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Introduction

Since the era of inexpensive petroleum in
North America ended In the early 1970s,
uraniurm has assumed an increasing impor-
tance as a source of energy. The demand
for uranium as a fuel is currently about equal
to productive capacity. in the short term, a
slight over-supply condition is anticipated.
However, worldwide requirements appear
Iikely to exceed supply by about 1987.

The abibty to fulfil iuel requirements dur-
ing the latter part of the 1980s 1s dependent
upon exploration effort and success now.
Exploration success, N turn, depends upon
intensity of etfort expended in environments
favourable to deposition of uramum An
attempt is made in this and the following
papers to discuss briefly some general
aspects of the behaviour of uranium miner-
als through geologic time and the genetic
significance of these aspects in a selection
of environments that have been shown by
exploration results to host economic
uranium concentrations. This articie 1s the
first of three on uranmum to be written by the
author.

Evolution of the Earth and Uranium
Concentration

Summary of Geologic Evolution of the Earth
The subject of geologic evolution of the
earth has been dealt with by many authors,
e.g., Veizer (1973, 1976); Ronov (1964},
Roscoe (1973); Cloud (1969, 1971, 1972,
1976); Ronov and Migdisov (1971}; Rubey
{1951); Ronov and Yaroskewski (1969);
Holland (1962, 1974). As may be expected,
interpretations vary particularly in regard to
the details of the early part of this evolution,
but we ¢an be reasonably confident that
significant changes have taken place both
in the chemical compaosition of the crust and
in evolutionary processes themselves. The
following summary attempts to synthesize
the work of these authors.

The compaosition of the upper mantle prior
to pre-Azoic time (see Fig. 1) is thought ta
have approached that of basall. This basalt
is interpreted to be the result of differentia-
tion of chondritic material during the initial
stages of formation of the earth. The atmos-
phere probabtly consisted of water vapor
and nitrogen (—985%) and the remainder of
inert gases, and HC1, HF, HeS, CO, COxa,
CHa, etc., ali derved trom the differentiation
process.

The decrease in the surface temperature
to below 100°C at about 4,500 Ma resulled
in condensation of water vapor and forma-
tion of oceans, initially of low pH but
probably quickly modified upwardtc 7 to 9

The consequent change In composition of
the atmcsphere resulted in methane, car-
bon monoxide and inert gases becoming

predominant. While oxygen may have been
produced photo-chemically in small
amounts in the upper part of the atmos-
phere from CO and Hz0, it was used up in
the oxidation of NHa, CHa and sulphur.
Volcanic activity continued to contribute
water vapor and acids which precipitated
as an original ‘acid rain’ that leached
alumina, ferrous iron, alkaline earths and
alkalis from the exposed rocks. As volcanic
activity decreased with time the pH of
atmospheric and surface waters rose and
hydrolysis replaced solution as the prime
weathering process.

Sediments from this hme are neither
widely distributed nor well preserved. ltis
probable that there was little topographic
relief and few coarse clastic accumulations
which, since the crust was essentially mafic,
would have been graywackes rather than
quartzose sandstones. Nevertheless, sec-
ondary quarizites forming in situ as a result
of weathering of mafic volcanics may have
been widespread. Lithologically recordedt
Archean time extends from about 3,800 to
2,600 Ma before the present. Dunng the
early part of this period continental nuclei
were still made up of essentially mafic
volcanic rocks, although subardinate inter-
mediate and acid flows are recognized.
Weathenng of these complexes produced
aluminous graywackes. Ferruginous sand-
stones and, locally, quanzites were also
deposited, but neither carbonate rocks nor
arkoses were common Metamorphism of
these derved sediments produced the gra-
nites which are now seen to separate the
ancient cantinental nuclei 1tis estimated by
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Ronov {1964) that this granitization took
place toward the end of the Archean and
that 50 to 60 per cent of all granites were
developed at that ime. The energy required
to cause the extensive granitization of the
late Archean {and early Proterozaic) is
enormous Its source is a matier for consid-
erable debate. Such extensive and inten-
sive achvity has never been repeated

The tectonic activity of late Archean and
early Proterozoic ime produced substantial
topographic relief, and conglomerates,
often wide-spread, were deposited adja-
cent {o rmountain ranges and highlands,
sometimes upon weathered Archean rocks.
Granitic terrain eroded to preduce arkoses,
quarizose sandstones and illite-beanng
shales. Mafic valcanics. or their metamaor-
phic equivalents. contributed graywackes
and high alurnina shales. Chemical sedi-
ments, In additon to carbonate rocks. -
clugded sihiceous and ferruginous 0ozes.
Organic matter began to be preserved in
pelitic sediments

During the Archean the atmosphere
evolved toward the nitrogen-oxygen combi-
nation of today, beginning perhaps as early
as 3,000 Ma with development ¢f the first
Archeozoic blue-green algae and photosyn-
thesis. Atthis ime biogenic oxygen was
probably consumed immediately in oxida-
tion of carbon monaoxide, ammonia,
methane and suiphur as mentioned earlier.
Only when the aimosphere was essentially
purged of these components could an
increase in free oxygen develop. resuiting in
an increase in the carbon dioxide content of
both the cceans and the atmosphere This
change 1s retlected in the initiation of wide-
spread ragnesium and calcium carbonate
depositicn

At about 2.200 Ma. the oxygen content of
the atmosphere passed through a cntical

level There s some question what this was.
but it is certainly smail. perhaps in the order
of one per cent of the present concentration
Exposure of ferrous iron to the atmosphere
resulted in the formaticn of red ron oxides
(Walker, 1977, Cloud 1976) i continental
sediments, This s perhaps the most sig-
nificant indicator of oxygen level in the
evolving atmosphere It will be noted that
red iron oxides existin Archean marine
rocks, but in this environment they are
considered indicative of locally available
biogenic oxygen rather than general at-
mospheric oxygenation {(Mason and Von
Brunn, 1977).

Widespread oxidation of iron would have
provided an oxygen demand of encrmous
stze (one tonne of Fe20s contains about 300
kg oxygen). Carbon monoxide and methane
n the atrmosphere, and ammonia in sea
water. also presented an oxygen demand
and these factors may have delayed the
oxidation of sulphur and hydrogen sulptude
In ocean waters. Sulphate deposits (anhyd-
rite and gypsum) in sediments are rare pror
to 1500 mitlion years and become common
during Palaeczoic ime When these de-
mands had been satisfied, the oxygen
content of the aimosphere began to in-
crease through time to the present 20 9 per
cent.

An approximate equiibrium between
carbon dioxide in the atmosphere and in the
ocean was probably attained shortly after
oxygenation of the atmosphere, although a
gradual decrease n COq content through
Palacozoic time, with a sharp reduction at
the beginning of the Mesozcic, 1s indicated
by an increasing Ca/Mg ratic in carbonate
roCks.

The Behaviour of Uranium Through Time
Itis very likely that the availlability. mobihty
and probabulity of uranium concentration
have changed through time with the chang-
ing physico-chemical condinons outlined
above {Fig. 2)

In pre-Archean time, the avallabiiity of
uranium in the crust would have reflected
the average abundance of the metal in
basaltic rocks Basals of all ages today
contain, on average. less than 0 6 ppm
uranium Extrapclation based on the half-life
of 238() and 235U to about 4,500 Ma, and
assuming no ‘ennchment’ in the basalts
sampled, indicates that the onginal uranium
content would have been about 1.5 ppm. As
leng as the crust was essentially basaltic,
the probabiity of developing uramum con-
centrations that might be of economic in-
terest (500 ppm or more} appears to be very
jow. Weathering of basalts pnor to Archean
time probably resulled in solution of uranium
by "acid rain’ and re-precipation on neut-
rahzation of runoff on entry inta the pnimor-
dial seas, so some rminor enrichment of
uranium in early sediments seems possible.

During Archean time, hydroiysis of sili-
cates became the predominant weathenng
reaction. Uramum minerals, e.g. juvenile
UJO2, would be essentally insoluble and,
aithough not notably enrniched in the source
rock, could be expected toreport as a
heavy mineral in clastic sediments.

Granitization of sedimentary piles with
introduction ot volatiles, alkalis and metals,
appears to have been necessary lo provide
the annchments in source rocks required for
development of palaeoplacers of the Domin-
1on Reef and Elliot Lake type. Suitable
source graniles may have developed as
early as 3,100 Ma (Aliscpp. 1964). and more
were added in the late Archean and early
Proterozoic Evidence for primary hyd-
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rothermal or volcanogenic uranium con-
centrations of economic interest in either the
Archean or early Proterczeic has yet to be
found. However, sufficient uranium was
available in the more evolved magmas
{syenites, etc.) beginning in middle Pro-
terozoic hme, to preduce volcanogenic de-
posits, such as near Baker Lake in the
Distnct of Keewatin.

It has been noted earlier that oxygen
concentration in the atmosphere in early
Proterozoic time rose through a critical level
at about 2,200 Ma. This change is of major
signficance in the genests of uranium ore
deposits, since from that time onward sim-
ple uranium oxides were no longer stable in
near-surface environments, Non-thorian
uraninites could no longer report as detrital
minerals in alluvial deposits, and formation
of conglomerate ores of the Dominion Reef
and Elliot Lake type became impossible.
With increase in atmospheric oxygen con-
tent the mobility of uranium became similar
to that known today. The metal entered
surface and ground waters in the zone of
weathering some to be carried by surface
drainage to the sea where it was concen-
trated in shales or carbonaceous pelites,
occasionally to economically interesting
levels, or dispersed into the ocean waters.
Ground waters carried uranium into anoxic
conditions at depth where concentration
through reduction was possible.

In the near-surface environment, other
uranium ¢oncentrations have developed in
coals, in calcretes and gypcretes, and
syngenetically in palaeostream channets
due to reducing conditions associated with
decomposing organic maternal.

The mobility that uranium atlained with
oxygenation of the atmosphere permits a
variety of 'geochemical cell' concentrations
including classic ‘roll-front’ and ‘tabular’
sandstone-type deposits of the western
United States and the palaeosurface-
related deposits of the Athabasca Basin.
Additionally, deposits near Limoges,
France, show evidence of concentration or
at least ennchment, due to downward-
flowing uranium-bearing waters. Several of
the Portuguese deposits aiso appear o be
the result of per descensum concentration.

Exploration resulls to date suggest that
there are two such periods of maximum
prmary chemical concentration of uranium
in sedimentary rocks. The earlier concentra-
tion took place in post-oxygenation Aphe-
bian time, probably between 2000 and
1,800 Ma (e.q.. Saskatchewan, Northern
Australia). The second period 1s in early
Proterozoic tme, typified by the Swedish
Alum shales of Middle and Upper Cambrian
time.

Metamorphic recycling of uraniferous
sediments produced further ennchment in

portions of the resulting granites. The
‘shale-granite-shale’ cycie could be re-
peated several imes.

Metamorphism of uranium-enriched rocks

of iower Proterozoic age (post-oxygenation
Aphebian or younger) has been noted to
produce hydrothermal veins (metamorphic

hydrothermal) that show economic promise.

Metamorphic hydrothermal uranium-
bearing polymetallic veins and simple
uranium (uraninite) systems that date from
Proterozoic to Cenozoic time are also
knawn.

Classification of Uranium Deposits
General

In this paper uranium deposits wili be
classified in two general categories: ‘Major

Deposits’ and ‘Minor Deposits' (Table I}. The

Major Deposits include Precambrian con-
glomerates and sandstone-hosted ores of

Table 1
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the western United States type. Vein-type
deposits are also listed in this group. Ongi-
nally the vein-type designation was applied
to minerahzaton deposited from classical
(Lindgren) hydrothermal solutions. More re-
cently the Athabasca and Northern Terri-
tory, Australia, deposits have also been
included. All other deposits are classified
herein as ‘Minor Deposits'.

Other classifications of uranium deposits
have been proposed {e.qg., McMillan, 1976,
1977; Barnes and Ruzicka, 1972, Derry.
1980). There is by no means complete
agreement on what classification or genetic
model may be appropriate for individual ore
deposits or types of ore deposits. My
experience suggests that classification of
uranium ore body types with reference to
their relationships to surface or deep seated
processes provides useful guides for
exploration.
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Modelling Criteria

The approach that will be taken in this paper
s based on the fundamental requirements
that must be metif unusual concentrations
ol metals are to develop. These essentials
are an adequate source of readily available
metal{s) within the environment under con-
sideration. an effective collecton and trans-
portahon systom while the metalis) are
readly avalable. exposure of the metal(s) to
an environment where conditions perrmit
their deposition and concentration; preser-
vation of that concentraticn through time
(Fig. 3) If any one of these requirements 1s
not fulfilled. there can be no ore body

A variety of models may be proposed for
a given ore biody or type of ore body, and
each may have its mernits. Inthis discussion.
however, one model will be presented for
sach of the deposit types considered, and 1t
Is the mode! which best fits my experience
and particular biases.

These madels are not descriptions of
partcular ore bodies, but general frames of
reference which may be applied to the
understanding of. and exploration for, the
depositlype However, reterence to particu-
lar deposits by way of illustration is
unavoidable.

itis important to emphasize that use of
formalzed models of ore deposits should
be undertaken with some care since many
of them. uranium concentrations in particu-
lar. are likely to be polygenetic and remark-
ably sensitive to phiysical and chemical
modificaton due to metamorphism, weath-
erng. sub-surface fluid movement and.
under appropriate conditons, to radiation
and thermal effects onginating in the
radicactive ores themselves

Application of this modelling approach to
the study of uranium ore bodies results in
the classificabon given m Table | whichis
based on what appears tc be the onginal
maode of enrichment with reference to mod-
fications likely in the environment under
consideration.

Major Uranium Deposis
A review of the uramum deposits of the
world that have produced uranium in sig-
niticant quantiies shows that the majority of
therm lie 1In geolegic environments that sug-
gest a definite genetic relationship of
economically significant concentrations of
the metal with near-surface processes.
Deep seated geologic processes are an
important part of the geochemical re-
cycling of uranium. But, although there are
notable exceptions, these processes gen-
erally have not produced deposits and
reserves comparable in size to those con-
taned in the surface-retated deposits.
Uranium production of approximately
130,000 tonnes U has been realized from
pre-gxygenation Precambrian

Source of
Elemant|s}

Yesl

— No—\

/N

Transport
of Element{s)

j— NO =3 NO ORE BODY

EXPLORATION
TARGET

vas |

POTENTIAL

Concentration _/
l—No
ot Element(s)
N

Modification

o Yes

ORE BODY

> Presarvation

If

Figure 3. Conceptual Model for the formation of an ore deposit

congiomerates of the Elhot Lake area.
Canada, and the Witwatersrand in the Re-
public of South Africa

Sandstone-hosted ores are the most im-
portant scurce of uranium in the United
States. Production to date totals about
300,000 tonnes U Similar types of deposits,
some of major preporbions, have been dis-
covered in other areas {for example Argen-
tina in South Amenca. Niger in Africa).

Some post-oxygenalion Proterozoie sed-
iments are observed to be partcularly en-
riched in uranium Sandstones, shales. car-
bonaceous pelites. and detntal {?) carbo-
nate honzons. that contam apparently
syngenelic concentratians of uranium, have
been identified in many parts of the world
With a few notable excepticns, carbonace-
ous pelites seem to be the most favourable
host rocks Reasonably assured reserves in
this environment presently are approxi-
mately 350,000 tonnes U

Exploration in Saskatchewan along the
uncontormity between Helikian age (— 1450
Ma} continental sediments and older Pre-
cambrian basement rocks, has proven to be
particularly successtul in lecating high
grade concentrations of uranium in either or
both basement and cover rocks adjacent to
the paleosurface.

On the basis of production realized and
assured reserves, deposits in these four
environments are the most important
sources of uranium.

Minor Uranium Deposits

Notwithstanding economically signiticant
uranmum production or reserves in some
indviduat deposits of the kinds mentioned
In the following paragraphs, nene of these
types has aggregate production or reserves
recoverable under current economic condi-
tions comparable t¢ any one of the four
major types listed earlier.

These remaining deposit types can be
dwided into two general classes those
formed directly or ndirectly as the resuit of
surface-related (weathenng} processes and
those related to "deep-seated magmatic or
metamorphic processes. Deposits related
to magmatic activity include concentrations,
far various reasons. within magmatic mater-
al, concentrations peripheral to intrusions
as a result of pneumatohtic activity, and
classically detined hydrothermal verns

Uranium minerahzation can alsc be as-
sociated with extrusion of lavas and energe-
tic degassing related lo volcanism and
shallow intrusicn Circulation of meteofic
waters driven by thermal energy related to
intrusives can also resull in veins that may
be classified as hydrothermai. Mineral de-
positicn in both ascending and descending
segments of such a convection cell 1s
possible (Fehnetal  1978).

In addition to contact metamorphic
minerahzation, metamorphic processes can
result in denved fluids collecting. transport-
ing and depositing uranmum m fault or
fracture systems in concentrations of poten-
tial eccnomic interest Metamorphic-
hydrothermat deposits of this kind are
found, for example, in northwestern Europe
and northeastern Canada

In situ gramitization of uranium-enriched
shales may produce 'anatectic’ deposits
such as at Charlebois Lake, Saskatchewan,
or near Rdssing in Namibia.

In the surface-related minor deposit
category a number of types of mineral
concentration have resulted in commercial
production or will be possible producers m
the near future. Among these are uranium-
enriched coals of various Phanerozoic
ages, Late Tertiary and Recent calcretes,
gypcretes and secondary enrichments.

Sedimentary phosphates are known to
contain ten to 100 ppm uranium. None has
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been mined strictly for its uranium content
and projections are that, aimost without
exception, sedimemary phosphates can
produce uranium only as a relatively high-
cost by-product.

A selection of other varieties of uranium
concentrations exists as a result of surface-
related processes. The possibility of pro-
duction from uraniferous organic lake-
bottom sediments is being studied in some
taiga environments. Certain guano deposits
carry more than 1,000 ppm uranium. Re-
stdual phosphates in karst structures may
be sources of limited but significant quan-
tities of the metal. Additional locally impor-
tant uranium concentrations may form be-
cause of special conditions of geology and
climate presently unknown or as yet unde-
fined. Nevertheless, the most productive of
these environments appear to be reasona-
bly well delimited.

Review of Major Uranium Deposit Types

Proterozoic Conglomerates
Pre-oxygenation Proterozoic conglomerates
have been identified in a total of eight
localities in North and South America,
Southern Africa and Australia. Additional
ores may accur in India but data are scarce.

Uraniurmn production has come from the
Elliot Lake conglomerates where itis the
only commercial product, and from the
Witwatersrand gold mines where the metal
is recovered chiefly as a by-product or
co-product. None of the other
pre-oxygenation conglomerates has been
the source of commercial production al-
though certain of the Brazilian conglomer-
ates have uranium concentrations that ap-
proach economic grades. The Australian
conglomerates carry, on average, less than
50 ppm U. Although the distribution of
pre-oxygenation Proterozoic conglomerates
is relatively restricted, over 25% of the
uranium mined to 1979 has come from
these rocks in the Canadian Lower Huranian
and the South African Witwatersrand Basin.

Uranium has been produced from four
palaeo-drainage systems in the Huronian
rocks of the Elliot Lake area. In the Wit-
watersrand Basin, uranium has been reco-
vered from mines in five of the six fans that
have been exploited for gold.

Source of Metal. The uranium minerals
concentrated in both the Canachan and
South African congiomerates were denved
from uraniferous granitic rocks in the sedi-
ment source areas.

Release of Metal. Uraninite grains were
probably released from the granites as a
result of chemical decompasition of the
feidspars (hydrolysis) and subseguent
mechanical disintegration of the rocks. As
mentionad earlier, prior 1o about 2200 Ma the

atmosphere was essentially anoxic. The
surface environment was electrochemically
reducing to the extent that uraninites, par-
ticularly those containing more than 110 2%
ThOz, were not sctuble in runoff or ground
water. It was possible, therefore, that urani-
nite could accumulate in eluvial and alluvial
environments in the same fashion as other
heavy rmineral graing.

Transport of Metal. The mineral grains
freed by hydrolysis and mechanical weath-
ering moved with other sediment from the
provenance area in the drainage system as
part of the bed load.

Concentration of Metal. Uraninite col-
lected preferentially in locations within the
drainage system where energy conditions
were favourable. The subject of the energy
requirements for deposition is well covered
in papers by Pretorius (1976) and Theis
(1979) among others.

Mineral distribution within the conglomer-
ale units is a reflection of these energy
conditions and is often indicated on a broad
scale by changing uranium-thorium ratios
both along and across the axis of deposition
of the units and also, on a smaller scale,
vertically through individual congtomerates
(Robertson, 1962). The oldest conglomerate
ores, such as those of the Dominion Reef
{Lower Witwatersrand Super Group) and the
Elhot Lake camp {basal Huronian Super
Group} appear to be the result of high
energy concentrations. These lie within
coarse clastic sediments of the main drain-
age axis of the fluvial system or important
channels of the alluvial fan.

Reworking of older conglomerates ex-
posed along the margins of the Witwater-
srand basin during structural down-warping
and regression is discussed by Pretorius
(1978). A similar down-warping of ihe Elliot
Lake Basin as sedimentation progressed is
reported by Robertson and Douglas (1970).
Erosion of some parts of the ore beds is
observed in both the Nordic and Quirke fans
but-presently economic reconcentration in
younger (Middle Mississagi) sediments is
nol known.

In the part of the Witwatersrand Basin
stratigraphic section above the Domirien
Reel evidence of primitive plant growth
becomes progressively more commaon in
these pre-oxygenation Proterozoic sedi-
ments. Both uranite and native gold were
collected in the lower energy environments
of the mid-fan and fan base by the ‘golden
fieece’ effect of these algal mats. Similar low
energy detrnital mineralization has not been
recognized in the Huronian of Canada
although Thets (1979) reports carbon bands
in mid-fan conglomerates from Quirke Lake
that contain notatzle enrichment of detrital
grains of uraninite. There is alse evidence of
chemical replacement of organic structure
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in the Witwatersrand Basin algal mats by
gold and uranium. This has not been noted
in the Canadian ores, perhaps because
exploration seems to have been confined
largely to the high energy fluvial and fan
head environments.

The congiomerates of Belo Horizonte,
Brazil (Ramos and Fraenkel, 1974; Robert-
son, 1974), are stratigraphically high in the
pre-oxygenation Proterozoic section. They
lie within less than 200 metres of the base of
the red hematite ores of the Itabira Forma-
tion. The association of organic matter with
uranium values has been observed but, due
to the relatively high energy fluvial environ-
ment of depesition, mineral concentration
appears to be chiefly by mecharucal seg-
regation in the bed Ioad.

The pre-oxygenation Proterozoic con-
glomerates at Jacobina, Brazil, are less well
developed than those mentioned above.
The environment is relatively high energy
braided fluvial. The conglomerates are not-
ably auriferous {White, 1961) but carry only
low uranium values. The source area was
apparently uranium-deficient.

Modification. The conglomerates from
which the bulk of production has been
realized are very mildly metarmarphosed.
There is little redistribution of metai values
although some mobility is evident. Theis
(1979) shows that the Elliot Lake ‘branner-
ites’ are the result of replacement of TiOz by
UQz. This may have been a diagenetic
process.

Dynamic metamorphism of Huronian
conglomerates at Agnew Lake, Canada,
has resulted in stretching of pebbles ac-
companied by greenschist grade thermal
metamorptism. There has been only shight
redistnibution of uranium.

Metamaorphism sufficiently strong to de-
stroy a conglomerate as a definable rock
unit could be expected to result in disper-
sion of the uranium. Such a situation has not
been identified.

Preservation. Erosion and severe
metamarphism are the mechanisms most
Ikely to destroy deposits of this nature. The
host rocks therefore must lie in regions of
the crust that have been tectorically stable
since deposition.

Conclusion

The distribution of pre-oxygenation Pro-
terozoic conglomerates is rather restricted
on a world wide basis. Most of the poten-
tially preductive basins appear to have
been identfied and explored rather inten-
sively. Thus, while this environment has
proved to be a notable source of uramum
and the presently known ore fields will
continue to produce inte the twenty-first
century, the prospects for additional cis-
coverigs of the scale of the Ellict Lake or
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Witwatersrand types do not appear to be
particularly good. Nevertheless. more exp-
loration effort for ‘distal-type’ (Pretorus,
1978) concentrations may be warranted in
the upper part of the pre-oxygenation Pro-
terozoic section wherever it is known.
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Errata

Article by C.E. Blackburn, volume 7,
no. 2, page 67, line 12 of Figure 3b and
3c caption should read: - - - “in Figure
3c field A alone sncompasses fow-
potassium tholeiites, field B alone en-
compasses calc-alkali basalls- - -



