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ABSTRACT. Circulation of deep groundwater is thought to have
formed unconformity-type uranium ore deposits of Middle Proterozoic
age such as those found in the Athabasca Basin of Canada and the
McArthur Basin of Australia. Diagenesis and hydrothermal alteration
accompanying ore formation probably occurred as oxidizing, uranium-
bearing meteoric groundwater migrated through thick sandstone aqui-
fers, precipitating uraninite at a stable redox interface near the uncon-
formity between the sandstones and underlying metamorphic basement.
Reducing conditions result from hydrothermal alteration of graphite,
producing methane that moves upward through basement fault struc-
tures. Strong alteration, including sericitization and chloritization of
the host lithologies, is closely related to the formation of these high-
grade uranium ore deposits. Virtually all the deposits demonstrate
similar paragenetic patterns—besides chlorite and mica, quartz precipi-
tation and dissolution, pyrite precipitation, and several episodes of
hematite formation and dissolution. A series of two-dimensional numeri-
cal calculations is presented in this paper to evaluate the paleohydrol-
ogy and transient behavior of ore formation. The numerical simula-
tions are based on fully coupled solutions to the equations for variable-
density groundwater ﬂ)(’)w, advective and conductive heat transport, and
multicomponent solute transport for reactive porous media in complex
sedimentary basins. A finite element approach is used to solve the
governing transport equations. The nonlinear reactive flow problem is
solved in two dimensions using a predictor-corrector algorithm, for
which local chemical equilibrium is assumed. A major goal of this work
was to develop a general-purpose simulation co«ie or reactive flow
research, such that the diagenetic-hydrothermal concept of uranium
ore formation could be quantitatively tested and evaluated.

Numerical simulations of generic cross sections and a sensitivity
study of the reactive flow problem indicate that thermally-driven free
convection of uranium-bearing saline groundwater (flow rates of about
1 m/yr) will precipitate uraninite in the vicinity of the unconformity
between basin sandstones and basement graphite schists. Source concen-
trations of total aqueous uranium in the 20 to 30 ppm range probably
were transported as uranyl-chloride complexes under moderately oxi-
dizing conditions. Flow rates and uranium concentrations were suffi-
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cient to produce large ore deposits near the unconformity within 0.1 to
1.0 Ma. Basement permeability and redox potential exert a strong
control on the localization of ore deposition. The high permeability of a
graphitic fracture zone within the basement and a chemical contrast

etween that zone and adjacent basement helped focus deep groundwa-
ter flow and mass transport up through the fracture zone and created a
stationary redox front at the unconformity. Changes in bulk rock
composition associated with alteration halos around the ore deposits
result from mass transport through temperature gradients and across
compositional boundaries. The modeling results indicate that in order
to achieve observed patterns of ore mineralization and alteration, the
graphitic fracture zone and zone of upward groundwater flow must
coincide in space. Although other hydrodynamic scenarios were mod-
eled, the free convection flow system appears to best replicate field
observations for both alteration and ore mineralization.

INTRODUCTION

Some of the world’s richest known uranium deposits are found in
northern Saskatchewan, Canada, and in the Northern Territory, Austra-
lia. These deposits are Middle Proterozoic in age and are associated with
unconformities beneath large intracratonic sedimentary basins (table 1).
According to the diagenetic-hydrothermal model proposed for the forma-
tion of these deposits (Hoeve and Sibbald, 1978), oxidizing uranium-
bearing meteoric waters circulate within permeable basin sandstones,
precipitating uraninite at a stable redox interface near the unconformity.
The uranium is thought to have been transported as soluble uranyl-
carbonate complexes (McLennan and Taylor, 1979). Reducing condi-
tions may have resulted from hydrothermal alteration of basement
graphite, producing methane that moved upward through fault struc-
tures associated with the graphite-bearing schist. In addition, faulted
basement structures are considered crucial in localizing uranium miner-
alization. .

Although the diagenetic-hydrothermal concept has been the subject
of qualitative models (Hoeve and Quirt, 1984), no earlier attempt was
made to quantify the processes leading to ore formation. Such a model is
necessary in order to resolve several important questions: (1) What
factors led to the observed localization of uranium mineralization, and at
what rate did mineralization occur? (2) What hydrochemical factors
controlled formation of the alteration halo surrounding uranium miner-
alization?

Quantitative study of the chemical and hydrologic processes in-
volved in geologic phenomenon such as the formation of sediment-
hosted ore bodies has generally followed two paths. Hydrologic transport
models are used to predict the fate of non-reactive solutes and evaluate
the impact of transport phenomena such as advection, dispersion, diffu-
sion, and the influence of initial and boundary conditions and properties
of the medium. If the fluid is not moving but subject to changes in
chemical composition as a result of water-rock interaction, chemical
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TABLE 1

Features of Australian and Canadian unconformity-type
uranium deposits

Deposit Size (tons)!  Grade (%)!  Age (Ma) Alteration Graphite
Content
(wt. %)
ALLIGATOR RIVERS
Jabiluka 227,000 0.30 1614+1322 chlorite, white mica, tourma-
14374403 line, apatite, hematite, quartz!®
Ranger 147,000 0.20-0.30  1600-17502 chlorite, quartz, pyrite!8
17374203
Koongarra 14,300 0.30 1600-16502
Nabarlek 13,200 1.85 1616:+502 white mica, Mg-chlorite,
, hematite!”
ATHABASCA BASIN
Cigar Lake 121,000 12.2 13412265 illite, chlorite, hematite!* 5-1014
Key Lake 75,000 2.35 1350446 kaolinite, chlorite, quartz, 25-4511
1406+45° siderite, calcite!!
Midwest Lake 21,000 1.90 1328+1710  chlorite, sericite, muscovite*
Collins Bay 20,000 0.25 12814808 illite, chlorite, hematite!®
Rabbit Lake 20,000 0.45 chlorite, dolomite, quartz,
tourmaline!?
Dawn Lake 11,000 1.00 clays, hematite!s
McClean Lake 11,000 1.80 ~13207 illite, chlorite, hematite!® 25-45, up
to 8013
KEY
I Wilde (1988). « 10 Baadsgaard, Cumming, and Worden
2 Maas (1989). (1984).
3 Ludwig and others (1987). ! Dahlkampt (1978).
4 Ayres and others (1983). 12 Hoeve and Sibbald (1978).
5 Philippe and Lancelot (1988). '3 Bray, Spooner, and Longstaffe (1988).
6 Trocki and others (1984). 14 Bruneton (1987).
7 Bray and others (1987). 15 Tremblay (1982).
8 Fryer and Taylor (1984). 16 Nutt (1989).
9 Carl and others (1988). 17 Wilde and Wall (1987).

'3 Hegge and Rowntree (1978).

equilibrium models may be used to determine the speciation and assess
the influence of variations in pH, redox potential, temperature, or
pressure. Non-equilibrium thermodynamics have also been incorporated
into these models, allowing “reaction paths” to be simulated (Helgeson,
1968; Helgeson and others, 1970). Only recently have models that
include transport of multicomponent reactive species been developed
and applied to problems such as contaminant migration in the subsur-
face, sedimentary diagenesis, and ore formation (Miller and Benson,
1983; Cederberg, Street, and Leckie, 1985; Ortoleva and others, 1987;
Ague and Brimhall, 1989; Liu and Narasimhan, 1989; Steefel and
Lasaga, 1992, 1994; Lichtner and Biino, 1992).
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A major goal of this study is the development of a hydrologic-
geochemical transport model of unconformity-type uranium mineraliza-
tion. In this paper, the second of two parts, numerical calculations are
presented for coupled groundwater flow, heat transport, and multicom-
ponent reactive solute transport in a hypothetical sedimentary basin. The
objective of this work is to examine the hypothesis that free convection
was responsible for the formation of these deposits and their associated
alteration halos. Hydrogeologic aspects of free convection within thick
sandstone sequences were treated in part 1 (1995, p. 581-636).

GEOLOGIC SETTING OF THE ORE DEPOSITS

1. East Alligator River region, Australia.—The major uranium deposits
of the East Alligator River region (Koongarra, Jabiluka, Ranger, and
Nabarlek) contain approx 400,000 tons of UsOy (Wilde, 1988). These
deposits are found along the eastern edge of the Pine Creek Geosyncline
(Plumb and others, 1981), where the Middle Proterozoic (1600-900 Ma)
platform sediments of the McArthur Basin unconformably overlie Ar-
chean-Early Proterozoic gneisses and metasediments of the Pine Creek
Geosynclinal sequence (Needham, Stuart-Smith, and Page, 1988, fig. 1).

Uranium mineralization at Koongarra, Jabiluka, Ranger, and Nabar-
lek is confined to brecciated carbonaceous and chlorite schists of the
Lower Cahill Formation (Needham and Stuart-Smith, 1976), below the
unconformable contact with the overlying Kombolgie sandstone at the
northwestern edge of the McArthur Basin. Primary mineralization typi-
cally consists of uraninite and massive amorphous pitchblende and is
strongly associated with thloritization (magnesium metasomatism) of the
host rock (Gustafson and Curtis, 1983) and sericitization of carbonate
and carbonaceous (graphite) schist. The major gangue minerals are
chlorite, quartz, and sericite, and sulfides, such as pyrite, chalcopyrite,
and galena, are associated with the ore deposits (Hegge and Rowntree,
1978). Hematite is also commonly associated with the ores but is thought
to post-date ore formation (Ewers, F erguson, and Donnelly, 1983).
Bleaching (hematite removal) occurs at Jabiluka (Gustafson and Curtis,
1983).

An intense hydrothermal alteration halo surrounds ore mineraliza-
tion at Nabarlek, which extends more than 1 km from the ore (Wilde and
Wall, 1987). Ore deposition is associated with a small zone of quartz
dissolution and chlorite precipitation. Surrounding the ore zone is an
inner halo (fig. 2), which is defined by white-mica, chlorite, and hematite
precipitation, and an outer halo, consisting of quartz, chlorite, and
white-mica precipitation and minor pyrite precipitation (Wilde and Wall,
1987).

Perhaps the beststudied of the Australian deposits is the Koongarra
ore body (Foy and Pederson, 1975; Ewers and Ferguson, 1980; Snelling,
1980). Typical of unconformity-type uranium deposits in Australia as
well as Canada, the ore deposit has a characteristic shape (shown in cross
section in fig. 3) which is narrow (50-100 m) but which extends up to 450
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Fig. 1. Location of uranium deposits within the Alligator Rivers region of Australia
(top) and the Athabasca Basin of Canada (bottom).

m along strike. In general, deposits are generally confined to widths of 50
to 300 m but may be up to 3400 m in length (Wilde, 1988). This gives the
deposits a characteristic “cigar” shape. Primary mineralization at Koon-
garra is surrounded by an alteration halo consisting of pervasive chloriti-



644 J. P. Raffensperger & G. Garven—The formation of unconformity-type

Ore Inner Halo Outer Halo
Quartz I
Chlorite ‘R ee——— I
White-mica ] ——
Uraninite L]
Hematite —
Pyrite

Fig. 2. Paragenesis diagram, Nabarlek deposit. Line widths correspond to the relative
amount of material precipitated. Modified from Wilde and Wall (1987).

zation and quartz removal. Uraninite and pitchblende have subsequently
been altered to form uranyl silicates and later weathered to form phos-
phates (Snelling, 1980; Isobe, Murakami, and Ewing, 1992). Recent
transport of uranium by the present-day groundwater flow system is
thought to be responsible for the dispersed plume of uranium extending
some 50 m away from the altered zone.

11. Athabasca Basin, Canada.—Major unconformity-type uranium de-
posits are found at Rabbit Lake, Cigar Lake, Key Lake, and other
locations at the eastern and southeastern edge of the Athabasca Basin
(fig. 1). The general history of the region and the relationship between
various phases of geologic activity and major uranium mineralization
events have been summarized by Bell (1981).

The eastern perimeter of the Athabasca Basin unconformably over-
lies the Aphebian metasediments and migmatites of the Daly Lake Group
within the Wollaston Lake Fold Belt (Money, 1968). The major uranium
deposits of the region are found predominantly within metasedimentary
rocks, often flanking Archean granitic domed cores (Dahlkamp, 1978).
As 1s the case for the Australian deposits, mineralization is strongly
associated with the unconformity at the base of the Athabasca Group
sedimentary rocks but, unlike those deposits, may extend upward into
the overlying sandstones (Tremblay, 1982).

The Late Aphebian-Early Helikian Hudsonian orogeny (about 1850
Ma) folded and metamorphosed the host sediments (Cumming and
Scott, 1976; Hoffman, 1989), which were later uplifted and eroded.
Deposition of Athabasca sediments followed at approx 1450 Ma, with
major primary uranium mineralization occurring some 100 to 150 Ma
later (Bray and others, 1987).

The major Athabascan uranium deposits are strikingly similar to
their Australian counterparts (table 1) and are characterized by their
(Hoeve and Quirt, 1984; Marmont, 1987): (1) association with faulted
basement structures and a paleoweathering surface; (2) stratigraphic
proximity to a major unconformity; (3) shape, high grade, and primary
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Fig. 3. Section across the*Koongarra deposit. No vertical exaggeration. After Snelling

(1980).

mineralogy; (4) association with carbonate and/or carbonaceous rocks;

and (5) Middle Proterozoic age.

The Gaertner and Deilmann (fig. 4) ore bodies at Key Lake were
described by Dahlkamp (1978). These ore bodies are separate but follow
the trend of basement faulting and are nearly 5 km in combined length.,
Mineralization is associated with graphite-bearing basement rocks but
extends up into the overlying Athabasca Group sandstone. Intense
hydrothermal alteration surrounds primary mineralization and has af-
fected both basement and basin rocks. Gangue minerals include kaolin-
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Fig. 4. Section across the Deilmann ore body at Key Lake. After Dahlkamp (1978) and
Hoeve and Sibbald (1978).

ite, chlorite, quartz, sidérite, calcite, and others (Dahlkamp, 1978; Ruhr-
mann, 1987). The alteration halo is distinctly zoned, with strong
chloritization, as well as hematite and pyrite precipitation, near the ore.
1llite and hematite relicts are found in the outer portion of the halo, and
quartz overgrowths occur throughout the altered rocks (Ruhrmann,
1987). :

Host rock alteration at the Midwest Lake deposit occurs along the
strike of the ore-bearing fault zone, extending for at least 5 to 6 km along
the fault zone. Faulting coincides with the trace of graphite-rich metapel-
ites within the basement gneiss (Hoeve, 1984). Mineralization extends for
approx 500 m along the strike of the fault zone, and the ore zone has a
maximum width of 150 m and a maximum thickness of 36 m (Ayres and
others, 1983). Hoeve (1984) distinguished two stages of host rock alter-
ation: (1) clay alteration under oxidizing conditions (hematite stable);
and (2) younger superimposed bleaching under reducing conditions
which resulted in hematite removal. Clay alteration is accompanied by
quartz dissolution producing a friable zone which extends upward, well
into the basin sediments.

The Cigar Lake deposit (fig. 5) provides a good example of the
strong concentric zonation of alteration associated with the unconformity-
type uranium deposits. The ore itself occurs as a flat, elongated body
extending over a length of 2150 m, with a maximum width and thickness
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Fig. 5. Section across the Cigar Lake deposit. No vertical exaggeration. After Percival
and Kodama (1989).

of 100 and 20 m, respectively (Bruneton, 1987). Most of the ore is hosted
by Athabasca Group sandstones, and the surrounding alteration halo
consists of (outward from the ore): a hematite cap; illite, with massive
quartz dissolution; and quartz overgrowths. Pyrite fills small veins within
the basement rocks.

GEOCHEMICAL CONCEPTS OF ORE GENESIS

Early theories concerning the genesis of these deposits considered
the following models: a supergene origin (Derry, 1973; Langford, 1974,
1977, 1978); primary hypogene with supergene or hydrothermal enrich-
ment (Dahlkamp, 1978, 1979); and hydrothermal (Ryan, 1979). Others
have suggested more complex, polygenetic models of ore formation
(Tremblay, 1982; Marmont, 1987). In general, these early models were
later found to be inadéquate as more accurate information on ages of
mineralization and hydrothermal fluid composition became available.

Based on more detailed and recent data on ages of mineralization
and associated alteration, as well as fluid inclusion data, many workers
currently favor the diagenetic-hydrothermal model for the formation of
unconformity-type uranium deposits (Hoeve and Sibbald, 1978). Accord-
ing to this theory, oxidizing, uranium-bearing meteoric waters move
downward through basinal sands, precipitating uraninite at a stable
redox interface in the vicinity of the unconformity (fig. 6). The uranium is
thought to have been derived from the sandstone and interbedded
volcanics and transported as soluble uranyl-carbonate complexes (McLen-
nan and Taylor, 1979). Reducing conditions are conjectured to result
from hydrothermal alteration of graphite, producing methane which
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Fig. 6. Conceptual model of unconformity-type uranium mineralization by basinal
brines. .

moves upward through basement fault structures associated with the
graphite-bearing schist.

Hoeve and Quirt (1984) suggested that free convection in a thick
sandstone sequence could explain the diagenetic features associated with
these deposits. Based on observations of clay mineral diagenesis within
the Athabasca Basin, they described a geochemical model in which the
ore was surrounded by a zone of secondary hematite precipitation and an
outer halo of clay alteration and quartz dissolution. Several stages of
mineralization were'required to explain the observed patterns of alter-
ation. However, ages of mineralization indicate reworking of these depos-
its after primary ore formation (Marmont, 1987).

Essential to this concept is the idea of a stationary redox front (Hoeve
and Quirt, 1987), which is thought to be the result of hydrothermal
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destruction of graphite. Kyser, Wilson, and Ruhrmann (1989) used
carbon isotope data to argue that methane generation by graphite
destruction was not responsible for reduction of uranium. They suggest
that graphite played solely a hydromechanical role, by localizing base-
ment faulting and fracturing, which enhanced local permeability thereby
channeling mineralizing fluids. At the McClean deposit, however, graph-
ite immediately beneath mineralization shows evidence of reaction, with
pronounced depletion zones and recrystallization to a fine-grained soot
(Bray, Spooner, and Longstaffe, 1988).

The question of the source of the mineralizing and reducing fluids
has been another area of study. Hoeve and Quirt (1984, 1987) suggested
that meteoric, basin-derived fluids penetrated the basement and trans-
ported reductant to the site of ore genesis. Kotzer and Kyser (1990a,b)
have studied stable isotope systematics (H, O, C, S) within the basin and
basement and proposed that the mineralizing fluid and reducing fluid
were quite different and distinct, with the latter being derived from a
deep basement source.

MATHEMATICAL MODEL

The methods used to calculate groundwater flow patterns and
temperatures were described in part 1 (1995, p. 597) and are presented
in detail in Raffensperger (1993). In this section we will describe only the
development of the reactive multicomponent solute transport model.

The study of reactive multicomponent chemical transport has been
undertaken by researchers in a variety of fields, such as chemical engineer-
ing, petroleum engineering, soil science, geochemistry, and hydrogeol-
ogy. Due to the complexity of the problem, mathematical models are
generally solved numerically and are usually custom-designed for a
specific use. As a result, the majority of these efforts do not consider the
full range of physical phenomena. Reviews may be found in Boast (1973),
Rubin (19838), Grove and Stollenwerk (1987), Langmuir (1987), Mangold
and Tsang (1991), and Raffensperger (ms).

A general mathematical statement for the transport of multiple
reactive solutes by advection and dispersion due to steady flow in porous
media may be written:

ddc;

V~(¢DVcZ)—¢v'Vci=-¥—¢Rl 1=1,2,...,1 (1
where D is the dispersion tensor (which includes the effects of both
mechanical dispersion and diffusion), ¢ is the porosity, ¢; is the mass
concentration of species i, v is the average linear velocity, and R; is the
rate of addition of species i to the fluid by all reactions. R, is negative if
species i is removed from the fluid by adsorption or precipitation of
solids. Theoretical derivations of eq (1) may be found in Boast (1973),
Chu and Sposito (1980), Marle (1982), Nguyen and others (1982), and
Rubin (1983).
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Solution of the set of partial differential equations (1) requires
knowledge of the flow field and the rate of addition to the fluid phase of
each chemical species. If local equilibrium is assumed (Rubin, 1983),
these rates are constrained by appropriate mass action expressions.
Otherwise, kinetic rate expressiohs must be used. In either case, the
transport relations are nonlinear.

Methods for numerically solving the coupled transport and chemical
relations fall into two main categories. Direct methods incorporate chemi-
cal equilibrium or kinetic rate expressions directly in the transport
equations, thereby solving both sets of equations simultaneously (Steefel
and Lasaga, 1992). The earliest modeling efforts generally used direct
coupling methods, but with simple chemistry and/or simplified flow
fields. Many of these studies have examined ion exchange, following
pioneering work by Rubin and James (1973). The CHEMTRN code
(Miller and Benson, 1983) solves both sets of equations simultaneously
and has undergone several revisions (Noorishad, Carnahan, and Ben-
son, 1985; Carnahan, 1987).

Alternatively, consider that only the partial differential equations
governing transport are field equations. The nonlinear algebraic equa-
tions describing chemistry (mass balance and mass action) are point
equations (that is, they do not involve spatial derivatives). This suggests
that the transport and chemistry relations may be posed independently
and solved sequentially (Rubin, 1983). Sequential solution methods have
become more common in recent years, since speciation codes exist that
are easily coupled with gvailable transport codes. In this approach, the
mass transport and reaction equations are solved separately and sequen-
tially, with iteration between the two solutions required to resolve the
nonlinearities. Examples that make use of the sequential approach are
provided by Walsh and others (1984) and Cederberg, Street, and Leckie
(1985). Commonly these codes will incorporate existing external chemi-
cal speciation codes, such as MINEQL (Kirkner, Theis, and Jennings,
1984), or reaction path codes, such as PHREEQE (Sanford and Konikow,
1989) and EQ3/EQ6 (Ague and Brimhall, 1989). The difficulty in this
approach is that these particular chemical submodels may require exces-
sive amounts of computer time, thereby making them impractical for
geologic-scale simulations.

Chemical components are here defined as linearly independent
chemical entities, such that every non-component species can be uniquely
represented as a combination of these components, yet no one compo-
nent as a combination of other components. In addition, these compo-
nents are defined to correspond to species in the aqueous phase, referred
to as “component species” (Reed, 1982). The use of these components,
rather than neutral species, elements, or oxides, reduces the computer
storage requirements significantly (Helgeson and others, 1970). Further-
more, the total mass of a component defined in this manner will be
reaction-invariant (Rubin, 1983).
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TABLE 2

Governing equations for reactive solute transport

Conservation of Solute Mass in Flow System:

V- (DVeM],, )~ v-VoM] _ oM,

c,aq cag — a ”
Mass Balance in Chemical Subsystem:
M, =M+ T.M,
s=1

c,aq

i)
T
Mc,xol - 2 TcmMm
m=1

3 m
T _
M =M, +Y 1M+ 1,M,
s=1 m=1

Mass Action in Chemical Subsystem:

K= Ha,.v"

—  Porosity (fraction)

—  Time (yr)

—  Average linear velocity (m/yr)

—  Hydrodynamic dispersion tensor (m2/yr)

—  Designates a component or aqueous component species

—  Number of chemical components

—  Designates an aqueous cormplex or secondary aqueous species

—  Number of aqueous complexed or secondary aqueous species
Designates a solid mineral species

—  Number of precipitated or solid mineral species

—  Subscript referring to the aqueous phase

—  Subscript referring to the solid phase

- Concentration (molarity)

Total concentration (molarity)

—  Compositien coefficient (moles of component per formula weight)
—  Composition coefficient (moles of component per formula weight)
Equilibrium constant or solubility product

—~  Equilibrium activity of the ith species

—  Stoichiometric reaction coefficient for the ith species

Rgip¥Imw- oo g<e-e
|

SR
|

a

<& XA«
|

We may make several observations based on the formulation of the
general transport relation for components (table 2). The change in the
total analytical concentration (M) of each component is due only to the
hydrologic transport processes of advection and dispersion (including
molecular diffusion); no nonlinear reaction terms.are explicitly present.
This is a direct result of the definition of conservative component and
allows us to separate the transport relations and chemical relations. Each
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transport equation is identical in form, and as such they can be solved
sequentially. All other secondary dependent variables, that is, the concen-
trations of the complexes and minerals, may then be determined at each
point within the flow domain.

For this study, the finite efement method is used to solve the
equations describing two-dimensional reactive multicomponent solute
transport (table 2). Solution to the reactive transport problem is accom-
plished using a sequential approach, in which advection-dispersion trans-
port equations are solved for each chemical component, followed by
speciation at all nodes. Rather than iterating between the transport and
chemical equilibrium equations within a time step, a two-step predictor-
corrector scheme is used which decreases the computational effort with-
out sacrificing accuracy (Raffensperger, ms). Local equilibrium is as-
sumed, which is thought to be a valid approximation when space and
time scales of interest are large (Knapp, 1989). The limitations of a local
equilibrium approach for the simulation of problems involving mineral
precipitation and dissolution have been discussed by several workers
(Knapp, 1989; Phillips, 1991; Lichtner, 1992). In particular, determining
a scale of interest for any given siuation is problematic (Raffensperger,
ms; Steefel, 1994, personal communication).

In summary, reactive solute transport is described by two coupled
sets of equations: (1) a set of partial differential equations describing the
transport of each chemical component, and (2) a set of nonlinear alge-
braic equations describing equilibrium chemistry, including acid/base
and redox reactions. The transport equations are solved using the finite
element method with a predictor-corrector time-stepping scheme (app.
1). This solution provides the distribution of total analytical concentra-
tions (M). The actual distribution of species is determined by solving the
set of nonlinear algebraic mass balance and mass action equations describ-
ing the distribution of mass amongst the various component species,
secondary species and ¢omplexes, and solids. Details of the numerical
procedure are given in Raffensperger (ms).

. Various numerical methods exist for solving sets of nonlinear alge-
braic equations. Newton-Raphson iteration is one of the best-known and
converges relatively rapidly, as long as adequate initial estimates are
provided (Burden, Faires, and Reynolds, 1981; Press and others, 1986).
The chemical submodel for this study uses Newton-Raphson iteration to
solve the set of combined mass balance and mass action equations (table
2), which are written in a logarithmic form. A direct search optimization
procedure (Walsh, 1983) is used to provide initial estimates.

Thermodynamic data used to calculate equilibrium constants for
minerals are taken from Helgeson and others (1978), Berman (1988),
and Sverjensky, Hemley, and D’Angelo (1991). Data for aqueous species
are from Shock and Helgeson (1988) and Shock, Helgeson, and Sverjen-
sky (1989). Data for aqueous uranium species and uranium minerals are
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TABLE 3

Summary of chemical species. Note that fluid compositions may be described
using the component species name, for example, total aqueous Fe’*, even when
most of that component occurs as a secondary species, for example, as Fe?* under
reducing conditions

Component Species (c;)
H,0 OH Na* K' Ca®* Mg*¥ UO¥ AP* Fe* C° COY $O¥ sSi0! CHY

Secondary Aqueous Species (s;)

H* 0 HCI° Co) HCO; HSO; HS™
H,S’ HSIO; HFeO; NaOH® NaC1° NaHCO? NaHSiO]
KOH" Kcl® KSO; KHSO$ CaCt* CaCl) CaCO)
CaHCO;} CaSO} MgOH* MgO° MgClI* MgCOj MgHCO;
U u* ucr §/eila UHCO} U(HCO,)" uo;
uo,C1 uo,Cl; UQ,HCO] UO,(HCO,),  UOo.CI' U0,C1d U0,co?
UO,HCO!  UO,(HCO,)!  UO,SO! UO,HSO] AlOH™ AlCI* AICI;
FeClI** Fe?* FeOH" FeQ’ FeCl" FeCl) FeHCO}

Minerals (m,)

Halite [ NaCl] Albite [ NaAIS1,0,4] Sylvite [ KC1]
K-feldspar [ KAISi,O4] Muscovite [ KAl (AlSi;0,, (OH),] Calcite [ CaCO,]
Dolomite [CaMg(COz)z] Anhydrite [ CaSO, ] Anorthite [ CaAl,Si,04]
Magnesite [ MgCO,] Cordierite [ Mg,Al,Si,0,,] Chlorite [Mg;Al(Al1Si,0,, }(OH),]
Uraninite [UO, ] Rutherfordine [ UO,CO,] Kaolinite [ Al,Si,0,(OH),]
Hematite [ Fe,0,] Magnetite [ Fe,O,] Siderite { FeCO,]
Pyrite [ FeS,] Quartz [ 5i0, ] Graphite [C]

from Grenthe and others (1990), although values for uranium complexes
were determined using the methods described by Shock and Helgeson
(1988) and Sverjensky (1987). The database for the chemical submodel
consists of 70 aqueous species and 21 possible solids (table 3 and app. 2).
A modified extended Debye-Hiickel equation is used to determine activ-
ity coefhicients, which provides an adequate geochemical approximation
for NaCl brines up to 6 molal (Helgeson, Kirkham, and Flowers, 1981;
Oelkers and Helgeson, 1990). Hydrogen is included as a component
species to allow for variations in fluid pH. Redox state is determined by
including two components (redox pair) containing the same element
with different valences (CO2~ and CHY) within the mass balance equa-
tions, rather than a hypothetical electron activity. The activity of water
(au,0) is assumed to be one, since variations are small for the range of
conditions examined in this study, for example, at 150°C in a 2.5 molal
NaCl solution, the activity of water is approx 0.92 (Helgeson, 1969).
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RESULTS

In this section, we will present in detail the results of one simulation
that documents mineralogical patterns accompanying 0.5 Ma of ura-
ninite precipitation near an unconiormity. The calculations assume a free
convection flow system based on the analysis of coupled groundwater
flow and heat transport presented in part 1. In addition, two other
simulations will be presented briefly, in order to examine the possibility
of different hydrologic systems and other starting compositions. Al-
though more than 20 simulations were conducted in this study, in the
interest of space many of these results cannot be given in detail but will be
discussed where relevant.

1. Free convection and the formation of an alteration halo.—The first
simulation considers a single flow cell in a section through a sedimentary
basin which is characteristic of the domains considered in part 1. The
numerical grid consists of 121 nodes, 200 triangular finite elements, and
4 hydrostratigraphic units (fig. 7): basement rock, a faulted “graphite”
zone, overlying sandstone, and an upper confining unit. Discretization is
more refined over the graphite unit, where we expect most of the reactive
mass transport to occur. The bottom and sides are modeled as imperme-
able boundaries, the top surface 1s modeled as water table, a constant
temperature of 20°C is assumed for the upper surface, and a basal heat
flux of 80 mW/m? is applied across the bottom. Little is known about the
thermal dispersion tensor (Mercer and Faust, 1979), especially at a basin
scale, although thermal dispersion is thought to be important at this scale
(Garven and Freeze, 1984). Therefore, values used here are the same as
values of the solute dispersivity (Marsily, 1986). A constant salinity
gradient of 0.0001 mass fraction/m depth is assumed, beginning at a
depth of 1 km and reaching a maximum of 23 wt percent at a depth of 3.3
km. This salinity gradient is used in the calculations of variable-density
groundwater flow, and we assume the salinity field is unaffected by the
flow field. '

Each hydrostratigraphic unit requires initial chemical compositions,
which are given in tables 4 through 7. These tables summarize the
aqueous compositions and volume fractions of minerals for each unit at a
particular temperature. In actuality, these compositions vary slightly
with temperature, because input constraints are given as total analytical
concentrations (M) of the component species (table 3). The top and
bottom boundaries are assigned constant compositions which are the
same as their respective units. Longitudinal and transverse dispersivities
are 300 and 30 m, respectively. These values are required for numerical
reasons (to avoid numerical dispersion) and are comparable to values
measured at a regional scale (Gelhar, Welty, and Rehfeldt, 1992), which
result from heterogeneities that enhance fluid mixing.

We can briefly examine the starting compositions for the four units:

Unit 1—Basement (table 4), a quartz—muscovite—chlorite schist,



uranium ore deposits: 2. Coupled hydrochemical modeling 655

6000
Confining Unit K,=0.002 m/yr
¢=0.10 bk =0.10 m/yr
2,=2.0 W/m°C
4000
Sandstone K,=2 m/yr
¢ =0.25 A _
2000 A,=2.5 W/m°C K=100 m/yr
Basement -
6 =0.20 KZ—O.O(E»HMyr
ol A,;=2.0 W/m°C K,=0.10 m/yr
0 2000 4000 6000 8000 10000
Graphite  K,=50 m/yr
¢ =0.20
A;=3.0 W/m°C K.=1m/yr
6000
4000+
2000
i
0
0 2000 4000 6000 8000 10000

Fig. 7. Hydrostratigraphy, finite element mesh, and parameters for simulation of
reactive solute transport due to free convection. Axes units are meters.

modeled on the Cahill schist. Moderately reducing and slightly
acidic conditions are conjectured.

Unit 2—Graphite (table 5), which resembles’the basement unit but
contains 8.5 volume percent graphite and is more reducing. The
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TABLE 4
Initial conditions for the basement unit

Temperature 150°C |

pH 4.544

E, (volts) -0.077

pE —0.922

log fo, -46.834

I (molarity) 2.579

Summary of the Aqueous Phase

Component Species MCT,aq

Na* 0.100

Ca™ 0.853

K 0.163

Mg 0.365

uo " | 0.82x10-10

Fe™ 0.002

a- 2.700

coy 0.049

SOY 0.00056

Summary of the Solid Phase

Mineral * M, oM, Volume

Fraction

' K-feldspar 2.28 0.456 0.0494
Muscovite 11.55 2.310 0.3263
Dolomite 0.0004 0.00008 0.0000
Anhydrite 0.35 0.07 0.0032
Chlorite 0.127 0.025 0.0056
Uraninite 1.00x10-5 | 0.20x10-5 0.0000
Hematite 0.086 0.017 0.0005
Pyrite 0.027 0.005 0.0001
Quartz 91.51 18.296 0.4148
POROSITY 0.2000

concentration of aqueous methane is 0.25 moles/liter (=4000
ppm), which iswithin the range of methane solubilities in NaCl
brines at 150° to 200°C and 500 to 1000 bars (Hanor, 1987).

Unit 3—Sandstone (table 6), predominantly quartz, K-feldspar, and
hematite, in equilibrium with a Na—Ca—Cl brine. Assumed to be
the uranium source, an initial fluid composition of 1.0 x 10-4
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TABLE 5

Initial conditions for the graphite unit

Temperature 170 °C

pH 4.094

E, (volts) -0.205

pE —2.330

log fo, —51.285

I (molarity) 2.325

Summary of the Aqueous Phase

Component Species MCT,aq

Na* 1.00

Ca’ 0.100

K* 0.038

Mg™* 0.880

uor 0.16x10-5

Fe** 0.0005

CI” 3.000

cor 0.00012

SOY 0.001

Summary of the Solid Phase

Mineral M, oM, Volume
Fraction

Muscovite 14.96 2.993 0.4227

Chlorite 0.024 0.0048 0.0011

Uraninite 0.84x10~5 | 0.17x10-5 0.0000

Kaolinite 0.033 0.007 0.0007

Pyrite 0.200 0.040 0.0010

Quartz 63.87 12.777 0.2897

Graphite ’ 78.75 15.75 0.0848

POROSITY 0.2000

moles/l (=27 ppm) total uranium is assigned, mostly in the form
of uranyl-chloride complexes (table 8). This value is about an
order of magnitude greater than normal crustal levels (Nash,
Granger, and Adams, 1981). However, a bulk solid uranium
concentration of 3.0 ppm will produce approx 27 ppm uranium in
solution, if all the uranium is leached from the matrix. This
starting composition, therefore, defines the premise that all the
uranium is transferred from the solid to the aqueous phase at the
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TABLE 6

Initial conditions for the sandstone unit

Temperature 100°C |

pH 5.131

E,, (volts) 0.492

pE 6.642

log £, —22.825

I (molarity) 3.997

Summary of the Aqueous Phase

Component Species Mcr,aq

Na* 1.00

Ca® 1.502

K* 0.045

Mg* 0477

voz " | o0.10x10-3

Fe™ 0.26x16-10

cr 5.000

coy 0.0001

SOr 0.0015

Summary of the Solid Phase
Mineral N M, oM, Volume

Fraction

K-feldspar 4.44 1.11 0.1201
Muscovite 0.518 0.13 0.0183
Anhydrite 0.50 0.125 0.0058
Chlorite 0.0045 0.0011 0.0003
Hematite 1.50 0.375 0.0114
Quartz 104.8 26.2 0.5942
POROSITY 0.2500

beginning of the simulation. It may also be postulated that inter-
bedded volcanics (such as the Nungbalgarri Member in Australia)
may provide an elevated source of uranium (Maas, 1989).

Unit 4—Confining unit (table 7), a carbonate-rich shale, in equilib-
rium with an oxidizing, low-ionic-strength groundwater.

Based on the geometry and parameters shown in figure 7, a
single convective cell develops within the sandstone (fig. 8A), with
maximum groundwater flow rates of approx 1.1 m/yr. Because of
the symmetry assumption, an adjacent counter-clockwise cell would
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TABLE 7

Initial conditions for the confining unit

Temperature 50 °C

pH 5.290

E,; (volts) 0.703

pPE 10.971

log £, —14.763

I (molarity) 0.197

Summary of the Aqueous Phase

Component Species McT,aq

Na* 0.10

Ca™ 0.028

K 0.022

Mg 0.0026

uor 0.10x10~4

Fe* 0.73x10-14

CI- 0.10

coy 0.396

NeH 0.015

Summary of the Solid Phase

Mineral M, oM, Volume
Fraction

Muscovite 0.078 0.008 0.0011

Calcite 133.1 133 04914

Dolomite 2.00 0.20 0.0129

Anhydrite 0.515 0.052 0.0024

Kaolinite 29.9 2.99 0.2967

Hematite 0.10 0.010 0.0003

Quartz 42.0 4.20 0.0952

POROSITY 0.1000
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develop to the left, but only a single cell is simulated to reduce the
computational effort. Flow is clockwise, with a small component of
flow entering the basement rocks and focused through the graph-
ite unit and back into the basin (fig. 8B). Temperatures are
modified by advection of thermal energy (fig. 8C), such that
temperatures are higher at the unconformity above the graphite
(>180°C; fig. 8D) than at the unconformity at the other side
(<140°C) where groundwater flow is downward.
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TABLE 8

Predominant aqueous uranium species initially present in
the sandstone unit

Species Molarity* | Percent of Totalt
Uo,CI" 4.6x1075 46
UO,CI) | 4.28x1075 42.8
uos” 9.8x10~6 9.8
U0,SO) | 6.33x1077 0.633
U0,COj | 6.2x1077 0.62
UO,HCO; | 1.9x10-8 0.02
T AL100°C . )

T Total aqueous uranium, = 10~ moles/l (table 6)

Based on these starting conditions (including flow geometry, ground-
water velocities, and temperatures) uraninite is precipitated above the
unconformity forming a significant ore body within 500,000 yrs (fig. 9).
Although the maximum grade is small (<0.1 wt percent), due to the
assumption of linear intérpolation between nodes, integration of mass
concentrations over the area of maximum precipitation produces 143,000
tons of uraninite, assuming the deposit is symmetric about the left
boundary, and is 1 km in length. This predicted tonnage compares
favorably with measurements on actual deposits (table 1). Once this
configuration has been achieved, continued deposition of uraninite oc-
curs within the same region.

The immediate conclusion drawn here is that free convection within
the basal sandstone is capable of producing significant quantities of
uranium ore in less than 1 Ma. Moderate starting uranium concentra-
tions within the sandstone are required to produce this result (<30
ppm), but smaller concentrations would still produce significant quanti-
ties of uraninite, given sufficient time. Furthermore, transport as uranyl-
chloride complexes is clearly reasonable, given the large concentration of
chloride in the ore-forming fluid (table 8). Uraninite is precipitated near
the unconformity and within a very small area (400 by 100 m), replicating
in general the observed geometry of the ore deposits. In this case,
uraninite is precipitated as oxidizing, uranium-bearing groundwater
encounters reducing conditions near the unconformity. A stable redox
interface develops (fig. 10) where basement fluids re-enter the basin
through the permeable (fractured) graphite.
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Fig. 8. Steady state stream function (A) and temperature (C) with expanded views
(B, D). Contour interval for stream function is 100 k%/m r (dotted lines) or 25,000 kg/m yr
(solid lines). Contour interval for temperature is 20°C ((?],) or 10°C (D). Solid lines indicate
boundaries of hydrostratigraphic units. Axes units are meters.

Several simulations were conducted that did not produce the de-
sired result, that is, precipitation of significant quantities of uraninite
near the unconformity above the graphite. We may briefly and qualita-
tively outline the reasons for failure in these cases. When basement rocks
contain greater quantities of methane (more reducing), uraninite tends
to precipitate all along the unconformity, where dispersion causes basin
fluids to interact with the basement. On the other hand, high concentra-
tions of carbonate in the basement (more oxidizing, Mgog—,aq > 0.10)
produced carbonates as the major gangue minerals, a result not typically
associated with unconformity-type uranium deposits (see table 1). This
places some constraints on the starting composition of the basement
rocks and fluid. The geometry of the flow system plays an important role
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Fig. 9. Concentration of uraninite after 500,000 yrs (A) and expanded view (B).
Concentrations are expressed as moles/liter bulk porous medium. Solid lines indicate
boundaries of hydrostratigraphic units. Axes units are meters.
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Fig. 10. Ey at 500,000 yrs (A) and expanded view (B). Contour interval is 0.06 volts,
and dotted contours indicate negative values. Solid lines indicate boundaries of hydrostrati-

graphic units. Axes units are meters.
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in determining where uraninite precipitates. When the graphite unit is
assumed to have a permeability matching the basement (no contrast) the
result is that flowlines penetrating the basement (see fig. 8A) re-enter the
sandstone unit along half the unconformity, rather than being focused at
the graphite unit. Uraninite precipitates along the unconformity wher-
ever upward flow across the unconformity transports reductant (meth-
ane) into the basin, producing a low grade deposit 5 km wide. Focusing of
groundwater flow across the unconformity by fracturing and faulting of
graphitic basement rocks is therefore essential to the development of
large unconformity-type uranium deposits.

According to the diagenetic-hydrothermal model of unconformity-
type uranium ore formation, diagenetic changes accompany ore forma-
tion, producing alteration halos observed to be associated with these ores.
Minerals most often associated with these alteration halos include musco-
vite (sericite), chlorite, quartz, hematite, and pyrite (table 1). After 500,000
yrs, muscovite precipitation has formed a halo surrounding the uranium
deposit (fig. 11) which persists through at least 1 Ma of mineralization.
This halo initially develops as a narrow band along the unconformity due
to mass transport (especially dispersion) across the boundary. Alteration
then migrates to form a halo surrounding the deposit. Chlorite precipita-
tion occurs in a similar manner (fig. 12), forming a halo by 500,000 yrs
which persists for longer periods of time. Note, however, that significant
chlorite precipitation occurs in a small zone just below the deposit (fig.
12C), unlike muscovite which precipitates both within the ore and
around it (fig. 11C). The major gangue mineral at the unconformity is
chlorite. :

Hematite precipitation follows a trend similar to chlorite (fig. 13),
although hematite dissolves just below the zone of uraninite and hematite
precipitation at the unconformity (fig. 14A). In this area, and throughout
the basement, Fe (hematite) is reduced to form pyrite (fig. 14B). Musco-
vite (fig. 11) and quartz-(fig. 15A) form at the expense of K-feldspar,
which is removed from the zone of alteration within the sandstone (fig.
15B). In addition, K-feldspar precipitates at the unconformity just below
the ore, within the basement rocks, and within the sandstone outside the
major alteration halo; quartz dissolution mimics this pattern (results not
shown).

We can examine mineralogical changes along a vertical transect
through this alteration halo, in order to examine major reactions and
fluxes of mass which occur. Taking a line through X = 0, the left
boundary, changes in the major aluminosilicates (fig. 16) indicate that a
balanced reaction occurring in the altered sandstone may be written:

1.04K-feldspar + 0.371Mg?* + 0.206Si09 + 0.011AP* + 0.62H,0
— 0.3Muscovite + 2.2Quartz + 0.074Chlorite + 0.74K* + 0.04H*

which indicates that magnesium and silica are added to and potassium
removed from the altered zone. At the unconformity, a balanced reaction
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Fig. 11. Muscovite precipitated after (A) 50,000, (B) 250,000, and (C) 500,000 yrs.
Concentrations are expressed as moles/liter bulk porous medium. Solid lines indicate
boundaries of hydrostratigraphic units. Axes units are meters.
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Fig. 12. Chlorite precipitated after (A) 50,000, (B) 250,000, and (C) 500,000 yrs.
Concentrations are expressed as moles/liter bulk porous medium. Solid lines indicate
boundaries of hydrostratigraphic units. Axes units are meters.
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Fig. 13. Hematite precipitated after (A) 50,000, (B) 250,000, and (C) 500,000 yrs.
Concentrations are expressed as moles/liter bulk porous medium. Solid lines indicate
boundaries of hydrostratigraphic units. Axes units are meters.
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Fig. 14. Expanded view of hematite dissolved (A) and pyrite precipitated (B) after
500,000 yrs. Concentrations are expressed as moles/liter bulk porous medium dissolved (A)
and precipitated (B). Solid lines indicate boundaries of hydrostratigraphic units. Axes units
are meters.
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Fig. 15. Expanded view of quartz precipitated (A) and K-feldspar dissolved (B) after
500,000 yrs. Concentrations are exsrcssed as moles/liter bulk porous medium precipitated
(A) and dissolved (B). Solid lines indicate boundaries of hydrostratigraphic units. Axes units
are meters. i
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Fig. 16. Changes in alurhinosilicate mineral concentrations along a vertical transect
after 500,000 yrs.

may be written as:
0.042K-feldspar + 0.154Muscovite + 0.8Quartz
+ 1.185Mg?* + 0.203Si03 + 1.836H,0
— 0.237Chlorite + 0.196K* + 2.084H" + 0.03AI**

which is a similar result, except that muscovite and quartz are dissolved.
This reaction is similar to that proposed by Nutt (1989), who suggested
that a drop in pH accompanying chloritization could promote uraninite
precipitation by de-stabilizing uranyl-carbonate complexes. Chlorite pre-
cipitation at the unconformity is favored by the large amount of magne-
sium in solution which is transported upward from the graphite unit
(table 5) and by the fact that the chlorite stability field increases with
temperature (fig. 17).
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Fig. 17. Phase diagram for the system HQO'—AIZOB—KQO-MgO SiO,. The activity of
HO is assumed to be 1, and quartz saturation is assumed.

Hematite precipitates within and around the ore zone, just above the
unconformity and well up into the sandstone (fig. 18). Iron oxidation
(forming hematite) is accompanied by uranium reduction, precipitating
uraninite within the zone of hematite formation. At and below the
unconformity, pyrite forms due to the strong reducing capability of the
graphite-rich rock and a slightly lower pH (figs. 19 and 20). Reducing
conditions are found near and below the unconformity, a condition that
persists for at least 500,000 yrs (fig. 21).

Changes in porosity (¢) accompany these mineralogical changes,
with porosity increasing above the unconformity, and decreasing by
more than 0.6 percent at the unconformity (fig. 22). Using the equation
of Walsh (1983), a 0.6 percent decrease in ¢ would produce a 25 percent
reduction in permeability. Combined with muscovite and chlorite precipi-
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tation, the region of increased porosity within the sandstone resembles
the “friable” zone associated with the Cigar Lake and Midwest deposits.
We have considered mineralogical changes associated with uraninite
precipitation in the vicinity of the unconformity and recognized a trend
associated with unconformity-type uranium mineralization: a narrow ore
zone surrounded by concentric zones of hydrothermal alteration, pre-
dominantly chlorite, muscovite, and hematite. In addition, the predic-
tion of pyrite precipitation within the basement rocks beneath the ore
zone, as has been observed at Cigar Lake, lends some confidence to the
model. Temporal changes in mineralogy at a single point in the flow field
resemble the results of closed system reaction path calculations, although
disequilibrium due to physical mass transport rather than initial condi-
tions drives these changes. We can construct a calculated paragenetic
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sequence for the observed zones of alteration, based on these temporal
changes (fig. 23). In the altered basement rocks, muscovite is totally
removed after 150,000 "yrs, while chlorite precipitates steadily. Pyrite
forms almost immediately, and small amounts of dolomite precipitate
after 200,000 yrs. The compositional boundary represented by the
unconformity results in relatively rapid mineralogical changes. Within
the zone of ore formation, nearly 300,000 yrs is required to reach a
relatively stable mineral assemblage, after which time uraninite and
hematite precipitation are the primary reactions taking place. Between
250,000 and 300,000 yrs are required for K-feldspar to be replaced by
chlorite and additional muscovite. Within the altered sandstone, 400,000
yrs are required for this change. We may conclude that while uraninite
precipitation proceeds immediately and solid uranium concentrations
increase monotonically within the ore zone, the ‘alteration halo itself
requires up to 500,000 yrs to form, with regions closest to the unconfor-



674 J. P. Raffensperger & G. Garven—The formation of unconformity-type

6000 T T Ll T T T T T ’ T H T T T T
5000 35.3
| - 49 u
4000 \4.; /v
Iy R\»
% 3000 |-
= B |
2000 - _
1000 H .
. 4.3x
Ny T
O L L T | i L L | I L L I ! ! !
0 2000 4000 6000 8000 10000
Meters

Fig. 20. pH at 500,000 yrs. Solid lines indicate boundaries of hydrostratigraphic units.

mity experiencing the most rapid development of the major gangue
minerals (muscovite, chlorite, quartz, hematite).

From these calculations, we may conclude that free convection
within a sedimentary basin of a uranium-bearing chloride brine, under
moderately oxidizing conditions, may precipitate ore-grade quantities of
uraninite in the vicinity of the unconformity between basin sandstones
and basement graphite schists. In these calculations, we have assumed
that upwelling is focused at the graphite zone. A small component of flow
within the basement brings reductant up the permeable graphite zone,
which produces a stationary redox front at the unconformity. The
resultant hydrothermal alteration halo closely resembles many aspects of
unconformity-type uranium ores.

I1. Free convection with lateral flow at the graphite unit.—Another
hydrochemical scenario might be envisioned in which vertical flow is not
centered or focused at the graphite unit. As was shown in part 1, basin
geometry and permeability are the key factors influencing free convec-
tion within the sandstone. Higher thermal conductivities associated with
the graphite-bearing rocks generally were not found to influence the
position of individual cells. Using the same boundary conditions as
previously, but with a grid that has the graphite unit at its center (fig. 24),
the streamline pattern is slightly different (although still clockwise), and
temperatures are lower in the vicinity of the unconformity above the
graphite (fig. 25). Initial conditions are the same as the first simulation
(tables 4-7). The results indicate that after 250,000 yrs, a diffuse ore body
has formed above the graphite (fig. 26A). However, muscovite and
chlorite precipitation patterns do not resemble the alteration halos
associated with the deposits (figs. 26B and C). Much of the chlorite and
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muscovite precipitation still occurs at the left, where the upwelling limb
of the convection cell transports mass through higher temperatures and
across isotherms.

I11. Gravity-driven flow.—In part 1, topography was investigated as a
possible driving force for groundwater flow in the Proterozoic Athabasca
and McArthur Basins. If sufficient topographic relief existed at the time
of ore formation, free convection may have been overwhelmed by lateral
groundwater flow or “forced” convection. As a result, streamlines would
be nearly horizontal within the sandstone (fig. 27A), and the temperature
gradient would be due to conduction alone (fig. 27B), although on a
basin scale lateral flow may raise temperatures at the discharge end of the
basin (see discussion in part 1). Maximum flow velocities are approx 0.85
m/yr, based on a water table slope of 0.001 m/m. We can simulate the
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.

effect of this flow configuration on the formation of an ore deposit,
assuming constant concentrations at the left (inflow) boundary.
Uraninite precipitates near the unconformity, although the pattern
is more diffuse (fig. 28A), as was the case for a centered graphite unitina
free convection system. However, some uraninite does precipitate within
the basement rocks, a result that differs from the first free convection
case. Several unconformity-type uranium deposits, especially the Austra-
lian deposits, are hosted partially or completely by metamorphic base-
ment rocks, an observation that appears to be accounted for by this
hydrologic system. However, no alteration halo surrounding the deposit
develops in this scenario. Rather, muscovite (fig. 28B) and chlorite (fig.
28C) precipitation is limited to the basement rocks along the length of the
unconformity. This pattern of alteration is the result of mass transport
(predominantly dispersion) across the compositional boundary. From
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this analysis we may conclude that the hydrologic flow field and resulting
temperature pattern play a prominent role in the formation of an ore
deposit and associated alteration. Specifically, a free convection system,
unlike a topographically-driven flow system, provides: (1) for focusing of
flow at the unconformity, limiting the extent of alteration, (2) for locally
elevated temperatures, promoting certain alteration patterns, and (3) for
advective mass transport across the basin-basement boundary, supplying
Mg?* and the reductant.
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SUMMARY AND CONCLUSIONS

According to the diagenetic-hydrothermal model for the formation
of unconformity-type uranium deposits, oxidizing, uranium-bearing me-
teoric waters move downward through the basin sands, precipitating
uraninite at a stable redox interface in the vicinity of the unconformity.
The uranium is thought to derive from the thick sandstone sequences
found within the Middle Proterozoic Athabasca and McArthur Basins
and to have been transported as soluble uranyl‘carbonate complexes
(McLennan and Taylor, 1979). Reducing conditions are conjectured to
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result from hydrothermal alteration of graphite, producing methane that
moves upward through faulted basement structures associated with the
graphite schist. In addition, these faulted basement structures are consid-
ered crucial in localizing uranium mineralization.

Strong hydrothermal alteration, including sericitization and chloriti-
zation of the host lithologies, is intimately related to the formation of
these deposits. Virtually all the deposits demonstrate similar paragenetic
patterns, which involve (in addition to chlorite and mica) quartz precipi-
tation and dissolution, pyrite formation and possibly several episodes of
hematite precipitation and dissolution. Studies have examined these
paragenetic patterns (Gustafson and Curtis, 1983; Hoeve and Quirt,
1984; Wilde and Wall, 1987; Percival, 1989), which have indicated that
mineralization is accompanied by introduction of H;O and magnesium
and leaching of silica, potassium, and ferrous iron (Hoeve and Sibbald,
1978). Some of these deposits indicate redistribution of silica, rather than
leaching, as evidenced by the quartz cap at Cigar Lake (Bruneton, 1987).

The purpose of this study was to quantify the ore-forming and
alteration process, through application of a coupled two-dimensional
model of groundwater flow, heat transport, and reactive multicompo-
nent solute transport. This numerical model enables the calculation of
the spatial distribution of minerals and how that distribution changes
through time. Several simplifying assumptions were made: (1) local
equilibrium; (2) a sandstone source for uranium, such that initial condi-
tions included an evenly distributed uranium concentration within the
sandstone; and (3) steady state groundwater flow, that is, changes in
porosity and permeability as a function of time were not allowed to alter
the flow pattern. Furthermore, a simplified geometry was chosen, consist-
ing of a 2.4 km sandstone section beneath 2.4 km of confining material;
the unconformity was placed at a depth of 4.8 km.

The results of these calculations are summarized in figure 29 for the
case of ore formation by a solitary free convection cell. The ore zone itself
is characterized by precipitation of uraninite, hematite, muscovite, and
chlorite. Below this zone, alteration consists of hematite and quartz
dissolution, with pyrite and chlorite precipitated. An outer halo of
alteration surrounds the deposit within the sandstone. Hematite, musco-
vite, chlorite, and quartz form at the expense of K-feldspar. This ob-
served pattern of alteration strongly resembles several unconformity-
type uranium deposits (figs. 3-5). Based on a calculated groundwater
velocity of approx 1 m/yr, nearly 500,000 yrs are required to produce the
alteration halo. Subsequently, the pattern of alteration remains relatively
unchanged, although uranium continues to precipitate near the uncon-
formity.

Formation of significant uranium ore below the unconformity is not
predicted by this model, although many deposits consist partially or
entirely of sub-unconformity pitchblende (for example, Key Lake, Koon-
garra). This could be due to a variety of factors: the calculated flow
pattern, based on an assumed hydrostratigraphic configuration; starting



684 J. P. Raffensperger & G. Garven—The formation of unconformity-type

3000
Sandstone
2]
3
S
=
Iﬂ[} et
1000 [l s o=
. Basement
I Graphite 4
0 r - T
0 1000 2000 3000
Meters

Uraninite Hematite Muscovite Chlorite K-feldspar Pyrite Quartz

]
+

KEY: +, minor precipitation; ++, major precipitation; —, dissolution

Fig. 29. Summary of calculated zones of alteration surrounding an unconformity-type
uranium deposit. See discussion in text for an explanation of the alteration zones.

redox conditions in the basement and graphite units; the premise of a
uranium source within the sandstone. More simulations are required to
examine the influence of different starting conditions and flow geom-
etries on the formation of an ore deposit. In general, however, these
calculations confirm the hypothesis that significant quantities of uranium
ore may be generated near the unconformity by groundwater flow due to
free convection. In fact, based on results from other simulations, the
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pattern of alteration observed to be associated with these ores is most
likely produced by this mechanism.

Based on the results of this study, we can conclude the following:

1. Free convection within thick sandstones, such as those sequences
found within the Athabasca and McArthur Basins, is a viable
hydrochemical mechanism for the formation of unconformity-
type uranium ores.

2. Moderate concentrations of aqueous uranium (less than 30 ppm)
are sufficient to produce significant quantities of ore over a time
scale of 0.1 to 1 Ma. Larger concentrations, possibly derived from
leaching of volcanics within the sandstone sequence, may have
produced an ore deposit in a shorter time.

3. Speciation calculations, using .concentrations of chloride known
from fluid inclusion studies of ore-related minerals, indicate that
chloride complexes are the predominant form of aqueous ura-
nium transported within the basin. Reactive transport calcula-
tions demonstrate that, if carbonate concentrations are sufficient
within the sandstone to produce a predominance of uranyl-
carbonate complexes, rutherfordine will precipitate within the
sandstone. This further strengthens the conclusion that uranyl-
chloride complexes were the most likely form of transported
aqueous uranium in Proterozoic ore genesis.

4. Basement permeability and redox potential exert a strong influ-
ence on the formation of unconformity-type uranium ore depos-
its. The contrast in permeability between basement and graphite-
rich fractured basement provides for focusing of groundwater
flow upward within the graphite unit. As a result, reducing
conditions exist within the sandstone near the unconformity.
Although flow rates are only mm/yr within the basement, this
small flux is important in forming an ore deposit. Extreme
reducing conditions within the basement rocks lead to the precipi-
tation of uraninite along a wide zone, in fact, across the entire
length of the unconformity. High carbonate contents within the
basement rocks lead to the precipitation of carbonate gangue
minerals within’ the alteration halo. Although siderite is some-
times associated with these deposits, it is a minor component
(Mellinger, Quirt, and Hoeve, 1987).

5. Changes in mass composition associated with the alteration halos
around the ore deposits are the result of mass transport through
temperature gradients and across compositional boundaries. For
example, magnesium is brought into the basin flow system by
groundwater flow through the basement (which contains signifi-
cant quantities of Mg minerals) and precipitated as chlorite near
the unconformity as fluids become warmed and low-potassium-
content basin fluids are encountered. Quartz is dissolved below
the ore deposit where fluids are being warmed and precipitated
by cooling above the unconformity.
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6. The modeling results indicate that in order to achieve observed
patterns of ore mineralization and alteration, the graphite zone
and zone of upward groundwater flow must coincide in space.

7. Finally, this study demonstrates that complex two-dimensional
patterns of diagenesis and ore formation can be simulated through
numerical solution of the equations describing groundwater flow
and the resulting transport of thermal energy and multicompo-
nent reactive solute mass in a sedimentary basin. Although some
issues remain unresolved, such as the hydrologic flow field pro-
ducing mineralization below the unconformity, this study has
provided some insight into the hydrologic and geochemical pro-
cesses responsible for unconformity-type uranium deposits.
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' APPENDIX [

Finite element equations for reactive solute transport

The simulations of groundwater flow, heat transport, and reactive solute transport
were performed using a finite element code developed for this study. The methods
employed for groundwater flow and heat transport solutions are described elsewhere
(Raffensperger, ms) and are similar to those used in other studies (Garven, 1989). However,
the solution approach for mul‘ticomponent reactive solute transport is new. The general
transport relation takes the form:

(1.1)

aoMT
V- (¢DVM/,) — dv -VM], = d)az ‘

where terms of the dispersion tensor (D) are calculated for two-dimensional transport as
(Pickens and Lennox, 1976):
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in which a; and o7 are the longitudinal and transverse dispersivity, respectively, and D* is
the effective molecular diffusivity. The porous medium is assumed to be isotropic with
respect to dispersivity. We may define the trial function:

N
€= 3 Cuk (1.2)

where C refers to concentration (either M or M [Taq) The weighted residual equation may
be written:

ff [V @DVC) — dv - VC — 22 ]gndR_o (1.3)
Simplifying and applying Green’s theorem, this becomes:
ff¢DVc VE, dR — f¢Dvc n§,,dS+ff¢v chndR+ff—§ndR—0 (1.4)

Rearranging and writing each integral as the summation over all the individual element
subregions:

f f SDVeC - VE, dR* + f f v* - VeCE; dR + f f Cean )

- E(f ¢D”V“C-n§;d5‘) (1.5)

s°

Incorporating the trial function (1.2), replacing the right hand side of (1.5) with a flux term
(Fick’s first law):

J=-DVC (1.6)

(1.5) becomes:

2(2 [Jovve, -vear + 3 [ [ ¢*vf-vg;-§;dm)cm
R © R

+3 (2 I ¢“§fn§fldR"’) Lo —Z(f & -, dse) %)
R s

m

The summation over m is over all the nodes, and the summation over ¢ is over all the
elements. Evaluating the integrals and replacing C with the respective concentrations, (1.7)
may be written in matrix notation:

dM]), )
Eun(M [ +Fm—p—==G, mn=1...,N (1.8)
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where N is the number of nodes, and:

¢ ) ¢
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The coefficients y and B are shape functions for linear triangular finite elements (Zienk-
iewicz, 1977):

Br =2z — 2 Y1 = X3 — Xg
Ba =23 — 21 Yo T X1 T X3
By =21 — 29 Y3 = Xg — Xy

and A is the triangular element area:

2A = vsBy — v1B2

For this study, an alternative to sequential iteration was sought that would allow
large-scale calculations to be carried out with execution speed comparable to a non-iterative
explicit scheme, but that would be unconditionally stable. A two-step predictor-corrector
scheme offered such an alternative. Compared with explicit or implicit methods, the
predictor-corrector scheme offers several advantages for the numerical solution of nonlin-
ear differential equations (Douglas and Jones, 1963). The predictor-corrector solution is
second-order accurate, whereas explicit solutions are only first-order accurate. Therefore, a
significant increase in accuracy can be obtained at the expense of doubling the computa-
tional effort at each time step. Since the explicit scheme is conditionally stable, relatively
small time steps are required; the predictor-corrector scheme, on the other hand, can be
shown to be unconditionally stable. Therefore, since this implies a significant reduction in
the number of time steps required to maintain a prescribed accuracy, the use of the
predictor-corrector scheme can dramatically reduce the computational effort. Implicit
solutions are also second-order accurate but require iteration within a time step (Yeh and
Tripathi, 1989, 1991). The disadvantage of the predictor-corrector scheme is that, when
using large time step sizes, the extrapolation assumed (eq 1.12 below) may produce
inaccuracies.

The predictor-corrector scheme is implemented as follows. We may rewrite (1.8) as

dM]),

EnM D + Fo —

T
¢ = Enm(Mz,m[)m -G, (1.9)
The predictor-corrector algorithm consists of two steps. In the first step, an implicit
scheme is used to solve for (M{T),,, at the k + 4 time step, using values of (vam,),,, from the
previous time step. This is analogous to assuming d(MZ:m,)m/dt = 0. The matrix expression
for the predictor step may be written:

)(M O = B M, + 375 MD) = G, (1.10)

( nm Al/Z

This expressmn is solved directly using Gaussian elimination, after imposing Dirichlet
(constant M( «¢) boundary conditions. The chemical speciation is then recalculated to obtain

Al/
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values for (M[ )., at the k + 1% time step. The corrector step consists of a time-centered
(Crank-Nicolson) scheme which uses a linear extrapolatfon of the change in solid concentra-
tion from time step k to time step k + 1 to obtain a corrected estimate of(Mr omatthek + 1
time step:

E F, . E F
L PRy BN RS T Bt .1 PR A Nz
After imposing the boundary conditions, this equation is solved for (M7),, at the new time
step (k + 1). The extrapolation scheme assumes the following:

MI D = (M a2 = M e — ]k, (1.12)

In other words, the rate of precipitation or dissolution is approximately constant over a
time step. If no precipitation or dissolution oceurs, the approximation is trivially satisfied.

The predictor-corrector scheme has been tested for a variety of grid resolutions and
time-step sizes, in both one and two dimensions (Raffensperger, ms). Results compare
favorably with those produced using sequential iteration, indicating the accuracy of the
scheme. For a one-dimensional problem, the number of iterations (per time step) required
for the sequential iteration approach varied from 4 to more than 20, depending on the time
step size. The efficiency of the predictor-corrector scheme allows complex problems to be
solved within reasonable periods of computer time. Typically, the simulations presented in
this study required between 40 and 160 CPU hours on an IBM RS6000, Model 560, rated at
31 MFLOPS.

APPENDIX 2
Thermodynamic Data .

In this study, all the thermodynamic properties of the aqueous species and solids were
calculated using the computer program SUPCRT, which calculates (in addition to thermo-
dynamic properties of reaction) the logarithm of the equilibrium constant for any input
reaction (Johnson, Oelkers, and Helgeson, 1992). In order to do this, a set of equation of
state coefficients are required. For all non-uranium-bearing aqueous species and com-
plexes, these coeflicients are from Shock and Helgeson (1988). For the uranium-bearing
species, these coefhicients were regressed from available thermodynamic data. Thermody-
namic data for the free uranium species U3+, U4+, UO;, and UO%+ are taken from Grenthe
and others (1990). Additional data on heat capacity and volume for U()2+ are from Hovey,
Nguyen-Trung, and Tremaine (1989). For these species, equation of state coefficients were
regressed or estimated (Shock and Helgeson, 1988). In order to obtain equation of state
coefficients for aqueous uranium complexes using the approach described by Sverjensky
(1987), dissociation constants (log K) at 25°C were required. Actual measurements were
found for only a few complexes; therefore, estimates based on the unified theory of metal
ion complexation (Brown and Wanner, 1987) were used when available.

Solubility products for all minerals were also calculated using SUPCRT. Gibbs free
energies were calculated for most aluminosilicate and carbonate minerals using the model
for heat capacities and data from Berman (1988) and revised data from Sverjensky,
Hemley, and I’Angelo (1991). For other minerals, Gibbs free energies were calculated
using data from Helgeson and others (1978). For uraninite and rutherfordine, data were
available in the compilation by Grenthe and others (1990).

The log(K) values for a range of temperatures (25°-300°C) were fitted with a second
order polynomial expression. Tables 2.1 and 2.2 list the complete set of coefficients
describing the logarithm of the equilibrium constants for all aqueous and solid species in the



TABLE 2.1

Coefficients of polynomial used to calculate log(K)
Jor aqueous species and complexes

Species Reaction ) o o,

H* H*+O0H & H,0 -14.6 0.0280  -5.94x10°5
0 0} ++CHj + OH™ & 1CO¥ +2H,0 86.4 -0.254 3.22x104
HCP® HCI’ + OH™ & H,0+CI” . 15.4 -0.0270 3.13x10-5
cos COj +20H™ & H,0+ COY" 124 -0.0480 5.30x10-5
HCO; HCO; + OH™ & H,0 + CO¥™ 4.15 -0.0220 2.58x10-5
HSO; HSO; +OH™ & H,0+502" 12.9 -0.0410 5.05x10-5
HS™ HS™ +CO¥ +2H,0 & SO + CH} + OH~ ~9.93 0.0200 -1.90x10-5
H,S° H,S° +CO}™ +H,0 & SO + CH} -2.52 0.00154 1.02x10-6
HSiO; HSiO0; ¢ Si0f + OH~ -4.27 0.0120  -1.40x10-5
HFeO; HFeO; + ¥H,0 +$CO2 ¢ Fe* + 3 0H™ + CH} -34.4 0.0330 —1.15x104
NaOH’ NaOH® & Na* +OH" 0.256 -0.00201  -1.28x10-5
NaC1°® NaCl° < Na* +CI” 0.818 -0.00196  -1.38x10-5
NaHCOj NaHCO; + OH™ & Na* + H,0+ CO2" 3.93 -0.0190 7.44x10-6
NaHSi0) NaHSiO§ < Na* +Si0? + OH~ -6.11 0.0200 —4.04x10-5
KOH® KOH® & K* + OH™ 0.573 -0.00368  ~9.16x10-6
KCr° KCI° & K* + CI- 223 -0.00773  ~3.74x10-6
KSO; KSO; & K* +S0% -0.825 -0.00176  -1.93x10-5
KHSO; KHSO{ + OH™ & K* + H,0 + S0}~ 14.8 -0.0470 4.45x10-5
CacCrt CaCl* & Ca™ +CI” 0.774 -0.00223  -2.19x10-5
CaClj CaCl} & Ca® +2C1° d 0.641 0.00180  -4.87x10-5
CaCO} CaCOj & Ca™ +CO¥ -322 -0.00575  -2.95x10-5
CaHCO; CaHCO;j + OH™ ¢ Ca®* + H,0 + COZ™ 3.20 -0.0240 8.13%10-7
CaSO0} CaSO§ & Ca®* +S02” -2.10 -0.000816 —3.15x10-5
MgOH* MgOH* ¢ Mg** + OH~ ~2.12 -0.00349  —1.62x10-5
Mg0° MgO® + H,0 &> Mg?* + 20H" -3.06 -0.0110 —2.86x10-5
MgCl* MgCl* & Mg™* +CI” 0.216 ~0.00160  -2.63x10-5
MgCO; MgCOJ ¢» Mg?* +CO2Z + ~2.96 -0.00189  ~3.42x10-5
MgHCO; MgHCO; +OH™ < Mg** + H,0+C0?" 323 -0.0250 3.02x10-%
u U™ +3CO¥ +40H™ +$H,0 & UO2* + 1CH? 192 -0.0390 7.20x10-5
U U* +4CO} +{0H™ & U0 ++CHS +1H,0 21.6 -0.00431 4.76x10-5
ucr+ UCP** +1CO}™ +20H" ¢ UOX +CI” +1CH! + 1H,0 203 ~0.01000  —3.04x10-5
uc UCI}* +4CO; +30H" & U0 +2CI™ + LCH? + +H,0 223 -0.0750 —1.94x104
UHCO}* UHCO;* +$0H™ & U0 +2CO¥ +1CH! + iH,0 18.6 0.00830  -7.13x10-5
U(HCO, )" U(HCO,)," +J0H" & U0 +1CO% +LCH? +2H,0 19.1 00330 -3.61x10
uo; UO; +4CO; +2H,0 » U0 + JCHY + $0H™ -14.7 0.0240 —4.81x10-5
uo,C!r’ U0,CI° +£CO;™ + 1H,0 & U02* + Cl” + L CHY + $OH" -15.1 0.0330 -6.53x10-5
Uo,Cl; UO0,Cl; +3COF +3H,0 & UO¥ +2CI" +3CHY +SOH™  ~15.2 0.0440  ~7.41x10-5..
UO,HCO; UO,HCO] & U03* +3CO; +1CHS +{H,0++0H" -12.0 0.0130 -4,35x10-5
UOQ,(HCO,);  UO,(HCO,), +30H" & U0 +¥C0}™ +4CHS +3H,0 -7.81 0.00180  -3.55x10-5
vo,cr UO,Cl* & UOY +CI” 0.0880  -0.00776  -2.76x10-5
Uo,C1y UO0,Cl} & U2 +2CI- 1.61 -0.0150 -5.51x10-5
U0,C0! U0,CO} & UOZ* +COZ -9.63 -0.000278 ~3.62x10-5
UO,HCO; UO,HCO; +OH™ & UOZ* + COY™ +H,0 0.443 -0.0150  -2.32x10-5
UO,(HCO,);  UO,(HCO,), +20H" ¢ U0} +2C0O% +2H,0 1.89 -0.0300  -4.54x10-5
U0,S0! U0,S0§ «» U0 +S0%" -2.97 -0.00836  -2.51x10-S
UO,HSO; UO,HS0; +OH™ & U0 +H,0+S0%" 9.94 -0.0350 1.16x10-6
AlOH* AIOH* & AI** + OH- ~9.01 0.00209  -2.50x10-5
AICI* AlCP* & AP +CI7 -0.931 0.000414 -3.21x10-5
AICL AICI; & AP +2C1 -1.58 0.00399  -7.81x10-5
FeCI™ FeCl** < Fe* +ClI™ -0.957 ~0.000884 —2.83x10-5
Fe** Fe** +1C02" +1H,0 & Fe** + +CH? + S0H" -26.5 0.0400 -8.14x10-5
FeOH* FeOH" +{C0} +$H,0 < Fe** + 1CH)} + 20H" -29.7 0.0410 -1.04x104
FeO® FeO’ +$CO% + ¥ H,0 & Fe** +CH! + 20H" -33.5 0.0410 -1.25x104
FeCl* FeCl" +4CO;™ + #H,0 & Fe™ + Cl™ +4CHJ + $OH™ -26.3 0.0380 -1.03x104
FeCl$ FeCl; +$CO}™ +$H,0 < Fe®* +2C1" + 1CHS + $0H™ -23.8 0.0360  -1.25x104
FeHCO; FeHCO; < Fe** +$C0) +$CHS + 1H,0+ $OH" -23.6 0.0230 —8.85x10-5
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TABLE 2.2

Coefficients of polynomial used to calculate log(K) for minerals
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Mineral Reaction &) o, o,
Halite NaCl < Na* +CI” ) 1.54 0.00241  —2.00x10-5
Albite NaAlSi,0; + 2H,0 ¢ Na* +40H™ + AI** +38i0) -57.7 0.0870  -2.15x104
Sylvite KCl & K* +CI” 0.667 0.00911  ~3.14x10-5
K—feldspar KAISi, 04 +2H,0 <> K* +40H™ + AI** +38i0) -60.3 0.0990  -2.34x10
Muscovite KAL(AlSi;0,)(OH), + 4H,0 & K* +100H™ + 3AI** + 3Si0? -135 0.172 ~4.79x104
Calcite CaCO, & Ca® +CO¥ -8.14 —0.00650  —3.86x10-5
Dolomite CaMg(CO,), & Ca® +Mg** +2C0}" -17.0 ~0.0190  —6.78x10-5
Anhydrite CaS0, & Ca®" +50% -4.05 -0.01000  -3.21x10°S
Anorthite CaALSi,0, +4H,0 & Ca®* +80H™ +2A1* +28i0} -90.5 0.0810  —3.09x10*
Magnesite MgCO, & Mg +CO¥ -8.05 ~0.0150 -2.58x10-5
Cordierite Mg,AlSi;0; +8H,0 & SMg?* +160H™ +4AI** + 5810 -182 0.147 —5.94x104
Chlorite Mg, Al(AlSi,0,0)(OH), + 4H,0 > 5Mg?* + 160H™ +2A1>* +38i0) -169 0.171 -5.95x10~+
Uraninite U0, +}H,0+4CO} & UOH +3O0H™ +1CH? -40.8 00720  —144x10-*
Rutherfordine ~ U0,CO, & UO}* +CO% -14.1 -0.00653  ~6.55x10-
Kaolinite ALSi,0;(0H), + H,0 & 2A1** + 60H +28i0? -82.7 0.103 —2.86x104
Hematite Fe,0, +3H,0 & 2Fe* + 60H" -85.6 0.103 ~2.88x104
Magnetite Fe;0, +$H,0+4C0¥ & 3Fe® + ZOH™ +1CH? -130 0.156 —4.33x10
Siderite FeCO; +§H,0 < Fe* +$OH™ +1CO +{CHY ~36.8 0.0300  -1.15x10~
Pyrite FeS, +4H,0+%C0} o Fe' +10H™ +250% + $CH! —66.1 0.125 -2.25x10~4
Quartz Si0, & Si0J -4.23 00130  -1.92x10-S
Graphite C+1H,0+0H & LCH! +1CO™ 0.998  -0.00365 8.44x10-6

chemical system. These coefficients are used to calculate the log(K) according to the

following relation: '
logK = 0y + 0T + o577 2.1

where T is temperature in °C.
In the chemical system used in the study, the redox state is defined by reference to the
CO% —CHY redox couple. For this pair, we may write the reaction:

We may write the Nernst equation (Stumm and Morgan, 1981) for this reaction as:

COS™ + 7Hy0 + 8¢~ = CH§ + 100H~

Ey=EY + RTl foor
H= YR DT
"8 acﬂga(')OH,

The standard redox potential (E%) is given by:

(2.2)

(2.3)

(2.4)
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where R is the gas constant, F is Faraday’s constant, and 7 is temperature in °K. A
fourth-order polynomial fit is used to calculate the logarithm of this equilibrium constant:

log K = —108.8892 + 0.31577T — 0.001297*
+304509 x 107°T°% — 3.64919 x 107°T* (2.5)

where T is temperature in °C.
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