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Ore Deposit Models - 3.
Genetic Considerations
Relating to Some

Uranium Ore Deposits,

Part lI: Models for Uranium Ores in
Sandstones and in Carbonaceous
Pelites

J.E. Tilsley

David 8. Robertson & Associates Ltd.
65 Queon Street W.

Toronto, Ontaric MSH 2M7

Present Address:
¢/o James E. Tilsley & Associates Lid.
Aurora, Ontario

introduction
Part | of this discussion (Tilsley, 1980a)
reviewed the changes in chemical behav-
ior of uranium and uranium minerals as
the earth evolved and related these
changes to the kinds of deposits that may
be expected in various geologic envir-
onments through time. Consideration
was given to some aspects of a model for
the formation of uranium ores in Prote-
rozoi¢ conglomerates and the limiting
factors that confine conglomerate ores to
sediments older than about 2,200 Ma.
Part Il presents two more modeils. A
genetic model for sandstone-hosted ura-
nium ores is reviewed and several areas
where deviation from conventional wis-
dom may be useful are suggested. A
model for concentration of uranium in
carbonaceous pelites younger than 2,200
Ma is proposed inciuding the mechanism
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that may contribute to the development
of protores and ores in these rocks.

Sandstone-Hosted Ores

This class of uranium ore is of major
importance on a worldwide basis. Over
300,000 tonnes U,Oy has been produced
from sandstone-hosted ores in the United
States of America alone. Significant de-
posits are also known in Argentina,
South America, Australia (Westmorland)
and Africa (Niger and Gabon). The sub-
classes include classical ‘roll-fronts’,
‘tabular bodies' and channel-type ore
deposits, most commonly developed in
permeable sandstones.

The geometry of these bodies is vari-
able depending on a number of sedimen-
tary and hydrological controls. The con-
centration mechanism is the same in all
cases. Electrochemically oxidizing solu-
tions carrying dissolved uranium enter an
environment more reducing than the
upper stability limit of uraninite (UO,-
U0,) and the uranium in solution is de-
posited at the so-called oxidation/reduc-
tion front. Each mineral complex has
some critical voltage (Eh) above which it
is oxidized and below which it is reduced.
The most visibly obvious oxidation/re-
duction front is that of iron, since the
reduced minerals are grey-green and the
oxidized minerals are reddish-brown.
Uranium is reduced and precipitated
from solution at an Eh close to that of the
Fe*?/Fe*? boundary. so it is visibly asso-
ciated with the iron oxidation/reduction
front. Other elements that may be asso-
ciated with uranium in this sort of envir-
onment form minerals that have oxida-
tion/reduction boundaries slightly
displaced from those of uranium or iron.
This is reflected by the position of their
maximum congentrations at some dis-
tance ahead or behind the Fe*%/Fe*?
boundary.

The oxidation/reduction boundaries
migrate within the sandstone at a velocity
which is a function of the rate at which
free oxygen is supplied to the system by
ground water and the oxygen-demand of

the sediments through which the ground
water flows. Organic carbon and ferrous
iron are the chief oxygen demanding
agents in the system. The low capacity of
water to transport free oxygen (8 to 10
gms/tonne) results in the rate of advance
of an oxidation/reduction front being
orders of magnitude less than the rate of
ground water flow. For exampla, the oxi-
dation of 1% FeQ to Fe,05; would require
about 10,000 gms of oxygen per cubic
metre of sediment, or approximately one
thousand tonnes of water passing
through that volume of sandstone. Given
a ground water flow velocity of 0.5
metres/year and a porosity of 20%, this
would require 10,000 years for the front
to advance one metre, 0.1
millimetre/year.

The rate at which oxidation/reduction
fronts move in sediments is refatively
slow but, in terms of geologic time, these
fronts are transient. Economic deposits
tend to be confined to rocks younger
than Carboniferous and, although there
is some evidence of possible ‘fossil roll-
fronts’ in rocks up to about 2000 Ma, the
Mesozoic and Cenozoic sediments con-
tain the bulk of the mineable reserves.

The literature contains extensive
information on the American sandstone-
hosted ores and some data are available
on similar deposits in other parts of the
world. Papers by Adler (1974) and
Rackley (1976) are particularly informa-
tive.

Source of Metal. Most of the uranium
now concentrated in sandstones proba-
bly originated in source areas topogra-
phically higher (i.e., up ground-water
flow) than the sediments at time of ore
formation. In these highlands, uranium
could be derived by weathering from acid
igneous rocks, pyroclastics, lavas and,
occasionally, from uranium-enriched
metamorphic rocks or older sediments.
In many situations, tutfaceous compo-
nents of the host sediments are believed
to have provided much of the metal.



Release of Metal. Chemical weathering
processes, at the surface and under spe-
cial topographic conditions at some sub-
stantial depth, are responsible for release
of metal from its source rocks. Devitrifi-
cation of volcanic material is considered
to be an important factor also, where
extrusive rocks appear to be a likely
source.

Transportation. Metal is carried in solu-
tion in surface and ground waters into
and within the sediments along aquifers
that may extend to great depth below the
arosion surface.

Concentration of Metal. Uranium is
removed from electrochemically oxidiz-
ing solutions by reduction at the oxida-
tion/reduction interface mentioned
earlier. The interface develops in perme-
able rocks containing ferrous iron, e.g.,
as pyrite, and perhaps some carbonace-
ous material, Although this type of de-
posit may form at considerable depth, the
oxygen is derived from the surface where
the water that acts as transportation
medium for both the oxygen and metals
is collected.

Modification. As stated previously oxida-
tion/reduction boundaries are notably
mobile within the host sediment during
the time that significant volumes of
ground water are available to them.
Through time, such concentrations may
be completely flushed from the section.

Changes in the recharge-discharge
system may curtail ground water flow
through the host rocks. Mineralization on
the oxidation/reduction front remains
stable although the oxidized portion of
the sediment through which the front has
moved may have been reduced again,
leaving little visible indication of its pre-
viously oxidized condition.

Presgrvation. Survival through time of
mineralization concentrated on an oxida-
tion/reduction boundary requires that the
hydrological system that was active dur-
ing formation is changed, so that free
oxygen is not brought into contact with
the mineral concentraticn at depth. The
interface must be protected from weath-
ering and erosion. Metamorphism of the
section beyond some critical level is
likely to cause dispersion of the metal
values. There are no commercial uranium
deposits of obvious oxidation/reduction
front origin in metamorphosed rocks. It
would therefore appear that this type of
mineralization is unlikely to persist
through any but the lowest grade meta-
morphic event.

Discussion

While in the past there has been rather
strong emphasis on the geometry of this
type of deposit, e.g., ‘roll-front’; ‘tabular
deposits', et cetera, consideration of the
genetic model should not be limited by
geometric constraints. The shape of the
oxidation/reduction front and the form of
associated mineralization are the resuit of
variations in attitude, permeability and
chemical composition of the host rocks,
and with the volume, pressure and chem-
istry of the ground water flowing through
the system.

The term ‘sandstone-type’ deposit has
been applied to any uranium deposit
developed in sandstone-host rock. Not all
the deposits included in this classifica-
tion have formed in the epigenetic
manner discussed. Syngenetic concen-
tration in stream channeis during the
time of active sedimentation, or at least
prior to the onset of diagenesis, is not
uncommon. Recognition of this variant in
the early stages of exploration is impor-
tant to effective prospecting. The concen-
tration process is by reduction, usually
initiated by decaying organic material in
the stream bed sediment and commercial
grade mineralization is usually confined
to the active channel sediments, as
opposed to the finer argillaceous over-
bank or |laterally-deposited material.
Commonly however, when associated
with mineralized channels, these finer
sediments are enriched in uranium as
compared to argillaceous material at sim-
ilar stratigraphic positions but remote
from the main drainage axis. This latter
factor can be used in exploration.

in Canada, exploration success of this
type of deposit has not been remarkable.
In spite of poor success in this country,
sandstone-hosted epigenetic ‘geochemi-
cal cell' deposits are an excellent explora-
tion target in much of the world.

Carbonaceous Pelite-Hosted Uranium
Deposits

Uranium deposits hosted by post-
oxygenation Aphebian age pelitic sedi-
ments have been discovered in North
America and Australia during the past ten
years. Some of these have proven to con-
tain particularly important uranium
reserves. In many other localities, pelitic
sediments of comparable age laid down
in similar depositional environments have
been found to be uranium-enriched
locally.

In some classifications these deposits
have been called vein-type. In the North-
ern Territory, Australia, discoveries have
been made close to the exposure of an
unconformable contact between meta-
morphosed pelitic sediments and
younger, undisturbed continental clastic

rocks. This led to the conclusion that the
deposits were genetically related to the
unconformity, and resulted in the term
‘unconformity-related veins'.

Various genetic models have been pro-
posed. Some involve hydrothermal pro-
cesses (e.g., Morton and Beck, 1978;
Little, 1974; Munday, 1978); others sug-
gest that uranium has been released from
the pelites into sotutions derived during
metamorphism and that these solutions
have migrated towards and along the
unconformity to locations where they
ware trapped and the contained metat
precipitated {Eupene, et al. 1976; Ryan,
1977.)

Results of uranium-lead and lead-lead
dating of these deposits indicate ages
that, as expected, are generally signifi-
cantly younger than the host and ¢over
rocks. This has led to the belief that min-
eralization post-dates deposition of both
(8.9.. see Hoeve, 1978; Hoeve and
Sibbald, 1978; Kirchner and Tan, 1978).

There is mounting evidence that many
of these deposits have only an accidental
spatial relationship to the unconformity,
and suggests a polygenetic origin
reflected by the maodel presented herein,
This medel assumes a primary synge-
netic concentration of the metal in car-
bonaceous pelitic sediments to produce
protores and, sometimes, ores. Subse-
guent maodification due to metamorphism
is probable in many cases and protores
may become sufficiently enriched to be
economically recovered. Autogenic pro-
cesses may produce thermal anomalies
that, under certain conditions, can be
responsible for significant enrichment
{Fig. 1).

Environmental Constraints. This sort of
uranium concentration can take place
only subsequent to oxygenation of the
atrosphere at about 2200 Ma.

The mechanism envisaged could oper-
ate at any time subsequent to this. Explo-
ration evidence, however, indicates that
Aphebian age sediments are the major
collectors and, to date, the only ore
hosts, although sections of the Cambrian
Kolm shales near Ranstad, Sweden, show
some economic potential.

Source of Metal. The source of uranium
tor syngenetic concentration in carbo-
naceous pelites is generally accepted to
be moderately to strongly enriched gran-
ites or metamorphic rocks lying within
the drainage basin that produced the sed-
iments (Hegge, 1977, Hegge and Rown-
tree, 1978). Alternatively, in some areas
uranium-bearing volcanics, which are
penecontemporanegus with the graphitic
sediments that host ores or protores,
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Figure 1 A Genetic Model for Carbonaceous Pelite Hosted Uranium Deposits.

appear to be likely source rocks
{McMillan, 1978; Gandhi, 1978). The pre-
ferred provenance area would have,
ideally, gentie topography and a moist,
mild 1o tropicat climate without extreme
variation in rainfaft and runoff.

Release of Metal. Uranium was released
to percolating rain water by destruction
of uranium-bearing minerals unstable in
the prevailing oxidizing environment.
Uranium contained in uraninite would be
almost totally available, as would most of
the metal bound in silicate minerals. Ura-
nium present in certain refractory miner-
als, such as zircon and monazite, would
not have been released in any appreci-
able quantity and is not considered
‘available’ or ‘labile’.

Uranium released by weathering prob-
ably appeared in solution as positively
charged complexes in environments hav-
ing & pH of less than 5 and as uncharged
or negatively charged uranyl carbonate
complexes at pH greater than 5
{Langmuir, 1978).

Transport. Transportation of the metal
from point of release to point of concen-
tration was via surface and ground water
flow to the surface drainage systems that
also served to transport the clastic sedi-
meants which act as host rocks.

Concentration. Uranium in solution in
surface waters was carried into a shaltow
marine, lagoonal environment, where
mixing of fresh and salt water would be
relativety efficient. In order that precipita-
tion and collection of metal take place,
the dissolved metal species must come
into contact with organic complexes and
clays or migrate into an environment
where the Eh is more negative than the
upper stability limit of the compatible
solid phase, usually uraninite {Langmuir,
1978; Hostetler and Garreis, 1962).

Muds that contain decaying organic
material characteristically produce
anoxic conditions due to a very high
oxygen demand, accompanied by low Eh
and low pH (Baas-Becking et al., 1960).
These conditions are ideal for the fixation
of uranium as UQ, and in organic com-
plexes. The low Eh of the muds contrasts

with relatively more oxidizing Eh of fresh
surface waters. A relatively steep poten-
tial gradient will exist between the carbo-
naceous muds and the waters passing
above and the mixing of surface runoff
and salt or brackish water produces a
weak electrolyte. Migration of positively
charged metal-bearing complexes from
the water into the sediment may account
for a significant portion (50% to 60%) of
the uranium collected in this environment.

The ideal concentration locality wouid
be a back-reef or barrier island lagoonal
environment in which large volumes of
surface water could flow slowly at shal-
low depth across an extensive zone at
intertidal and sub-tidal mud flats.

The degree of concentration of ura-
nium in these sediments from solution is
a function of the volume of water
exposed to the hosting material through
time, the amount of metal in solution and
the efficiency of the collecting process.
Since these factors are likely to vary from
one part of a sedimentary basin to
another, local variation in the degree of
uranium enrichment is to be expected.

The clarke of a carbonaceous pelite
probably reflacts the level of absorption
of uranium on clays during the weather-
ing and transportation process. Itis
unlikely that significant additional ura-
nium is introduced into the clays imme-
diately after deposition or during early
diagenesis because of low permeability
in argillaceous sediments at these stages
of development.

Enrichments of metals in clay-rich car-
bonaceous sediments probably indicate
rather special conditions in both the local
drainage area and in the area of metal
accumulation. Concentrations of eco-
nomic interest will not necessarily be
found in pelitic horizons that have an
anomalously high abundance of uranium.
Conversely, similar rocks shown to con-
tain only ‘average’ uranium abundances
may have local areas of enrichment
worthy of exploration attention.

If the constraints and requirements
discussed above are satisfied, syngenetic
ores or protores may develop.

Modification. Sediments, ores and pro-
tores peculiar to the environments under
consideration, may be preserved through
time relatively unchanged. Others may be
modified by a variety of processes and
some may be destroyed.

Weathering. Carbonaceous pelite-hosted
uranium concentrations may be exposed
at surface and undergo weathering at any
time subsequent to their deposition.
Enrichment is possible below the limit of
free oxygen in moist environments.



In wet-dry or arid environments, stable
phosphate minerals may develop at sur-
face and sometimes also at considerable
depth. While economic concentrations
apparently due to weathering of carbo-
naceous pelites are not known, these
rocks would appear to be particutarly
tavourable sources for weathering-
related secondary enrichment,

Metamorphism. Metamorphism to green-
schist facies grade will produce graphite
from organic material in the sediment
(Stapleton, 1978). Although organic
complexes may contain appreciable
quantities of uranium, the crystal lattice
of graphite will not accommodate any
foreign elements other than boron and
uranium will be expelled. Dehydration of
clays during metamorphism will also tend
to expel metals and, in addition, produce
aqueous fluids suitable as transportation
media. These fluids may carry uranium
(and other metals) into zones of lower
confining pressure where precipitation
and, possibly, concentration can take
place.

Metamorphism strong enough to cause
Iocal developmant of pegmatoids will
result in remaobitization and possibly con-
centration of metais in the mobile phases
{e.g., Charlebois Lake, Sask., Rossing,
South West Africa). However, dispersion
of major syngenetic concentrations of
uranium by metamorphism, short of
complete re-meiting of the sedimentary
pile, is unlikely.

Low-temperature thermal metamor-
phism resuliting from heat flow anomalies
aiso holds most intriguing possibilities.
Such thermal anomalies may be related
to steeply inclined graphitic zones and
these may play some role in redistribu-
tion or enrichment of ores and protores.

Autogenic Processes. Remaobilization of
minerals that have been stable in any
geologic environment requires expendi-
ture of energy which may be supplied by
the processes noted earlier.

There is an additional source of energy
available for modification of radioactive
ores, the heat of radicgenic decay. His-
torically, consideration of this energy has
been confined largely to relatively smali
deposits of the sandstone type. The
volume of ore available in these deposits
is restricted and the geometry of the ore
zones is not conducive to temperature
rise.

In other situations, however, such as
the high-grade deposits of the Athabasca
basin type, or in large lower grade bodies
that are steeply inclined, radiogenic heat
becomes important. Convection cells
driven by the heat of radiogenic decay
may be responsible for redistribution of

uranium into overlying rocks as at Mid-
west Lake, Saskatchewan (Tilsley,
1980b).

If one considers a situation where a
tabular syngenetic uranium concentra-
tion has been tolded into a nearly vertical
position, the cross-section through which
the thermal energy of radicactive decay
can be transmitted toward surface would
be greatly reduced. Temperature rise
would result. The magnitude of this
temperature rise is a function of the
volume of uranium present, the horizon-
tal cross section of the mineralized zone
and the depth of cover. For example, the
Jabiluka |l ore body contains about
200,000 tonnes U. It is steeply inclined in
cross section. Assuming 1,000 metres of
cover, a temperature in the central part of
the ore zone of 60° to 90° C above
ambient is possible. The local tempera-
ture anomaly could be responsible for
initiation of a pore water convention cell
(Fig. 2).

If we assume an ambient temperature
of about 275° C and an internal tempera-
ture rise of 60° C, the centre of the zone
might attain a temperature of 335°C. In
higher temperature environments, such
as develop during regional metamor-
phism, say greenschist facies grade, the
solubility of UQ; in agueous solutions
reaches a maximum. Temperature rise
above about 270° C at 750 bars results in
a rather rapid drop in solubility. Refer-
ence to Lemoine’s data (1975) suggests a
drop in solubility of UO, at 335° of about
40% from the maximum solubility at
265°C (Fig. 3).

Fluids circutating from the fringes of
the ore body would therefore tend to col-
lect uranium in the low temperature zone
and deposit UQ, toward the centre of the
ore body with rising temperature. Deple-
tion of UO, might also occur in the upper
part of the mineralized zone as fluid
temperature fell toward 270° C. f addi-
tional temperature drops, say to 200°C,
were experienced outside the ore zong, a
reprecipitation of U0, would be
expected.

There is a multitude of possibilities in
regard to redistribution/concentration by
this mechanism. Leaching or precipita-
tion of UO; in this model is strictly
temperature dependent. Location of the
minerals redistributed in this manner i3
simply a function of fluid flow path and
palaeo-temperature patterns.

The temperature of the ore body is the
critical factor in this concentration/dis-
persion model. n any given ore body,
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variation in temperature due to the pro-
cess described is a function of depth of
cover. The periodic redistribution of ura-
nium within these ore zones as sug-
gested by the spread of radiogenic age
determinations, may reflect changing
cover thickness due to sedimentation and
erosion rather than assumed regional
metamorphic or intrusive events for
which there Is often little evidence (Table

1).

Praservation, Preservation of this type of
deposit and any of its sub-types depends
upon protection from the extremes of the
modification processes discussed.
Weathering and metamorphism to the
level of anatexis are the most efficient
destructive mechanisms.

Fluid convection driven by geothermal
anomalies of one type or other couid
conceivably cause total dispersion of a
minerat concentration. However, we
know of no examples of either total or
partial depletion of mineralization attribu-
table to such activity. Autogenic tempera-
ture rise that might be responsible for
driving a convection cell at temperatures
compatible with redistribution of UO,
could not be maintained beyond some
minimum residual grade, Total self-
destruction is not possible.

Discussion
This proposed class of uranium deposit
includes such major ore bodies as Jabil-
uka |l and Koongarra in the Northern
Territory, Australia, near-ores at Ranstad,
Sweden, and numerous enrichments in
carbonaceous pelites of post-
oxygenation Aphebia age and younger.
Syngenetic concentration of urarium
in carbonaceous pelites deposited in rela-
tively restricted shallow-water environ-
ments appears to be a significant ore and
protore forming process. Protores may
be subsequently enriched more or less in
situ due to regional or local thermal
metamorphism or by secondary concen-
tration related to weathering or to auto-
genic processes.

Exploration experience has shown that
post-oxygenation Aphebian age carbo-
naceous pelites are the most favourable
rocks for this type of uranium concentra-
tion. Younger carbonaeous pelites which
have been subjected to conditions similar
to those that produced ores in Aphebian
age rocks would appear 10 be attractive
exploration environments, But, to date,
there are no discoveries in younger rocks
of economic mineralization similar in
scale to those known in the Northern
Territory, Australia.
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