitude higher than those observed in
the present day groundwaters. Comparison of the data from simulations B and H
demonstrates that higher aqueous uranium levels are associated with amorphous
UO2 than with the less soluble uraninite. Comparison of simulations B and D
illustrates the relative buffering effects of different uranium product phases. Lower
aqueous uranium levels occur in the presence of solid solution phases as compared
to pure end members reflecting their lower free energy. The total aqueous Fe
concentrations show the effect of considering either hematite or amorphous iron
oxide. Fe(OH)3 buffers the solutions to Fe concentrations around 8 x 109 molal,
hematite to geologically less likely levels approximately six orders of magnitude
lower. Phosphate levels are held at low concentrations «2 x 10"6 molal throughout
the simulations by the buffering effect of apatite.

In order to develop an understanding of which uranyl phosphate minerals form in this
system it is necessary to follow the changes in the aqueous phase as the weathering
reactions proceed. Throughout the simulations presented in Table 3.5.4 the aqueous
phase has been allowed to become oversaturated with respect to meta-autunite,
thus favouring the precipitation of the more hydrated autunites, eg saleeite.

Figure 3.5.1 illustrates the changes in U, Mg and PO4 concentrations, pH, ionic
strength and the amounts of product mineral phases produced with reaction progress
for simulation B (Table 3.5.4). The dominant effects illustrated are common to all of
the simulations and include:

a) the increasing Mg content of the aqueous solution due to the relatively rapid
dissolution of chlorite,

b) the increasing U concentrations due to the dissolution of uraninite or
amorphous UO2,

c) the falling pH, reflecting the dissolution of pyrite, and

d) the steadily increasing ionic strength.

The vertical dashed line on the left of Figure 3.5.1 marks the point in the reaction
progress for which results are quoted in Table 3.5.4. The shaded area on the right
(Figure 3.5.1) indicates the portion of the calculation for which ionic strengths have
exceeded the limits of the methods used for ionic strength correction, and for which
interpretation of the results must be made with this caveat in mind.

The increasing Mg concentrations favour the formation of saleeite or at least Mg-rich
uranyl phosphate solid solutions. However, the initial solid solutions formed will
reflect the composition of the aqueous phase at the time of their formation and may
be significantly less magnesian (Table 3.5.4). As more Mg is supplied to the system
with further chlorite dissolution, the solid solutions formed become correspondingly
more Mg-rich. For example, assuming that all of the solid solution maintains
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equilibrium with the aqueous phase, the calculated mole fractions of saleeite at the
end of simulations C, D and E are all > 0.995. If this assumption were not
appropriate and the solid solutions crystals formed do not maintain equilibrium with
the waters except at their margins, zoned crystals may be formed with more Mg-rich
rims on relatively Mg-poor cores.

3.6 Implications for Formation of the Phosphate Zone

The results of the speciation-solubility and closed system reaction path calculations
presented are consistent with the view that present day groundwaters flowing
through the hydrologically saturated portion of the uranyl phosphate zone at
Koongarra are actively dissolving saleeite and are, therefore, transporting uranium
away from both the ore body and the uranyl phosphate zone. They also demonstrate
that under suitable conditions both evaporative processes and weathering reactions
may have played a role in the formation of the uranyl phosphate zone.

The interpretation placed on the results is crucial to developing an accurate picture of
the formation of the uranyl phosphate zone at Koongarra and the present-day
transport of uranium through the system. The key to their interpretation is that the
calculations presented only hold for closed systems. Under the present conditions it
is unlikely that groundwaters would reach sufficiently high concentrations to form
uranyl phosphates because of dilution/recharge (ie. open system behaviour). The
possible exception to this is that in the dry season, groundwaters near the surface
may become isolated and react and/or evaporate to reach the high concentrations
necessary for the precipitation of relatively soluble uranium phases. Therefore,
during the formation of the uranyl phosphate zone, it is likely, that as the water table
has moved cyclically up and down through time, there have been periods of uranyl
phosphate formation near the surface separated by periods in which leaching and
uranium transport has occurred. The present spatial distribution of the uranyl
phosphate zone in plan view may therefore be giving information on the average or
typical near-surface water flow directions across the ore zone during the geological
past; ie. towards the south or south east (Figure 3.1.1). Quantifying the amount of
uranium transport during the formation of the uranyl phosphate zone is not a simple
task because of:

a) the episodic nature of the transport

b) the relatively uncertain initial and present-day distribution of uranium, and

c) the uncertain timescale over which the zone has evolved.

For a formal description of the modelling studies made during the project concerning
the transport of uranium, the reader is referred to Volume 14 of this series.
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TABLE 3.5.4

RESULTS OF REACTION PATH CALCULATIONS SIMULATING THE
WEATHERING OF THE TYPICAL ORE ZONE MINERALOGY AT SURFACE

CONDITIONS

SIMULATION

INITIAL
ASSEMBLAGE

INITIAL WATER

NEW PRODUCTS
AT THE POINT OF
URANYL PHOSPHATE
FORMATION

OVERSATURATES

AQUEOUS PHASE
AT THE FIRST POINT
OF URANYL
PHOSPHATE
FORMATION

PH
Eh(V)
1 (molal)

AI
CO3

Ca
CI
F
Fe
K
Mg
Na
P
Si
SO4

U

A

40% QUARTZ
40% CHLORITE
9% MUSCOVITE

8% PYRITE
2% U02(am )

1% F-APATITE

W1

HEMATITE
SALEEITE
KAOLINITE

CI-APATITE
META-AUTUNITE

7.02
0.803

4.23E-03

1.14E-08
6.34E-05
5.07E-04
2.10E-04
4.79E-17
1.01E-14
1.69E-05
6.53E-04
1.70E-04
2.52E-06
1.13E-04
1.05E-03
3.89E-04

B

40% QUARTZ
40% CHLORITE
9% MUSCOVITE

B% PYRITE
2% UO2(am )

1% F-APATITE

W1

Fe(OH)3(am)
SALEEITE

CI-APATITE
META-AUTUNITE

HEMATITE

7.02
0.804

4.23E-03

1.14E-08
6.34E-05
5.07E-04
2.10E-04
4.79E-17
8.02E-08
1.69E-05
6.53E-04
1.70E-04
2.52E-06
1.26E-04
1.05E-03
3.89E-04

C

40% QUARTZ
40% CHLORITE
9% MUSCOVITE

8% PYRITE
2% UO2(am )

1% F-APATITE

W1

HEMATITE
AUT-SAL SS

X(SAL) =0.3995

CI-APATITE
META-AUTUNITE

7.20
0.793

3.18E-03

7.67E-09
8.89E-05
5.07E-04
2.10E-04
5.21 E-18
1.00E-14
5.79E-05
3.46E-04
1.70E-04
2.51 E-06
1.13E-04
7.36E-04
2.70E-04
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TABLE 3.5.4 CONT.

RESULTS OF REACTION PATH CALCULATIONS SIMULATING THE
WEATHERING OF THE TYPICAL ORE ZONE MINERALOGY AT SURFACE

CONDITIONS

SIMULATION

INITIAL
ASSEMBLAGE

INITIAL WATER

NEW PRODUCTS
AT THE POINT OF
URANYL
PHOSPHATE
FORMATION

OVERSATURATES

AQUEOUS PHASE
AT THE FIRST POINT

D

40% QUARTZ
40% CHLORITE
9% MUSCOVITE
8% PYRITE
2% U02(am
1 % F-APATITE

W1

Fe(OH) 3.(am)
AUT-SAL SS

X(SAL ) -0.3995

CI-APATITE
META-AUTUNITE
HEMATITE

OF
URANYL PHOSPHATE
FORMATION

PH
Eh(V)
1 (molal )

AI

co3-
Ca
CI
F
Fe
K
Mg
Na
P
Si
SO4

U

7.20
0.793
3.18E-03

7.67E-09
8.89E-05
5.07E-04
2.10E-04
5.21 E-18
7.95E-08
5.79E-05
3.46E-04
1.70E-04
2.51 E-06
1.13E-04
7.36E-04
2.70E-04

E

40% QUARTZ
40% CHLORITE
9% MUSCOVITE
8% PYRITE
- 2 % URANINITE
1 % F-APATITE

W 1

Fe(OH ) 3.(am)
AUT-SAL SS

X(SAL ) -0

CI-APATITE
HEMATITE
HEMATITE

6.99
0.804
4.25E-03

1.29E-08
6.03E-05
5.07E-04
2.10E-04
6.31 E-17
8.04E-08
1.19E-05
6.91 E-04
1.70E-04
2.51 E-06
1.13E-04
1.05E-03
1.30E-04

H

40% QUARTZ
40%CHLORITE
9% MUSCOVITE
8% PYRITE
2% URANINITE
1 % F-APATITE

W 1

Fe(OH ) 3,(am )
SALEEITE

.573

CI-APATITE
META-AUTUNITE

6.76
0.819
5.21 E-03

7.86E-08
4.04E-05
5.07E-04
2.10E-04
1.03E-15
8.20E-08
7.79E-08
9.76E-04
1.70E-04
2.52E-06
1.13E-04
1.35E-03
1.67E-04
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FIGURE 3.1.1 Sample locations considered in the modelling study.
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FIGURE 3.5.1 Example results from reaction path calculations simulating the
weathering of mineralised schists to form saleeite. Data taken from simulation B.
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4 FORMATION OF THE URANYL PHOSPHATE ZONE

4.1 Discussion of Further Mass Transfer Results

The reference calculations discussed in detail in Section 2 were based on a specific
set of assumptions regarding the initial reactant mineral assemblage and the initial
water compositions. In the present section, we discuss the effects of changing these
assumptions to illustrate those features of the primary ore and the inferred
weathering processes that appear to be crucial to the formation of the uranyl
phosphate zone.

4.1.1 Variation of initial reactant mineralogy

It was suggested in Section 2 that pyrite in the primary ore played a significant role in
the formation of the phosphate zone because it weathers to sulfuric acid and this
helps to constrain the pH near neutral during the hydrolysis of the silicate minerals.
This suggestion is investigated here by changing the initial reactant mineral
assemblage to drop pyrite and use hematite instead. The effects of this can be seen
in Tables 4.1.1 and 4.1.2 which summarise the effects of varying the initial reactant
mineral assemblage under buffered conditions containing initial pyrite or hematite.

The specific effect of dropping pyrite and using hematite can be seen by comparing
the first entry for Table 4.1.1 with the first run for Table 4.1.2. It can be seen that
when pyrite is initially present kaolinite, hematite and saleeite form (reference run),
but when pyrite is absent, kaolinite, hematite, saleeite, apatite and uranophane form.

Other changes from the reference run can also be seen in Table 4.1.1. These
include the effects of changing the initial source of uranium in the weathering
reactions and dropping graphite from the initial reactants. The initial source of
uranium chosen for the reference run was U3O8, used to represent a partially
oxidised uraninite, which is very common in uranium ore-deposits. However, it is also
possible that the formation of the uranyl phosphate zone started with pitchblende
and some extensively oxidised uranium phases such as sklodowskite (Volumes 2
and 9 of this series). Investigation of this possibility did not make any significant
difference to the formation of the saleeite under the conditions investigated here
(Table 4.3.1). This is probably because the main redox and pH evolution of the
aqueous solution are controlled by the silicate phases and the presence of pyrite, not
by the particular source phase for uranium. However, it should be noted that many
other additional complex uranium-bearing oxides occur in the secondary ore below
the weathering zone. The possibilities of these being precursors to the formation of
the phosphate zone cannot currently be investigated because of a complete lack of
useful thermodynamic data.
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TABLE 4.1.1

RESULTS OF BUFFERED REACTION PATH RUNS
CONTAINING PYRITE IN THE INITIAL ASSEMBLAGE

INITIAL REACTANT MINERAL
ASSEMBLAGE

Chlorite, Muscovite, Quartz,
Pyrite, Graphite,

Apatite

u3o8
Chlorite, Muscovite, Quartz,

Pyrite, Graphite,
Apatite

u3o8
Sklodowskite

Chlorite, Muscovite, Quartz,
Pyrite, Graphite,

Apatite
Uraninite

Chlorite, Muscovite, Quartz,
Pyrite

Apatite

u3o8

FINAL EQUILIBRIUM
MINERAL ASSEMBLAGE

Chlorite, Muscovite, Quartz,
Kaolinite
Hematite
Saleeite

Chlorite, Muscovite, Quartz,
Kaolinite
Hematite
Saleeite

Sklodowskite
Chlorite, Muscovite, Quartz,

Apatite
Kaolinite
Hematite
Saleeite

Chlorite, Muscovite, Quartz,
Kaolinite
Hematite
Saleeite

TABLE 4.1.2

RESULTS OF BUFFERED REACTION PATH RUNS
CONTAINING HEMATITE IN THE INITIAL ASSEMBLAGE

INITIAL REACTANT MINERAL
ASSEMBLAGE

Chlorite, Muscovite, Quartz,
Hematite, Apatite

U3O8

Chlorite, Muscovite, Quartz,
Hematite, Apatite

U3O8, Sklodowskite

Chlorite, Muscovite, Quartz,
Hematite

U3O8

Sklodowskite
Chlorite, Muscovite, Quartz,

Hematite, Apatite
Sklodowskite

FINAL EQUILIBRIUM
MINERAL ASSEMBLAGE

Chlorite, Muscovite, Quartz,
Hematite, Apatite

Kaolinite
Uranophane, Saleeite

Chlorite, Muscovite, Quartz,
Hematite, Apatite

Kaolinite
Uranophane, Saleeite

Chlorite, Muscovite, Quartz,
Hematite
Kaolinite

Sklodowskite, Saleeite

Chlorite, Muscovite, Quartz,
Hematite, Apatite

Kaolinite
Uranophane, Saleeite
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4.1.2 Variation of Initial Water Chemistry

The effects of changing the initial water composition were also investigated
extensively in the present study. Numerous different water compositions were
investigated, starting with present-day groundwater compositions. The most dilute,
least-reacted waters at the present-day all have CO2 contents and pH values
consistent with partial pressures of CO2 much higher than atmospheric. For this
reason alone, it is difficult for such waters to evolve by chemical reactions to form
saleeite. As these waters react with silicates (eg. chlorite) their pH progressively
increases, CO2 is converted to HCO3', the activity of CO3~ increases, and the activity
of the aqueous uranyl complexes of carbonate such as UO2(CO3)2~ progressively
increase. Under these circumstances, the solubilities of saleeite, and all other
uranyl-bearing minerals tend to increase, which works against precipitation of
saleeite. In contrast, waters equilibrated with the partial pressure of CO2 in the
atmosphere have such low activities of HCO3' and CO3~ that the dominant
complexes of the UO2

++ cation are hydroxy complexes (see Table 5.1.2). In these
waters, saleeite is more insoluble and this favours the precipitation of saleeite as the
waters evolve chemically by reaction with primary ore.

In addition, reaction path calculations carried out in the present study have shown
that waters such as the above, with high initial CO2, tend to be associated with the
precipitation of magnesite (MgCO3) as their pH increases by reaction with chlorite.
This is inappropriate for the weathering profile at Koongarra because it does not
contain carbonate minerals (Volume 8 of this series). In contrast, initial waters
buffered by the relatively low partial pressure of CO2 in the atmosphere do not evolve
to precipitation of magnesite when reacting with the primary ore assemblage
(Table 4.3.1). Finally, as can be seen from the calculations above, the presence of
an atmospheric reservoir to buffer the partial pressure of O2 is also highly favourable
to the formation of uranyl-bearing minerals such as saleeite. Consequently, for all
these reasons it is suggested in the present study that the most favourable initial
waters for the formation of saleeite are those buffered by both atmospheric CO2 and
O2 partial pressures.

Overall, it can be seen that in some cases the reaction path results discussed above
differ substantially from the results in Table 2.4.2. Of particular importance is that the
dissolution of pyrite results in generation of an acidic sulfate solution. This helps to
maintain the pH of the fluid from rising to levels at which apatite or silicates not found
at Koongarra would be predicted to form. It is therefore highly advantageous for
pyrite to be an initial reactant mineral. As expected, a different initial reactant mineral
assemblage would result in a different final distribution of uranium and other
radionuclides.

4.2 Summary of Implications for the Phosphate Zone

Based on all the chemical mass transfer calculations reported above, it is clear that
there are a number of parameters and conditions which strongly favour the formation
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of a saleeite-rich secondary ore. Despite the uncertainties and inadequacies of the
thermodynamic characterisation of saleeite discussed above (and in Volume 10), the
results of the present study strongly suggest that the formation of saleeite is favoured
by the following conditions. Because of the broad similarities between saleeite and
the other secondary phosphate minerals at Koongarra that were not included in the
mass transfer calculations (eg. torbernite, dewindtite, Volumes 2 and 9), it is quite
likely that the formation of all the secondary phosphate minerals at Koongarra would
be favoured by the following:

(1) the formation of the assemblage kaolinite + hematite + saleeite could proceed
by the weathering of primary ore containing the hydrothermal alteration assemblage
chlorite + muscovite + quartz + pyrite + graphite + apatite + pitchblende under
conditions buffered by atmospheric CO2 and O2

(2) the initial source of uranium, ie. its form in minerals, does not seem to be
important to the overall formation of a saleeite-rich secondary orezone

(3) pyrite appears to be crucial under such circumstances because it keeps the pH
of the fluid from rising to values consistent with saturation with respect to apatite or to
silicates not found in the uranyl phosphate zone at Koongarra

(4) the buffering by atmospheric O2 is important to maintain Fe and particularly U in
their oxidised states while sufficient saleeite and hematite form. If the atmospheric
partial pressure of O2 is not maintained and if the rate of reduction of U(VI) aqueous
complexes to U(IV) aqueous complexes is relatively fast, the uranium contents of the
groundwaters will be extremely low because of the formation of secondary
pitchblende

(5) the buffering by atmospheric CO2 is important because it results in a relatively
low-C02 solution in which the activities of HCO3" and CO3~ are too low to complex
much of the uranium in solution. Under these conditions the dominant complexes of
uranium are hydroxy complexes, and saleeite is significantly less soluble, which
strongly favours the precipitation of saleeite

(6) the buffering by atmospheric CO2 is also important because it leads to relatively
low total dissolved carbon values that do not result in the predicted formation of
magnesite (MgCO3), a phase that does not occur at the Koongarra deposit.

4.3 Formulation of a Paleo-Analogue Model

The above summary of parameters and conditions favourable to the formation of a
secondary uranyl phosphate zone at some time in the geologic past have specific
implications for the kind of environment favouring formation of saleeite and the
location of the saleeite relative to the primary ore.

First, the above results concerning the formation of saleeite from water that were
buffered by atmospheric CO2 and O2 strongly suggest that the formation of the
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uranyl phosphate zone took place in an unsaturated zone in which the pore spaces
were partly filled with gases that were connected with the atmosphere. If we assume
further that this unsaturated zone extended much deeper than at the present day, its
base would be marked by the absence of any saleeite. By analogy with studies of
supergene copper deposits (eg. Ague and Brimhall, 1989), this suggests that the
present base of the uranyl phosphate zone may represent (approximately) a paleo-
water table. Because the base of the uranyl phosphate zone is at about the same
level as the base of megascopically visible weathering, ie. about 30 metres depth, it
is suggested that the present-day secondary phosphate zone represents a paleo-
weathering profile that has subsequently been drowned by recent climatic changes
and rises in the water table.

All of the above suggest further that the uranyl phosphate zone may have formed in
the geologic past when the water table was much lower than at present. This would
be consistent with the idea of a more arid climate prior to the relatively recent
monsoonal climate initiated about 12,000 years ago (Volume 3 of this series). Such
an arid climate would have to have persisted, on average, over a significant length of
time to permit the extensive formation of saleeite.

Secondly, the model calculations presented above suggested a mechanism for the
formation of saleeite ore from primary ore in situ. However, as noted in the
introduction to this volume, the present configuration of the uranyl phosphate zone in
cross-section forms a dispersion fan extending away from the updip projection of the
primary ore. The saleeite-rich portion of this dispersion fan extends as far as the
maximum extent of graphite-bearing schists. The strong association of graphite and
pyrite in the primary ore suggests that the maximum extent of graphite may also
coincide with the maximum extent of hydrothermally deposited pyrite in the
unweathered hydrothermally altered schists. Based on the calculations reported
above, pyrite appears to be an important reactant phase in the formation of saleeite.
Consequently, it is possible that the maximum extent of the saleeite-bearing
dispersion fan may be explained by the spatial distribution of pre-existing pyrite.

It is also possible that in the same zone underlying the saleeite-rich part of the
dispersion fan, the hydrothermally-deposited form of phosphate was different in
some way from the ubiquitous F-apatite. For example, the formation of hydrothermal
aluminium phosphate-hydroxy minerals might be responsible for influencing the fate
of phosphorous during the weathering process. Phosphate minerals such as these
have recently been described as replacements of apatites in acidic hydrothermal
environments and appear to be far more abundant than has previously been
recognised (Stoffregen and Alpers, 1987).

5 EVOLUTION OF THE URANYL PHOSPHATE ZONE

5.1 Comparison of Paleo-Groundwater with Present-Day Groundwaters

The paleo-groundwater deduced above from the reaction path calculations shares
similarities with but is significantly different from any of the present-day groundwaters
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at Koongarra (Table 5.1.1). The major cation abundances and the pH are the same
as present-day shallow groundwater. Consequently, the activity ratios of cations to
the activity of the hydrogen ion (eg. the logaMg

++/aH
+2) are identical. Specific values of

these parameters do not appear to be critical to the formation of saleeite. Saleeite
could form from a whole range of different paleo-groundwaters that had different
initial activity ratios for the major cations. Such a range of different initial activity
ratios would, however, affect the affinities of the reactions with major element-
bearing minerals, such as chlorite.

TABLE 5.1.1

COMPARISON OF INITIAL PALEO-GROUNDWATER
COMPOSITION WITH PRESENT-DAY SHALLOW GROUNDWATER

Element or
Species

Na
K
Ca
Mg
AI
Si
Zn
Pb
Ba
C (total)
CI
S
F
Fe
U
P
CO2

HCO3-
CO3-

Other
PH
logfO2

logfCO2

logaM|++/aH+2

logaK /aH
+

logaCa /aH

T(°C)

Paleo-g rou ndwater

1.700
0.530
2.190
10.700
0.000
9.416

0.1294
0.0009
0.0236
0.165
37.4

0.267
0.11

0.000
0.0053
0.0016
0.483
0.17

0.50E-05

5.75
-0.7
-3.5
8.06
0.86
7.16
25.0

Shallow Present-day
Groundwater

1.70
0.53
2.19
10.7
0.0
9.4

0.029
-0.0009

0.024
52.8
6.4
0.27
0.11
0.0
0.44

0.011

54.3

5.75
-39.5
-1.00
8.06
0.86
7.16
25.0
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The major differences between the paleo-groundwater and the present-day shallow
groundwater can be seen in the anion abundances (Table 5.1.1). As discussed
above, the paleo-groundwater is equilibrated with atmospheric CO2 and O2, which
results in the much lower values of the total dissolved carbon and all carbonate-
bearing species. The charge balance for the paleo-groundwater is then made up by
a higher chloride content. The selection of chloride as the major anion for the paleo-
groundwater was made necessary by the lack of any other likely abundant anion.
Given the low initial pH of the paleo-groundwater, it would not be possible for
hydroxyl to be the major anion. Sulfate is rarely a major anion in dilute waters unless
it is leached from evaporites or derived from the oxidation of sulfide minerals. Sulfate
does of course become a major anion in the course of the reaction of the
paleo-groundwater with pyrite-bearing schist as discussed above.

The chloride content of the paleo-groundwater given in Table 5.1.1 (37.4 mg/L) is
high relative to all the present-day shallow groundwaters. It is about three times the
maximum values reported in the present ARAP (see Volumes 7 and 12 of this
series). It is interesting to note that elevated chloride values in the
paleo-groundwaters might well be consistent with the above suggestions of a more
arid climate in the geologic past at the time saleeite was forming. The actual value of
chloride does not appear to be critical to the formation of saleeite by the chemical
weathering mechanism discussed above. The value of 37.4 mg/L is mainly a direct
consequence of the need to have a charge balance for the uncomplexed Mg++ in the
solution. The initial value of Mg++ is not critical to the formation of saleeite. A lower
initial value of Mg++ would result in a lower CI" value for the paleo-groundwater.

The chloride value in Table 5.1.1 is also a result of the choice of buffering by
atmospheric CO2, and to a lesser extent by the low pH of 5.75 units. For example, at
a pC02 ten times greater than atmospheric, the HCO3" would be ten times larger
(ie 1.7 mg/L), and the CI' would be about 1.0 mg/L smaller. Alternatively, at higher
pH values, the HCO3" concentration in the paleo-groundwater would be higher, and
the chloride content of the solution required for charge balance would be lower. For
example, if ail the CO2 were converted to HCO3", the chloride would be decreased by
about 0.4 mg/L.

The differences in the anion contents of the waters in Table 5.1.1 are reflected
particularly strongly in the speciation of cations present in the groundwaters in trace
concentrations that are also strongly complexed by anions. For example, uranium is
a trace constituent of the waters (compared to magnesium) and the UO2

++ forms
strong complexes with most ligands. The marked difference in uranium speciation
between the above two waters is shown in Table 5.1.2.

The low HCO3" and CO3~ values in the paleo-groundwater result in uranium being
predominantly complexed by OH'. As discussed above, this results in the paleo-
groundwater being closer to saleeite saturation than the present-day groundwaters.
In addition, even when the paleo-groundwater reacts with schist (as detailed above)
and CO2 is converted to HCO3", the low total dissolved inorganic carbon in the
paleo-groundwater does not permit the formation of much HCO3" and CO3~. This in
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turn also helps the solution to keep uranium relatively uncomplexed by CO3 , and to
attain saturation levels permitting saleeite precipitation. Note that the CI" content of
the paleo-groundwater plays no role in the saleeite formation because the chloride
complexes of the UO2

++ cation are too weak at low temperatures.

TABLE 5.1.2

PREDOMINANT SPECIES IN PALEO-GROUNDWATER
AND PRESENT-DAY SHALLOW GROUNDWATER

Element
Na
K
Ca
Mg
AI
Si
Zn
Pb
Ba
C (total)
CI
S
F
Fe
U
P

Paleo-Groundwater
Na+

K+

Ca++

Mg++

AIF++

SiO2

Zn++

Pb++, Pb(HCO3)+

Ba++

CO2

Cl"
SO4~
F
Fe++

UO2(OH)+(80%)
H2PO4"

Shallow Groundwater
Na+

K+

Ca++

Mg++

AI(OH)4"
SiO2

Zn++

Pb(CO3)
Ba++

CO2

cr
so4-
F
Fe++

UO2(CO3), UO2(CO3)2-
H2PO4"

One remaining question of interest concerns how the paleo-groundwater would attain
such a composition. As mentioned above, it is interesting to speculate as to whether
the elevated chloride content of the paleo-groundwater might be associated with a
more arid climate. However, it is also necessary for the water to have a much lower
total dissolved inorganic carbon content than at the present day. Presumably this
could be the result of a less vegetated landscape than at the present day, which
might permit the soil gases to retain lower CO2 values more closely linked to
atmospheric values.

5.2 Implications for the Evolution of the Phosphate Zone

Despite all the discussion above about the specific conditions under which saleeite
might precipitate and the secondary uranyl phosphate zone might have formed, it is
important to remember that the formation of saleeite in situ must proceed from the
chemical weathering of primary ore because that is the ultimate source of the
uranium in that part of the secondary orezone (in the weathered zone). The chemical
weathering calculations involving a paleo-groundwater discussed above all refer to
the weathering of primary ore in situ. However, after all the primary ore has been
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destroyed, and weathering of the schist is complete, both the paleo-groundwater
inferred above and the present-day shallow groundwaters would be capable of
dissolving and destroying the secondary uranyl phosphate zone because both are
strongly undersaturated with respect to saleeite. Such a destruction process could
have implications for the evolution of the entire uranyl phosphate zone, including the
dispersion fan.

Firstly, back at the time when the uranyl phosphates first formed in situ above the
primary orezone, there may have been no significant dispersion fan yet developed.
When the primary ore was essentially completely weathered and converted to an in
situ uranyl phosphate zone, the paleo-groundwater discussed above might have
continued to enter the profile and started to dissolve the uranyl phosphates until it
reached saturation with respect to one or more of them (eg. saleeite). When this
groundwater continued to migrate laterally through the partially weathered barren
schist, further chemical reactions would be expected with the unweathered parts of
the schist. These would be similar to the reactions discussed above and could result
in the precipitation of saleeite to form a dispersion fan.

Secondly, under the present-day climatic conditions, present-day groundwaters
migrating through the secondary uranyl phosphate zone are actively dissolving and
destroying it. The uranium acquired from the uranyl phosphate part of the dispersion
fan may thus be in the process of being transported out further out into the
dispersion fan where no visible phosphate mineralisation is present and where
uranium may be removed from solution by sorption processes. These aspects of the
migration and transportation of uranium at the present day are investigated
extensively in Volumes 13 and 14 of this series.

6 IMPLICATIONS OF THE MODEL CALCULATIONS FOR ANALOGUE STUDIES

Probably the most important implication of the present studies for the migration of
radionuclides and analogue studies in general is the recognition of how to apply
geochemical tools to unravel processes that have taken place in the geologic past.
When this is done, better predictions of the future behaviour of radionuclides can
then be made. Aqueous speciation and chemical mass transfer calculations strongly
suggest that the uranyl phosphate zone at Koongarra has not formed from present-
day groundwaters. The present-day groundwaters in the weathered zone (eg at 13 m
depth) appear to be undersaturated with respect to saleeite. Furthermore, as
present-day groundwaters descend below the water-table they rapidly lose their
atmospheric oxygen imprint, as is typical of most groundwaters, and become even
more reducing in character. Under these circumstances, the groundwaters become
more undersaturated with respect to saleeite than the shallow groundwaters.
Because much of the phosphate zone is currently below the water table, under
saturated zone conditions, it is suggested in the present study that the uranyl
phosphate zone must have formed in the geologic past under unsaturated zone
conditions.
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The results summarised above suggest that the uranyl phosphate zone may have
formed in a more arid climate that would have been associated with a much fower
water table than at present. Such a climate may have prevailed, prior to the
relatively recent monsoonal climate initiated about 12,000 years ago. Although it is
likely that a favourable arid climate in the geologic past would have alternated with a
climate associated with a high water table (Volume 3 of this series) and concurrent
dissolution of the saieeite zone, the model suggested above would only require that
the arid periods prevail. The present extent of the uranyl phosphate zone in cross
section coincides with the maximum lateral extent of graphite-bearing hydrothermal
alteration assemblages. This may possibly reflect a difference in the weathering and
availability of PO4.

Based on the above results and other studies, the geochemistry and geochemical
processes at Koongarra associated with the uranyl phosphate zone can be
conveniently divided into two categories according to their relevance to present-day
geochemical processes and those that have operated in the geologic past.
Information on the present-day geochemistry of soils, weathered rock, groundwaters,
and the role of sorption processes forms a basis for a present-day analogue for
nuclear waste migration. Information and inferred reconstructions of geochemical
processes thought to have operated in the geologic past form a basis for a paleo-
analogue for nuclear waste migration.

Studies of geochemical processes thought to have taken place in the geologic past
provide a unique reference for our understanding of how uranium and other nuclides
migrate in nature. Despite their inherent uncertainties, such studies provide a basis
for assessing the way in which radionuclides will migrate in environments with a
variety of geologic settings and over a range of different geologic timescales.
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